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Preface to ”Marine Enzymes”

Prominent conclusions by many scientists in the field of marine biotechnology emphasize that,

due to marine biological diversity and to the specificity of biological marine metabolisms, the

study of biocatalysts on a global scale from this environment is just starting, and possesses huge

potential for the development of applications with industrial benefits. The oceans are the world’s

largest ecosystem with a biodiversity undescribed by science, at a degree more than 90%. Only a

deep understanding of the complexity of this ecosystem will enable human beings to protect the

oceans and organisms populating them, and pave the way for the sustainable exploitation of marine

resources. This knowledge constitutes the core of marine biotechnology, and will certainly fuel

various applications. Many fields are covered that are highly relevant to societal challenges: (i)

in a biorefinery value-chain with marine enzymes for biochemical processes; (ii) in food industries

for enzymatic procedures in seafood processing; (iii) in fields of fine chemicals—in pharmaceutical,

cosmetics, agriculture and environmental sectors—enzymatic treatments are a tool to improve

efficiency and selectivity for extraction/manipulation of structurally complex marine molecules, to

gain access to bioactive compounds, and to provide complex core blocks for hemisynthesis; (iv) the

field of marine biomarkers and applications in pollution monitoring (biosensor) and bioremediation

could also be of high significance for the appreciation of marine sources for enzymes. However, many

challenges remain, including a deep comprehension of the “marine biotechnology landscape” and a

multidisciplinary approach, not only in education and training.

This book starts with two review articles—in the first, a refined search of literature is adopted

with respect to previous surveys, centering generally on the enzymatic process more than on a single

novel activity developing the analysis, according to the biotechnological field of applications; in the

second, a more selective overview of the state of the art in marine and freshwater microalgal enzymes

with potential biotechnological applications is provided, discussing future perspectives for this field.

With recent advances, in fact, it is becoming easier to identify sequences encoding targeted enzymes,

increasing the likelihood of the identification, heterologous expression, and characterization of these

enzymes of interest, by genomics and transcriptomic approaches.

A list of six articles is dedicated to a specific enzymatic activity, alginate lyase, that is important

in the production of alginate oligosaccharides for their recognized activities as anticoagulants,

antioxidants, antineoplastics, plant growth accelerators and tumor inhibitors, in food, agricultural,

and medical fields. The great biodiversity of marine source is important for the urgency to obtain

alginate lyases with the optimal characteristics (e.g., pH-stability, thermo-tolerance, and single

product distribution) needed for industrial applications.

A further batch of six articles are always dedicated to carbohydrate active marine enzymes,

including two other additional reports on galactosidases, thus totalling more than half a book

dedicated to this class of enzymes.

Among the interesting other-articles, the one reporting the asymmetric reduction of ketones

using the growing and resting cells of 13 marine-derived fungi shows the importance of these

organisms in this field and the possibility of adopting a simple system that offers alternative, highly

enantioselective and minimally polluting properties to important enantiomeric pure alcohols.

Antonio Trincone

Editor
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Abstract: In previous review articles the attention of the biocatalytically oriented scientific community
towards the marine environment as a source of biocatalysts focused on the habitat-related properties
of marine enzymes. Updates have already appeared in the literature, including marine examples
of oxidoreductases, hydrolases, transferases, isomerases, ligases, and lyases ready for food and
pharmaceutical applications. Here a new approach for searching the literature and presenting a
more refined analysis is adopted with respect to previous surveys, centering the attention on the
enzymatic process rather than on a single novel activity. Fields of applications are easily individuated:
(i) the biorefinery value-chain, where the provision of biomass is one of the most important aspects,
with aquaculture as the prominent sector; (ii) the food industry, where the interest in the marine
domain is similarly developed to deal with the enzymatic procedures adopted in food manipulation;
(iii) the selective and easy extraction/modification of structurally complex marine molecules, where
enzymatic treatments are a recognized tool to improve efficiency and selectivity; and (iv) marine
biomarkers and derived applications (bioremediation) in pollution monitoring are also included in
that these studies could be of high significance for the appreciation of marine bioprocesses.

Keywords: marine enzymes; biocatalysts; bioprocesses; biorefinery; seafood; marine biomarkers

1. Introduction

Currently there is enormous interest in marine biotechnology with the worldwide flourishing
of editorial initiatives (journals, books, etc.) hosting important experimental results and surveys
from several projects, especially those belonging to the FP7 program and to the topic “Blue growth”
of H2020, potentially providing clues that will aid development of enabling technologies in the
field. The oceans are the world’s largest ecosystem, covering more than 70% of the earth’s surface.
They host the greatest diversity of life in unexplored habitats. The Census of Marine Life, evaluating
marine biodiversity, ascertained that at least 50% and potentially more than 90% of marine species are
undescribed by science [1]. Only a deep understanding of the complexity of the marine ecosystem
will enable human beings to protect the oceans and organisms populating them, and pave the way for
sustainable exploitation of marine resources. This knowledge will certainly fuel various applications
and itself constitutes the core of marine biotechnology. Increasingly labeled “blue biotechnology”, this
wide field covers many aspects that are highly relevant to societal challenges, as is well established in
the EU Framework Programme Horizon 2020. Several outlined emerging technologies are (i) robotics;
(ii) miniaturized solutions for marine monitoring; (iii) biomimetics; (iv) acoustics; (v) nanobiotechnlogy;
(vi) renewable energy harvesting (wave energy, algae biofuels); and (vii) high-performance computing.
However, many challenges remain, including a deep comprehension of the “marine biotechnology
landscape” and a multidisciplinary approach, not only in education and training [2].

Marine sources (microorganisms in general and symbionts in particular, extremophiles, fungi,
plants and animals) are of scientific interest in that the origin of marine biomolecules (i.e., biocatalysts)
features all marine bioprocesses. Knowledge of these biocatalysts and their habitat-related properties

Mar. Drugs 2017, 15, 93; doi:10.3390/md15040093 www.mdpi.com/journal/marinedrugs1
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such as salt tolerance, hyperthermostability, barophilicity and cold adaptivity (of great interest for
industry) is necessary for bioprocesses exploitation. One of the most explicative aspects is related to the
stereo-chemical properties of a marine enzyme. Substrate specificity and affinity, as evolved properties
that are linked to the metabolic functions of the enzymes, are key aspects. Two review articles already
appeared in 2010 [3] and in 2011 [4] with different focuses on these topics. The first [3], to draw
the attention of the biocatalytically oriented scientific community to the marine environment as a
source of biocatalysts; in fact the discussion was mainly about the specific diversity of molecular assets
of biocatalysis that were recognized with respect to terrestrial counterparts. The second review [4]
spotlighted habitat-related properties from a biochemical point of view, also reporting on important
examples in bioprocesses. Various updates of these former analyses of the literature have also recently
been published, such as the one by Lima et al. 2016 [5] including marine examples of oxidoreductases,
hydrolases, transferases, isomerases, ligases and lyases ready for food and pharmaceutical applications.

In the present review, a new approach for searching the literature and presenting a more refined
analysis is adopted with respect to previous surveys. The focus of the literature search is centered on
the enzymatic process more than on a single novel activity. This survey is developed according to the
biotechnological field of applications where bioprocesses, based on marine enzymes and/or marine
biomasses, are central. Focusing on enzymatic processes rather than on single activities helsd us to
recognize the fields of application. For the first, a biorefinery value-chain, the provision of biomass
is one of the most important aspects, with aquaculture as the prominent sector. In the food industry
the interest in the marine domain is similarly developed to deal with the enzymatic procedures
adopted in food manipulation. Moreover, as for the selective and easy extraction/modification
of structurally complex marine molecules, enzymatic treatments are a recognized tool to improve
efficiency and selectivity in fine chemistry processes to get access to bioactive compounds and provide
complex core blocks ready for hemisynthesis. In closing, the field of marine biomarkers and derived
applications (bioremediation) in pollution monitoring could be of high significance for the appreciation
of marine bioprocesses.

In the fields indicated above, the selected primary articles are presented in tabulated form, picking
up different aspects of importance in short explicative notes to avoid a huge amount of text. Selected
modern review articles are listed under each paragraph to depict the present state of the art of the
related field.

2. Literature Search

A survey of the literature has been conducted mainly by using the database ScienceDirect with
access to 3800 scientific journals in major scientific disciplines. The search was based on two terms:
(i) “enzymatic processing” (in abstract, title or keywords) and (ii) “marine” (in all fields). How to
manipulate these queries to get an effective result in terms of the number of hits was first investigated
using the search functions offered by the database. In particular, the W/in function (proximity operator)
has been found useful for the first query, with the keywords used in the query sorted into phrases
(low numbers), sentences (medium) and paragraphs (high) of the hit. This result is then refined by
using the AND operator with the word “marine” in all fields. The resulting pattern of these searches is
as follows: W/3 (137 hits), W/4 (153), W/5 (161), W/15 (256) and for W/50 (442). As a comparison, a
more general coverage alternative search was also used, adopting the same keywords, in the Scopus
database. It resulted in a similar score (478 hits), thus confirming the choice of ScienceDirect as the
reference database when using W/50. This has been the value adopted for searching for articles for
this review.

An interesting detail is the yearly distribution of the hits (shown in Figure 1 below). Two time
intervals can be easily recognized; published results are doubled yearly from 2012 to 2016 with
respect to the previous score in the interval 1993 to 2011, characterized by fewer than 20 hits
per year. This picture reflects the strategic efforts of various funded programs created by the European
Commission to support and foster research in the European Research Area and similar actions in other
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parts of the world. That logical reason for the variation of the results in the two intervals 1993–2011
and 2012–2016 further confirms the suitability of the keywords adopted.

Figure 1. Yearly distribution of the number of hits in the search for articles in this review (see text
for details). Fewer than 20 hits per year characterizes the interval 1993–2011; a doubled value is seen
for 2012–2016.

3. Biorefinery

A future sustainable economy based on renewable resources is the main point of the concept of
a biorefinery. Research and development studies have been underway for many years in different
parts of the world to replace a large fraction of fossil resources. The most important aspect of a
biorefinery value-chain is the provision of biomass with a consistent and regular supply of renewable
carbon-based raw materials [6]. One of the sectors providing these feedstocks is aquaculture (algae and
seaweeds), which, together with biochemical processes (marine enzymes in pre-treatment) adopted,
is an important aspect of the domain of marine biotechnology. Needless to say, the focus in many
review articles [7] is on the importance of extremophiles and thermostable enzymes to overcome
the limitations of biocatalysts in current bioprocesses for lignocellulosic biomass conversion. In this
context, it is also of interest to mention the features of marine biocatalysts related to the ecological
features of the habitat in which marine organisms thrive. Generally the resulting enzymatic properties
are very important from a biotechnological point of view [4,8].

The idea here is to depict both the state of the art about marine enzyme-based bioprocesses and
the importance of marine-originating feedstocks in biorefinery. Therefore, biocatalysts and biomass are
the two fundamental elements on which the analysis of primary articles in the literature is based here
(Table 1 [9–42]). The selected articles inserted in Table 1 deal with (i) cellulases and other important
carbohydrate-active enzymes; (ii) lipases, to manipulate feedstock oils for biodiesel production and
(iii) other biocatalysts, including those commercially available. However, to depict the current state of
interest when only marine feedstock exploitation is present, chemical treatments were also listed in
these selected modern articles (entries 13–34, Table 1).
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Non-conventional sources of cellulase enzymes have been sought for a long time. As mentioned
in an old report, the identification of these biocatalysts in the marine fungus Dendryphiella arenaria [43]
dates back 40 years. However, of recent interest are the complex biopolymers in microalgae cells
subjected to breakdown in biological pretreatments, as reported in a more modern review [44].
The focus is not only on cellulases as the most-explored specific and efficient enzymes (entries 1–5
Table 1), but also on other hydrolytic enzymes, including hemicellulase, pectinase, protease and
amylase, even in the form of an enzymatic cocktail seen as an effective tool with respect to single
enzymes as well. Entire microbial communities associated with marine organisms are studied (entry 2
Table 1). Chitinases are very well represented in research, too, and new insights into the disruption of
crystalline polysaccharides were gained, as seen in a recent review report [45]. Substrate-disrupting
accessory non-hydrolytic proteins are novel tools to improve molecular accessibility to polymers
with increased process efficiency. Other primary articles, dealing with different carbohydrate active
hydrolases, are listed in Table 1 (entries 6–8).

Obviously lipases are also considered a convenient tool for converting a wide range of feedstock
oils into biodiesel [46]. A study of 427 yeast strains from seawater, sediment, mud of salterns, guts of
the marine fish and marine algae should also be mentioned here [47]. Industrial yeast Yarrowia lipolytica
of marine origin is a biocatalyst of interest in metabolic engineering studies used to expand the
substrate range [48]. Entries 9–12 in Table 1 are interesting primary articles along this line of research.
Microalgae cultivation and macroalgae developed as pests due to eutrophication are generally seen
as potential resources for biofuel production [49]. Another interesting aspect is the combination of
macroalgae cultivation exploiting nutrients coming from marine aquaculture or other processes.

In industrial squid manufacturing for chitin production, a large volume of protein effluents
containing peptones from alkaline and enzymatic hydrolysis of the pens are substrates used as a
nitrogen source to reduce the cost of marine probiotic bacteria cultivation (entry 13, Table 1). A similar
approach was also reported for effluents originating from the industrial thermal treatment of mussels
(entry 14, Table 1); many other examples on these lines are reported here (entries 15–33, Table 1),
where studies on different biomasses were conducted often by comparing chemical and enzymatic
procedures and yeast fermentations adopted for bioethanol production. An enzymatic cocktail of
glucanase, cellulase and glucosidase was studied for R-phycoerythrin extraction, assisted by ultrasound
technology from the red seaweed G. turuturu (entry 34, Table 1) proliferating along the French coast.

Marine biomass-centered studies are also listed in the section about food industry development.
Additionally, a particular and interesting aspect studied is the use of algicidal microorganisms to
improve cell disruption during biotechnological processes aimed at producing biofuels. Secreted
algicidal substances to be used as microalgae breakdown agents are reviewed [50].

4. Food Applications

Enzymatic procedures in food processing are mostly based on biocatalysts of terrestrial or
microbial origin, with new enzymes currently obtained from these environments. For years the marine
domain has been seen as a promising source of interesting biocatalysts [51] for modern applications.
However, the enzymatic activities present in seafood or in byproducts were utilized for centuries
in the traditional production of various cured and fermented seafood, allowing the preparation of
numerous sauces and pastes from the time of the Greeks and Romans and also seafood processes in
the Far East [52].

The recovery and processing of waste is generally a challenge in the food industry. Especially in
the seafood sector, a more complete utilization of the raw material with minimization of the inherent
problems of pollution and waste treatment is a current issue. Many reviews or chapters in books
depicting the state of the art of this specific topic were found. One of the oldest reports found during
our search dates back to 1978; interestingly, it already pointed out bioconversion tools for the processing
and valorization of food waste in the conversion to useful products [53]. Upgrading of sea byproducts
is, however, still central in more modern analysis [54], with more attention dedicated nowadays to
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therapeutic potential. Attention to antihypertensive and immunomodulatory agents (i.e., peptides
obtained by enzymatic hydrolysis of fish proteins) is recognized more than the simple nutritional and
biological properties of these materials. Both have recently been investigated in marine mussels [55].
While for mussel proteins the focus is on peptides obtained by bioprocesses, lipids (PUFAs) are also
investigated for the prevention and treatment of rheumatoid arthritis. The use of all-natural stabilizers
for food, in the form of (enzymatically) muscle-derived extracts, appears interesting, as well as the
addition of plant extracts or pure phenolic compounds to combat oxidation in seafood [56]. Basic
research related to the enzymatic processes occurring in seafood material has also been traced; a study
of blackening processes in freeze-thawed prawns during storage is of interest. The respiratory pigment
hemocyanin is converted into a phenoloxidase-like enzyme and acts as a potent inducer of post-harvest
blackening; these discoveries are helpful for the development of anti-blackening treatments for these
foods [57]. Biotechnologists are also interested in the large availability of seafood raw materials;
byproducts from waste in processing (liver, skin, head, viscera, trimmings, etc.) amount to 60% or
more [58] of total renewable raw material. Review articles were found for general aspects [59,60] and a
particular focused on seaweeds [61].

The food and biorefinery sections overlap because byproducts, primarily used as feed with low
returns, are also thought to be useful for biodiesel generation. Some articles could thus be listed in
both sections; however, repetition is avoided here and also in this case tabulation is based on the
same fundamental key for the analysis of literature adopted previously in Table 1; enzyme (marine
or commercial)-based bioprocesses and types of marine-originating feedstocks are the two columns
of Table 2, including a third one for notes [62–96]. Commercial or marine-originating proteases and
lipases are most used for production in this field and a wide range of edible biomass for the valorization
study is listed in Table 2. They are also an excellent, low-cost source for enzyme production [97].

An enzymatic approach can overcome the environmental impact of traditional processes and
make the processes sustainable and cost-effective. In a very recent comprehensive review, it is
reported that significant developments can be expected for enzyme applications in the fish and seafood
industries [98] in the near future.
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5. Fine Chemistry and Lab Techniques

Biocatalytic procedures using marine enzymes for the production of fine chemicals are an
important aspect of this review. The production and manipulation of complex biomolecules benefited
from important biotechnological features characterizing biocatalyzed reactions with respect to the use
of purely chemical-based methods [99].

Technological improvements (metagenomics) applied to bioprospecting in understudied
environments help to identify a greater repertoire of novel biocatalysts with complementarity about
properties (stereochemistry, resistance, etc.). Marine enzymes offer hyperthermostability, salt tolerance,
barophilicity, cold adaptability, chemoselectivity, regioselectivity and stereoselectivity [4], thus acting
as useful and new alternatives to terrestrial biocatalysts in use. Particular importance is represented by
enzymes showing resistance to organic solvents, with the examples from marine environments mostly
related to halophilic proteins (salt reduces water activity, like organic solvent systems), as analyzed in
a recent, comprehensive review article [100].

As for carbohydrate-active enzymes, selective and easy manipulation of structurally complex
marine polysaccharides provides homogeneous core blocks (oligosaccharides) for analysis and
hemisynthesis. This constitutes the core of a sustainable process when using renewable resources.
Other preminent examples of enzymatic treatments as a tool to improve the extraction efficiency of
specific bioactive compounds from seaweeds were recently reviewed [101] and laboratory techniques
in the preparation of compounds for further research are discussed in a recent report [102] listing
enzymes for the functionalization of chitosan such as polyphenoloxidases (PPO) (tyrosinases, laccases)
and peroxidases (POD); examples from the marine environment are indicated.

Due to our specific design of search terms in querying literature databases, the coverage of
articles dealing with the simple prospecting, isolation and identification of new marine biocatalyst(s)
is partial; however, however those found are included in this section. Indeed, most articles listed in
Table 3 [103–134] focused on bioprocesses for the synthesis of useful products and on enzymatic routes
adopted for setting up laboratory techniques to study marine complex biomolecules (e.g., improving
extraction, digestion of polysaccharides to simple components for structural determination, etc.).
Various examples are found in the literature of the synthesis and hydrolysis of glycosidic bonds.
Entry 8, Table 3 [110] is only one of the examples of synthetic strategies for the production of interesting
products (enzymatically glycosylated natural lipophilic antioxidants). Polymers with synthetic
carbohydrates have a wide range of applications in medical biotechnology as new biomaterials [135]
and carbohydrate-active hydrolases can also be applied; moreover, these biocatalysts are important for
the synthesis of a number of novel dietary carbohydrates in food technology, for the production of
chromophoric oligosaccharides of strictly defined structure as valuable biochemical tools, etc. Other
numerous applications oriented to vegetal waste treatment in recovering useful materials are reported
in the section devoted to biorefinery.

Tabulation of primary articles in this section (Table 3) is based on biocatalyst(s) used, product(s)
obtained with the biocatalyzed process, or evaluating of marine feedstock(s); comments about the
contents of the article are also reported in the notes in Table 3. Entries 1–18 (Table 3) are related
to carbohydrate-active hydrolases, while a few (entries 19–23) are listed for ester hydrolysis and
proteolytic activities (entries 31 and 32).
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Little is known about the distribution and diversity of Candida genus in marine environments,
with only a few species isolated from these environments [136]. C. rugosa and C. antarctica are among
the terrestrial yeasts, so biocatalysis-related articles dealing with these quite famous commercial lipases
are not listed here. Interesting examples of oxidoreductases are also found in the literature, both for
direct biocatalytic applications (including examples of immobilized enzymes) and for biogenetically
related studies (see entries 24–30, Table 3).

Finally, it is worth mentioning in this section a remarkable review focused on the biosynthesis
of oxylipins in non-mammals. Biocatalysts involved in pathways related to these biomolecules carry
interesting and unusual catalytic properties for biocatalysis. A detailed biocatalytic knowledge
of enzymatic catalysis in these reactions is needed to plan a possible direct in vitro biocatalytic
lab-scale production of useful products [137]. With the similar aim of increasing knowledge about
natural enzymes with interesting features, a review was compiled on the enzymatic breakage of
dimethylsulfoniopropionate [138]. The compound, a zwitterionic osmolyte produced by corals, marine
algae and some plants in massive amounts (ca. 109 tons per year), is transformed by marine microbes
and bioprocesses involving this molecule and derivatives are of interest for assessing the ability of
relevant enzymes to realize these transformations.

6. Sediments and Bioremediation

Among the studies on marine sources for enzymes, the fields of marine biomarkers and
bioremediation applications are of high significance in this context [139].

In the list of parameters that are usually considered when assessing exposure to environmental
pollutants in aquatic ecosystems, biotransformation enzymes (phase I and II), biotransformation
products and stress proteins are of high interest for enzymatic processing. It is of value, for
example, that a unique set of protein expression (signature) for exposure to different chemical
compounds has been recognized for Mytilus edulis and the expressed proteins identified participate in
α- and β-oxidation pathways, xenobiotic and amino acid metabolism, cell signalling and oxyradical
metabolism [140]. Bioremediation as an enabling technology exploits naturally occurring organisms
that with their metabolic ability are able to transform toxic substances in less hazardous compounds
that in turn are included in biogeochemical cycles. Stereochemical aspects play an important role
due to the fact that homochirality appears to be a requirement for the functioning of enzymes
with specific (partial) incorporation of stereoforms. Enantioselective chromatographic separation
of chiral environmental xenobiotics is covered in an interesting review. The study includes microbial
transformation of chiral pollutants in aquatic ecosystems, enzymatic transformations, etc. [141].
An additional report states the effectiveness of enzymatic processes in bioremediation even though
limited application is evidenced with respect to stability and the cost of biocatalysts. Marine enzymes
are seen as a solution to this challenge. In particular, marine fungi and their laccases are used in the
textile industry, mostly to deal with salty effluents [142].

A recent report of a European project in this field characterizes novel hydrocarbon degrading
microbes isolated from the southern side of the Mediterranean Sea. Exploiting and managing the
diversity and ecology of microorganisms thriving in these polluted sites is a major objective in terms
of increasing knowledge of the bioremediation potential of these poorly investigated sites [143].

In Table 4 primary articles in the field are selected [144–168], indicating the biocatalyst(s)
or organism(s) exploited and details of application, with notes about the results and importance
of the work.
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7. Others

Searching within records used in this review for the names of class of enzymes, oxidoreductases,
transferases, hydrolases and lyases are equally represented, while isomerases and ligases are less
often used as keywords. However, only 30% of the total records contain such names for classes, with
common names of biocatalysts more often adopted in titles, abstracts and keywords. Thus, in this
section a few other topics, difficult to insert in previous sections, are covered.

Enzymes acting on 1,4 glycosidic bonds between galacturonic acid residues in pectin were
investigated for the improvement of banana fiber processing. At least one actinomycete strain of
Streptomyces lydicus collected from estuarine and marine areas in India was found to be a potent
producer of polygalacturonase [169].

In a study to reduce the cost of aquaculture of fish cobia by adding crustacean processing waste, an
investigation of the endogenous chitinolytic enzymes in cobia was conducted. It suggested substantial
endogenous production of enzymes of the chitinolytic system and that the activity from chitinolytic
bacteria was not significant [170].

An interesting study based on enzymology tools was conducted for demonstrating the enhanced
mixing processes between the sediment and the overlying waters of the Delaware Estuary. The authors
used fluorescently labeled polysaccharides to determine the effects of suspended sediment transport
on water column hydrolytic activities [171].

In another report, a rapid and easy-to-use set, composed of semi-quantitative kits, was adopted
for the investigation of the heterotrophic bacterial community in meadows of Posidonia oceanica during
environmental surveys. Although the set is composed of known kits (ApiZym galleries, Biolog
microplates and BART™ tests) principal enzymatic activities, metabolic capabilities and benthic
mineralisation processes were all studied [172].

A particular aspect is related to carbonic anhydrases; it is worth mentioning in this review
since it was recently discussed in a book devoted to these enzymes from extremophiles and the
possible biotechnological applications for which they can be used [173]. Among the CO2 sequestration
methods proposed in order to capture and concentrate CO2 from combustion gases, the biomimetic
approach [174] could indeed benefit from the diversity of marine carbonic anhydrases. However,
these metallo-enzymes are also discussed for their potential as novel biomarkers in environmental
monitoring and the development of biosensors for metals [175], and another interesting aspect,
encompassing at least two of the fields listed in this review, is the investigation of other enzymatic
activities possessed by carbonic anhydrases [176].

8. Conclusions

One of the recent transnational calls of ERA-NET (ERA-MBT), an action funded under the EU
FP7 program, was focused on biorefinery and entitled “The development of biorefinery processes
for marine biomaterials”. The projects were required to develop the production of a large number
of different products and novel processes through the application of biotechnological knowledge.
Further technological developments to improve the integration and optimisation of the processing
steps were required. In this realm seaweed biomass seems to have great potential as a raw material
in a biobased economy, offering advantages such as no competion with food production, absence of
fertilisers or pesticides in the value-chain and positive relapses removing an excess of nutrients from
marine environments. However, a few key areas where development is still needed are technology
for the improvement of large-scale cultivation and fractionation, and the identification of new marine
microbial strains to break down macroalgal polysaccharide.

The use of macroalgae in food preparation is a classical topic in food applications found when
inspecting the primary articles listed in Table 2. Macroalgae contain a high concentration of minerals,
vitamins, trace elements and fibre and have low fat content. Different projects studying these aspects
are in development. It is of interest that a close inspection of the affiliations of the corresponding
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authors of all articles in Table 2 reveals that Spain and France are the top two countries where research
efforts were published; however, many countries produce interesting research results.

As for fine chemistry and laboratory techniques, different case studies recently illustrated the
importance of biocatalysis, considering the specificities of marine enzymes with respect to their
terrestrial counterparts [177]. Ketone reduction and epoxide hydrolases useful in organic synthesis
appeared to be central for stereochemical aspects. Access to bioactive aldehydes with lipooxygenases
and lipases actions and biodegradation of marine pollutants are covered, along with other lipolytic
activities used for enantioselective hydrolysis. From the overall analysis and examples reported,
the strategy regarding the potential of marine habitats is clear. It is important to report the note of
two editors in a special issue dedicated to biocatalysis in Current Opinion in Chemical Biology; they
stated that “At least a third of this planet’s biomass resides in the oceans, and the rules of the marine
biochemical game seem to be fundamentally different than those described in our biochemistry
textbooks.” [178].

In the bioremediation field, [141] is very stimulating, pointing out the importance of
stereoselectivity in aquatic ecosystem biotransformations and reporting on the great impact that the use
of cyclodextrins in chiral gas-chromatography had in widening this knowledge. All the information
reported by the studies on processes is of great interest to biocatalysis practitioners, starting from
pioneering investigations into the distribution of atropisomeric PCBs in the marine environment.
Marine bacteria specialising in the degradation of hydrocarbons have been isolated from polluted
seawater and some of these bacteria can grow on these substrates; they represent an extraordinary
archive of mono- and dioxygenases, oxidases, dehydrogenases and other enzymatic activities that can
be applied in regio- and stereoselective biocatalysis. There is a gap between the general knowledge
from the studies in this section and the specificity/suitability required for preparative enzymatic
processes; bridging this gap could shed more light on the useful features of the enzymes involved in
this type of pollutant biotransformation, thus enabling more effective application.

Fewer than half of the results from our literature search are cited in the references list. About 20%
of the hits are represented by books or reference works that were hardly used here. Additionally, only
four scientific journals hosted more than 10 articles of the remaining corpus: Bioresource Technology,
Food Chemistry, Process Biochemistry and Chemosphere together account fornot far off 100 articles. The top
specialist marine-oriented journal was Algal Research, with only eight papers. Inserting representative
primary articles in the tables and excluding the ones that do not belong resulted in the current total
number of references. Therefore, scientific interest in marine enzymatic processing can be considered
successfully published in non-specialized journals such as the ones cited above; the separation of
fields, as adopted here, is only for ease of discussion. This has already been mentioned above for
marine biomass-centered studies that could have been listed under food applications or biorefinery, or
for enzymatic activities used for polysaccharide manipulation that could have been listed under fine
chemistry and lab techniques instead of biorefinery.

In conclusion, all these aspects point to a final consideration of the importance of an
interdisciplinary network in setting up successful research projects enabling the identification of an
arsenal of enzymes and pathways greatly in demand for biotechnological applications. In continuing
this research effort, further refining of the scientific literature could be of interest; exploration of the
fields individuated above should be continued in depth, in specialized journals, in a manner that could
help to reveal sub-fields along with more details pointing to a single process with room to discuss a
single enzymatic activity.
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77. Šližytė, R.; Carvajal, A.K.; Mozuraityte, R.; Aursand, M.; Storrø, I. Nutritionally rich marine proteins from
fresh herring by-products for human consumption. Process Biochem. 2014, 49, 1205–1215. [CrossRef]

78. Halldorsdottir, S.M.; Sveinsdottir, H.; Freysdottir, J.; Kristinsson, H.G. Oxidative processes during enzymatic
hydrolysis of cod protein and their influence on antioxidant and immunomodulating ability. Food Chem.
2014, 142, 201–209. [CrossRef] [PubMed]

79. Beaulieu, L.; Thibodeau, J.; Bonnet, C.; Bryl, P.; Carbonneau, M.-É. Detection of antibacterial activity in an
enzymatic hydrolysate fraction obtained from processing of Atlantic rock crab (Cancer irroratus) by-products.
Pharmanutrition 2013, 1, 149–157. [CrossRef]

80. Amado, I.R.; Vázquez, J.A.; González, M.P.; Murado, M.A. Production of antihypertensive and antioxidant
activities by enzymatic hydrolysis of protein concentrates recovered by ultrafiltration from cuttlefish
processing wastewaters. Biochem. Eng. J. 2013, 76, 43–54. [CrossRef]

81. Saidi, S.; Deratani, A.; Ben Amar, R.; Belleville, M.-P. Fractionation of a tuna dark muscle hydrolysate by a
two-step membrane process. Sep. Purif. Technol. 2013, 108, 28–36. [CrossRef]

82. Castro-Ceseña, A.B.; del Pilar Sánchez-Saavedra, M.; Márquez-Rocha, F.J. Characterisation and partial
purification of proteolytic enzymes from sardine by-products to obtain concentrated hydrolysates. Food Chem.
2012, 135, 583–589. [CrossRef] [PubMed]

83. Cian, R.E.; Martínez-Augustin, O.; Drago, S.R. Bioactive properties of peptides obtained by enzymatic
hydrolysis from protein byproducts of Porphyra columbina. Food Res. Int. 2012, 49, 364–372. [CrossRef]

84. Rubio-Rodríguez, N.; de Diego, S.M.; Beltrán, S.; Jaime, I.; Sanz, M.T.; Rovira, J. Supercritical fluid extraction
of fish oil from fish by-products: A comparison with other extraction methods. J. Food Eng. 2012, 109,
238–248. [CrossRef]

85. Beaulieu, L.; Thibodeau, J.; Bryl, P.; Carbonneau, M.-É. Characterization of enzymatic hydrolyzed snow crab
(Chionoecetes opilio) by-product fractions: A source of high-valued biomolecules. Bioresour. Technol. 2009, 100,
3332–3342. [CrossRef] [PubMed]

25



Mar. Drugs 2017, 15, 93

86. Huo, J.; Zhao, Z. Study on enzymatic hydrolysis of Gadus morrhua skin collagen and molecular weight
distribution of hydrolysates. Agric. Sci. China 2009, 8, 723–729. [CrossRef]

87. Vázquez, J.A.; Murado, M.A. Enzymatic hydrolysates from food wastewater as a source of peptones for
lactic acid bacteria productions. Enzyme Microb. Technol. 2008, 43, 66–72. [CrossRef]

88. Barcia, I.; Sánchez-Purriños, M.L.; Novo, M.; Novás, A.; Maroto, J.F.; Barcia, R. Optimisation of Dosidicus gigas
mantle proteolysis at industrial scale. Food Chem. 2008, 107, 869–875. [CrossRef]

89. Guerard, F.; Sumaya-Martinez, M.T.; Laroque, D.; Chabeaud, A.; Dufossé, L. Optimization of free radical
scavenging activity by response surface methodology in the hydrolysis of shrimp processing discards.
Process Biochem. 2007, 42, 1486–1491. [CrossRef]
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Abstract: Enzymes are essential components of biological reactions and play important roles in the
scaling and optimization of many industrial processes. Due to the growing commercial demand
for new and more efficient enzymes to help further optimize these processes, many studies are
now focusing their attention on more renewable and environmentally sustainable sources for the
production of these enzymes. Microalgae are very promising from this perspective since they can
be cultivated in photobioreactors, allowing the production of high biomass levels in a cost-efficient
manner. This is reflected in the increased number of publications in this area, especially in the use of
microalgae as a source of novel enzymes. In particular, various microalgal enzymes with different
industrial applications (e.g., lipids and biofuel production, healthcare, and bioremediation) have
been studied to date, and the modification of enzymatic sequences involved in lipid and carotenoid
production has resulted in promising results. However, the entire biosynthetic pathways/systems
leading to synthesis of potentially important bioactive compounds have in many cases yet to be
fully characterized (e.g., for the synthesis of polyketides). Nonetheless, with recent advances in
microalgal genomics and transcriptomic approaches, it is becoming easier to identify sequences
encoding targeted enzymes, increasing the likelihood of the identification, heterologous expression,
and characterization of these enzymes of interest. This review provides an overview of the state of
the art in marine and freshwater microalgal enzymes with potential biotechnological applications
and provides future perspectives for this field.

Keywords: microalgae; enzymes; marine biotechnology; -omics technologies; heterologous
expression; homologous expression

1. Introduction

Water covers around 71% of the Earth’s surface, with salt water responsible for 96.5% of this
percentage [1]. Due to its molecular structure and chemical properties, water includes (and often
participates in) every chemical reaction that is biologically relevant [2]. In such reactions, enzymes
cover a fundamental role: They are organic macromolecules that catalyze biological reactions (so-called
“biocatalysts” [3]). Due to their substrate-specificity, enzymes are commonly used in several sectors
(such as food processing, detergent, pharmaceuticals, biofuel, and paper production) to improve, scale,
and optimize industrial production. For example, hydrolases, which are enzymes that catalyze the
hydrolysis of chemical bonds, have applications in several fields. Examples of industrially relevant
hydrolases are cellulases for biofuel production [4], amylases for syrup production [5], papain, phytases
and galactosidases for food processing [6], and other hydrolases which have various pharmaceutical
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applications [7]. The demand for new enzymes is growing every year, and many financial reports
expect the global enzyme market value to surpass the $10 billion mark by 2024 (Allied Market
Research, 2018, https://www.alliedmarketresearch.com/enzymes-market;ResearchandMarket.com,
2018, https://www.researchandmarkets.com/research/6zpvw9/industrial?w=4), of which $7 billion
alone will be for industrial applications (BCC Research, 2018, https://www.bccresearch.com/market-
research/biotechnology/global-markets-for-enzymes-in-industrial-applications.html).

Microalgae are photosynthetic unicellular organisms that can be massively cultivated
under controlled conditions in photobioreactors with relatively small quantities of micro- and
macro-nutrients [8], and can thus fit perfectly into this market sector. Microalgae continue to
be used in a number of biotechnological applications. Searching the available literature in the PubMed
database, this trend is clearly visible (search filters used were the word “microalgae” in the Title/Abstract
field and the word “biotechnolog*” in the Text Word field, using the asterisk wildcard to expand the
term selection; Figure 1). Considering the full 20-year interval between “1999–2018”, it is clear that as
of 2012, there has been a rapid increase in the number of publications involving both “microalgae” and
“biotechnology”, reaching a peak in the years 2015–2016.

Figure 1. Microalgae Biotechnology PubMed Search Results 1999–2018. Using PubMed database search
in the 20-years interval 1999–2018, the following search filters were set: The word “microalgae” in
the [Title/Abstract] field and the word “biotechnolog*” in the [Text Word] field, using the asterisk (*)
wildcard to expand the term selection (such as biotechnology, biotechnological, and biotechnologies).

The literature regarding the biotechnological applications of microalgae is dominated by four
main research sectors: (1) Direct use of microalgal cells, for bioremediation applications and as food
supplements [9]; (2) Extraction of bioactives for different applications (e.g., cosmeceutical, nutraceutical,
and pharmaceutical applications, and for biofuel production [10,11]); (3) Use of microalgae as
platforms for heterologous expression or endogenous gene editing and overexpression [12]; (4) Use of
microalgae as sources of enzymes for industrial applications [13]. The latter field appears to be less
well-studied compared to the others, due to the high costs currently involved in enzyme extraction
and characterization, as well as the scarcity of annotated microalgal genomes.

Recent projects, such as those funded under the European Union Seventh Framework 2007–2017
(EU FP-7), e.g., BIOFAT (https://cordis.europa.eu/project/rcn/100477/factsheet/en) and GIAVAP
(https://cordis.europa.eu/project/rcn/97420/factsheet/en), together with Horizon 2020 programs, e.g.,
ALGAE4A-B (http://www.algae4ab.eu/project.html) and VALUEMAG (https://www.valuemag.eu/),
have resulted in an increase in –omics data (i.e., genomics, transcriptomics, proteomics and
metabolomics data) available for microalgae, improving the possibility of finding new enzymes
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from both marine and freshwater species [14]. Mogharabi and Faramarzi recently reported the isolation
of some enzymes from algae and highlighted their potential as cell factories [15]. This review aims to
provide a summary of the current literature on microalgal enzymes with potential biotechnological
applications with a particular focus on enzymes involved in the production of high-value added lipids
and biodiesel, healthcare applications, and bioremediation.

2. Enzymes from Microalgae

2.1. Enzymes for High-Value Added Lipids and Biodiesel Production

Microalgae are known to accumulate large amounts of lipids [16], with triglycerides (TAGs)
and poly-unsaturated fatty acids (PUFA) being the most studied from a biotechnological application
standpoint, particularly for the production of biodiesel and nutraceuticals [9,16–18]. TAGs, esters
derived from glycerol and three chained fatty acids (FA) which are usually stored in cytosol-located
lipid droplets [19], can be used to produce biodiesel following acid- or base-catalyzed transesterification
reactions [20]. PUFAs, for their part, have well-proven beneficial health effects [21,22], especially Ω-3
fatty acids such as docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA) (Figure 2).

 

Figure 2. Examples of fatty acids of biotechnological interest. (a) Through various reactions of elongation
and formation of double C-C bonds, poly-unsaturated fatty acids (PUFA) can be synthetized, such as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) with nutraceutical or food applications;
(b) Accumulation in triglycerides (TAGs) and biodiesel formation via chemical transesterification.

The most frequently studied enzyme involved in lipid synthesis is acyl-CoA diacylglycerol
acyltransferase (DGAT), involved in the final reaction of the TAG biosynthetic pathway [23,24]. Three
independent groups of enzymes, referred to as acyl-CoA diacylglycerol acyltransferases type 1, 2,
and 3 (DGATs 1-2-3), take part in the acyl-CoA-dependent formation of TAGs from its precursor
sn-1,2-diacylglycerol (DAG) [25]. The individual contribution of each DGAT isoenzyme to the fatty
acid profile of TAG differs between species [24,26].
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A gene encoding DGAT1 was initially discovered in the green alga Chlorella ellipsoidea by Guo et
al. [27], and an experiment involving overexpression of DGAT1 was subsequently performed in the
oleaginous microalgae Nannochloropsis oceanica [28]. The first DGAT2 sequence was obtained from
the green alga Ostreococcus tauri [29], and different studies involving overexpression of DGAT2 were
performed. In particular, DGAT2 overexpression led to an increase in TAG production in the diatoms
Phaeodactylum tricornutum [30] and Thalassiosira pseudonana [31], and in the oleaginous microalgae
Neochloris oleoabundans [32] and N. oceanica [33]. Different isoforms of DGAT2 (NoDGAT2A, 2C, 2D)
have successively been identified in N. oceanica and different combinations of either overexpression
or under-expression have been analyzed. These combinations gave different fatty acid-production
profiles, with some optimized for nutritional applications and others for biofuel purposes [34]. Even
if the green alga Chlamydomonas reinhardtii is considered a common biofuel feedstock, it showed no
clear trends following overexpression of different DGAT2 isoforms, with increased levels of TAG in
some reports [35], while levels were not increased in others [36]. Recently, Cui and coworkers [37]
characterized a dual-function wax ester synthase (WS)/DGAT enzyme in P. tricornutum, whose
overexpression led to an accumulation of both TAGs and wax esters. This was the first report of this
particular enzyme in a microalga, and a patent involving the enzyme was subsequently filed (Patent
Code: CN107299090A, 2017).

In addition to DGAT, other genes have been targeted in order to increase high-value
added lipid production, including glucose-6-phosphate dehydrogenase (G6PD), Δ6-desaturase,
6-phosphogluconate dehydrogenase (6PGD), glycerol-3-phosphate acyltransferase (GPAT1-GPAT2),
and acetyl-CoA synthetase 2 (ACS2). Overexpression of these enzymes resulted in increased lipid
contents [38–42]. In particular, two patents for desaturases have been filed. One covers a Δ6-desaturase
from Nannochloropsis spp., which converts linoleic acid to γ-linolenic acid (GLA) and α-linolenic acid
(ALA) to stearidnoic acid (Patent Code: CN101289659A, 2010). The other covers a Ω6-desaturase
from Arctic chlamydomonas sp. ArF0006, which converts oleic acid to linoleic acid (Patent Code:
KR101829048B1, 2018).

Other approaches to increase lipid production and/or alter lipid profiles via gene disruption have
been employed. Examples include the knock-out of a phospholipase A2 (PLA2) gene via CRISPR/Cas9
ribonucleoproteins in C. reinhardtii [43], microRNA silencing of the stearoyl-ACP desaturase (that forms
oleic acid via addition of a double-bond in a lipid chain [44]) in C. reinhardtii [45], and meganuclease
and TALE nuclease genome modification in P. tricornutum [46]. This last approach involved modifying
the expression of seven genes, potentially affecting the lipid content (UDP-glucose pyrophosphorylase,
glycerol-3-phosphate dehydrogenase, and enoyl-ACP reductase), the acyl chain length (long chain
acyl-CoA elongase and a putative palmitoyl-protein thioesterase), and the degree of fatty acid
saturation (Ω-3 fatty acid desaturase and Δ-12-fatty acid desaturase). In particular, a mutant for
UDP-glucose pyrophosphorylase showed a 45-fold increase in TAG accumulation under nitrogen
starvation conditions. Figure 3 provides an overview of the subcellular localization of metabolic
pathways and engineered enzymes in the aforementioned examples.

Finally, Sorigué and coworkers [47] reported, for the first time, the presence of a photoenzyme
named fatty acid photodecarboxylase (FAP) in Chlorella variabilis str microalgae. NC64A. FAP converts
fatty acids to hydrocarbons and may be useful in light-driven production of hydrocarbons. It is worth
mentioning that Misra et al. [48] have developed a database to catalogue the enzymes which have been
identified as being responsible for lipid synthesis from available microalgal genomes (e.g., C. reinhardtii,
P. tricornutum, Volvox carteri), called dEMBF (website: http://bbprof.immt.res.in/embf/). To date, the
database has collected 316 entries from 16 organisms, while providing different browsing options
(Search by: “Enzyme Classification”, “Organism”, and “Enzyme Class”) and different web-based tools
(NCBI’s Blast software integrated, sequence comparison, Motif prediction via the MEME software).
The enzymes discussed in this section are reported in Table 1.
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Table 1. Enzymes from Microalgae for Lipid and Biodiesel Production. Marine and freshwater ecological
strain sources are abbreviated as M or F, respectively. Algal classes of Bacillariophyceae, Chlorophyceae,
Trebouxiophyceae, Eustigmatophyceae, Mamiellophyceae, Coscinodiscophyceae, and Cyanidiophyceae are
abbreviated as BA, CH, TR, EU, MA, CO, and CY, respectively.

Ref. Enzymes Microalgae
Strain
Source

Microalgal
Class

Main Results

[39] Δ6-Desaturase Phaeodactylum
tricornutum M BA

Neutral lipid
production enhanced
and increase of EPA

content

[41] acetyl-CoA
synthetase

Chlamydomonas
reinhardtii F CH Increase in neutral

lipid production

[27]
acyl-CoA

diacylglycerol
acyltransferase 1

Chlorella
ellipsoidea F TR

Sequence identification
and function of TAG

accumultation
characterized

[28]
acyl-CoA

diacylglycerol
acyltransferase 1A

Nannochloropsis
oceanica M EU

Increase in TAGs
production both in

nitrogen-replete and
-deplete conditions

[36]
acyl-CoA

diacylglycerol
acyltransferase 2

Chlamydomonas
reinhardtii F CH No TAGs

overproduction

[35]
acyl-CoA

diacylglycerol
acyltransferase 2

Chlamydomonas
reinhardtii F CH

Five DGAT2
homologous genes

identification and the
overexpression of
CrDGAT2-1 and

CrDGAT2-5 resulting
in a significant increase

in lipid production

[33]
acyl-CoA

diacylglycerol
acyltransferase 2

Nannochloropsis
oceanica M EU Increase in neutral

lipid production

[32]
acyl-CoA

diacylglycerol
acyltransferase 2

Neochloris
oleoabundans F CH Change of lipid profile

[29]
acyl-CoA

diacylglycerol
acyltransferase 2

Ostreococcus
tauri M MA

Gene identification
and enzyme

characterization in
heterologous systems

[30]
acyl-CoA

diacylglycerol
acyltransferase 2

Phaeodactylum
tricornutum M BA

Increase in neutral
lipid production with

enrichment
EPA-PUFAs content

[31]
acyl-CoA

diacylglycerol
acyltransferase 2

Thalassiosira
pseudonana M CO

Increase in TAGs
production with focus

on the intracellular
enzyme localization

[34]

acyl-CoA
diacylglycerol

acyltransferase 2A,
2C, 2D

Nannochloropsis
oceanica M EU

Differential DGAT2
isoforms expression in

different engineered
strains with individual

specialized lipid
profiles
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Table 1. Cont.

Ref. Enzymes Microalgae
Strain
Source

Microalgal
Class

Main Results

[47] fatty acid
photodecarboxylase

Chlorella
variabilis F TR

Enzyme identification
and alkane synthase

activity tested

[38] glucose-6-phosphate
dehydrogenase

Phaeodactylum
tricornutum M BA

Modest increase in
neutral lipid

production with a lipid
composition switch

from polyunsaturated
to monounsaturated

[42]

glucose-6-phosphate
dehydrogenase;

phosphogluconate
dehydrogenase

Fistulifera solaris M BA Slight increase in TAGs
production

[40] glycerol-3-phosphate
acyltransferase 1, 2

Cyanidioschyzon
merolae F CY Significant increase in

TAGs production

[43] phospholipase A2 Chlamydomonas
reinhardtii F CH Increase in TAGs

production

[45] stearoyl-ACP
desaturase

Chlamydomonas
reinhardtii F CH Production of TAGs

enriched in stearic acid

[46]

UDP-glucose
pyrophosphorylase,
glycerol-3-phosphate

dehydrogenase,
enoyl-ACP

reductase, long
chain acyl-CoA

elongase, putative
palmitoyl-protein
thioesterase, Ω-3

fatty acid
desaturase and
Δ-12-fatty acid

desaturase

Phaeodactylum
tricornutum M BA

Significant increase in
TAGs production

(45-fold increase for
UDP-glucose

pyrophosphorylase
mutant)

[37]

wax esther
synthase/acyl-CoA

diacylglycerol
acyltransferase

Phaeodactylum
tricornutum M BA

Increase in neutral
lipids and wax esters

production

Patent Code
(Year)

Enzymes Microalgae
Strain
Source

Microalgal
Class

Notes

CN107299090A
(2017)

wax esther
synthase/acyl-CoA

diacylglycerol
acyltransferase

Phaeodactylum
tricornutum M BA

Neutral lipids and wax
esters production

enhanced

CN101289659A
(2010) Δ6-Desaturase Nannochloropsis

spp. M EU

The enzyme sequence
was identified and the
enzyme characterized

in bacterial systems

KR101829048B1
(2018) Ω6-Desaturase

Arctic
Chlamydomonas

sp. ArF0006
F CH

The enzyme sequence
was identified and the
enzyme characterized

in bacterial systems
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Figure 3. Main studied and engineered enzymes for TAGs and PUFAs in microalgae for the
production of high value-added lipids. Enzymes are roughly divided in subcellular compartments.
A single lipid droplet where TAGs are accumulated is added. Abbreviations: DGAT: Acyl-CoA
diacylglycerol acyltransferase; G6PD: Glucose-6-phosphate dehydrogenase; 6PGD: 6-phosphogluconate
dehydrogenase; GPAT: Glycerol-3-phosphate acyltransferase; ACS2: acetyl-CoA synthetase 2; PLA2:
Phospholipase A2; Δ-6/Δ-12-Desaturase: delta-6/delta-12 fatty acid desaturase; Ω-3/Ω-6-desaturase:
omega-2/omega-6 fatty acid desaturase; ENR: Enoyl-acyl carrier protein reductase; UGPase:
UDP-glucose pyrophosphorylase; TAG: Triglyceride.

2.2. Enzymes for Healthcare Application

Enzymes for healthcare applications can include: (1) Enzymes used directly as “drugs”, or (2)
enzymes involved in the biosynthetic pathway of bioactive compounds (Figure 4). Regarding the first
group, the most studied enzyme is l-asparaginase. l-asparaginase is an l-asparagine amidohydrolase
enzyme used for the treatment of acute lymphoblastic leukemia, acute myeloid leukemia, and
non-Hodgkin’s lymphoma [49]. Its hydrolytic effect reduces asparagine availability for cancer cells
that are unable to synthesize l-asparaginase autonomously [50] l-asparaginase was historically first
discovered and then produced in bacteria (e.g., Escherichia coli, Erwinia aroideae, Bacillus cereus) [51–53].
However, in order to overcome some of the economical and safety limits associated with marketing
the enzyme [54,55], increased efforts began to focus on the identification and characterization of the
enzyme in microalgae strains.
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Figure 4. Enzymes for Healthcare Applications. Enzymes for healthcare applications can include:
(a) Enzymes used directly as “drugs”, such as the l-asparaginase (b) enzymes involved in the biosynthetic
pathway of active compounds, such as polyketides, carotenoids, or oxylipins. In the synthesis of
polyketides, the enzymes studied are polyketide synthases and nonribosomal peptide synthases.
For the synthesis of carotenoids, the most studied enzymes are phytoene synthase (PSY), phytoene
decarboxylase (PDS) and zeaxanthin epoxidase (ZEP). For the synthesis of oxylipins the studied
enzymes are lipoic acid hydrolases (LAH) and PLAT (Polycystin-1, Lipoxygenase, Alpha-Toxin)/LH2
(Lipoxygenase homology). An example of molecules and their roles for each pathway is also outlined.

Paul [56] first purified an l-asparaginase in Chlamidomonas spp. with limited anticancer activity, and
tested it in an in vivo anti-lymphoma assay. Ebrahiminezhad and coworkers screened 40 microalgal
isolates via activity assays and reported on Chlorella vulgaris as a novel potential feedstock for
l-asparaginase production [57].

Regarding enzymatic pathways involved in the synthesis of bioactive compounds, many studies
have focused on polyketide synthases (PKS) and nonribosomal peptide synthetases (NRPS). PKS
produce polyketides, while NRPS produce nonribosomal peptides. Both classes of secondary
metabolites are formed by sequential reactions operated by these “megasynthase” enzymes [58,59].
Polyketides and nonribosomal peptides have been reported to have antipredator, allelopathic, anticancer,
and antifungal activities [58,60–62]. PKS can be multi-domain enzymes (Type I PKS), large enzyme
complexes (Type II), or homodimeric complexes (Type III) [63]. Genes potentially encoding these
first two types’ of PKSs have been identified in several microalgae (e.g., Amphidinium carterae,
Azadinium spinosum, Gambierdiscus spp., Karenia brevis [64–67]). Similarly, NRPSs have a modular
organization similar to type I PKSs, and genes potentially encoding NRPSs have been found in
different microalgae [68]. Moreover, metabolites that are likely to derive from hybrid NRPS/PKS gene
clusters have been reported from Karenia brevis [69]. However, to our knowledge, there are no studies
reporting the direct correlation of a PKS or NRPS gene from a microalga with the production of a
bioactive compound.

Other microalgal enzymes which have been widely studied are those involved in the synthesis of
compounds with nutraceutical and cosmeceutical applications, such as those involved in carotenoid
synthesis (e.g., astaxanthin, β-carotene, lutein, and canthaxanthin). Carotenoids are isoprenoid
pigments, which have many cellular protective effects, such as antioxidant effects occurring via the
chemical quenching of O2 and other reactive oxygen species [70–72]. Their antioxidant properties
can potentially protect humans from a compromised immune response, premature aging, arthritis,
cardiovascular diseases, and/or certain cancers [72]. Among microalgae, the most studied for the
industrial production of carotenoids are the halophile microalga Dunaliella salina and the green alga
Haematococcus pluvialis, which naturally produce high amounts of carotenoids [73]. Moreover, D.
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salina is a particularly versatile feedstock, and many researchers have focused on obtaining maximum
carotenoid yields without impeding its growth [74–76]. In addition, D. salina has been successfully
transformed via different approaches, such as microparticle bombardment [77] or via Agrobacterium
tumefaciens [78], increasing the feasibility of its use for biotechnological applications.

The most studied enzymes involved in carotenoid synthesis are: β-carotene oxygenase,
lycopene-β-cyclase, phytoene synthase, phytoene desaturase, β-carotene hydroxylase, and zeaxanthin
epoxidase [79]. In order to improve the production of carotenoids, different metabolic engineering
approaches have been employed. The initial method used was to induce random or site directed
mutations in an attempt to improve the activity of enzymes involved in the carotenoid metabolic
pathway. Increased production of carotenoids can also be achieved by changing culturing conditions or
by employing genetic modifications [79]. For example, mRNA levels of β-carotene oxygenase, involved
in the biosynthesis of ketocarotenoids [80], increased in Chlorella zofengiensis under combined nitrogen
starvation and high-light irradiation, and an increase canthaxanthin, zeaxanthin, and astaxanthin
was observed [81]. Couso et al. [82] reported an upregulation in lycopene-β-cyclase, which converts
lycopene to β-carotene [83] in C. reinhardtii under conditions of high light.

Regarding genetic modifications, Cordero [84] transformed the green microalga C. reinhardtii by
overexpressing a phytoene synthase (which converts geranylgeranyl pyrophosphate to phytoene)
isolated from Chlorella zofingiensis, resulting in a 2.0- and 2.2-fold increase in violaxanthin and lutein
production, respectively. A phytoene desaturase, which transforms the colorless phytoene into the
red-colored lycopene [85], was mutated in H. pluvialis by Steinbrenner and Sandmann [86], resulting in
the upregulation of the enzyme and an increase in astaxanthin production. Galarza and colleagues
expressed a nuclear phytoene desaturase in the plastidial genome of H. pluvialis, resulting in a 67%
higher astaxanthin accumulation when the strain was grown under stressful conditions [87]. The
insertion of a β-carotene hydroxylase from C. reinhardtii in Dunaliella salina resulted in a 3-fold increase
of violaxanthin and a 2-fold increase of zeaxanthin [78]. The inhibition of D. salina phytoene desaturase
using RNAi technology [88] resulted in an increase in phytoene content, but also a decrease in
photosynthetic efficiency and growth rate.

More modern methods which have been used include the use of CRISPR/Cas9 (clustered regularly
interspaced short palindromic repeats/CRISPR-associated protein 9) for precise and highly efficient
“knock-out” of key genes [89]. For example, Baek et al. have used CRISPR/Cas9 to knock-out the
zeaxanthin epoxidase (ZEP) gene in C. reinhardtii [90]. This enzyme is involved in the conversion of
zeaxantin to violaxantin [91], and with its knock-out they obtained a 47-fold increase in zeaxanthin
productivity. The current state-of-art involved in metabolic engineering for carotenoid production in
microalgae is further discussed in other reviews [72,92].

Other studies have focused on enzymes involved in the synthesis of oxylipins, which are secondary
metabolites that have previously been shown to have antipredator and anticancer activities [93–95].
Although oxylipin chemistry and putative biosynthetic pathways have been extensively studied
in both plants and microalgae [96–98], the related enzymes and genes have only recently been
identified and characterized in microalgae. Adelfi and coworkers have studied genes involved in
the biosynthesis of oxylipins in Pseudo-nitzchia multistriata and performed transcriptome analysis on
these genes in Pseudo-nitzchia arenysensis [99]. In diatoms, they characterized, for the first time, two
patatin-like lypolitic acid hydrolases (LAH1) involved in the release of the fatty acid precursors of
oxylipins and tested their galactolipase activity in vitro. Transcriptomic analysis also revealed three
of seven putative patatin genes (g9879, g2582, and g3354) in N. oceanica and demonstrated that they
were u-regulated under nitrogen-starvation conditions [100]. Similarly, Lauritano and coworkers
analyzed the transcriptome of the green alga Tetraselmis suecica and reported three PLAT (Polycystin-1,
Lipoxygenase, Alpha-Toxin)/LH2 (Lipoxygenase homology) domain transcripts [68]. The group also
performed in silico domain assessment and structure predictions. The enzymes discussed in this
section are described in Table 2.
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Table 2. Enzymes from Microalgae for Healthcare Applications. Marine, freshwater, and soil strain
sources are abbreviated as M, F, or S, respectively. Algal classes of Chlorophyceae, Trebouxiophyceae,
Bacillariophyceae, Dinophyceae, and Chlorodendrophyceae, are abbreviated as CH, TR, BA, DY, and
CR respectively.

Reference Enzymes Microalgae Strain Source
Microalgal

Class
Main Results

[78] β-carotene
hydroxylase Dunaliella salina M CH

Increase in violaxanthin
and zeaxanthin

production

[81] β-carotene
oxygenase

Chlorella
zofingiensis S TR

Increase in
canthaxanthin,
zeaxanthin and

astaxanthin production
under combined

nitrogen starvation and
high light stress

[56] l-asparaginase Chlamidomonas
spp. F CH Enzyme purified and

tested

[57] l-asparaginase Chlorella
vulgaris F, S TR

Screening of 40
microalgal isolates
searching for new

l-asparaginase sources

[82] lycopene-β-cyclase Chlamidomonas
reinhardtii F CH

Increased gene
expression under high

light stress

[99] lypolitic acid
hydrolase 1

Pseudo-nitzschia
multistrata,

Pseudo-nitzschia
arenysensis

M BA

Enzyme finding,
characterization and

retrieval of homologous
sequences in other

diatoms

[69] non-ribosomal
peptide synthase Karenia brevis M DY

Gene cluster
identification and

chloroplastic localization
identification

[68]

polycystin-1,
Lipoxygenase,
Alpha-Toxin/
lipoxygenase
homology 2

Tetraselmis
suecica M CR

Three putative enzyme
sequences identification

and in silico domain
assessment and structure

prediction

[88] phytoene
desaturase Dunaliella salina M CH Increase in phytoene

production

[84] phytoene synthase Chlamidomonas
reinhardtii F CH

Increase in violaxanthin
(2.0 fold) and lutein
(2.2-fold) production

[86] phytoene
desaturase

Haematococcus
pluvialis F CH Increase in astaxanthin

production

[87] phytoene
desaturase

Haematococcus
pluvialis F CH Increase in astaxanthin

production

[64] polyketide
synthase

Amphidinium
carterae M DY

Identification of a
transcript coding for

type I PKS
β-ketosynthase domain
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Table 2. Cont.

Reference Enzymes Microalgae Strain Source
Microalgal

Class
Main Results

[65] polyketide
synthase

Azadinium
spinosum M DY

Identification of type I
PKS domains using a

combination of genomic
and transcriptomic

anayses

[66] polyketide
synthase

Gamberdiscus
polynesiensis,
Gamberdiscus

excentricus

M CH

Identification of
transcripts coding for
type I and type II PKS

domains

[67] polyketide
synthase Karenia brevis M DY

Identification of eight
transcripts, six of which

coding for type I PKS
catalytic domains

[90] zeaxanthin
epoxidase

Chlamydomonas
reinhardtii F CH Increase in zeaxanthin

production of 47-fold

2.3. Enzymes for Bioremediation

Bioremediation is the use of microorganisms and their enzymes for the degradation and/or
transformation of toxic pollutants into less dangerous metabolites/moieties. The potential, which
microalgae possess to proliferate in environments that are rich in nutrients (e.g., eutrophic environments)
and to biosequestrate heavy metal ions, makes them ideal candidate organisms for bioremediation
strategies [101,102]. The optimal goal in this area is to combine bioremediation activities with the
possibility of extracting lipids and other high-value added compounds from the biomass that is
produced [103–106] in order to reduce overall costs and to recycle materials. In this section, the focus
will be on enzymatic bioremediation, which is a novel approach involving the direct use of purified
or partially purified enzymes from microorganisms, and in this case, from microalgae, in order to
detoxify a specific toxicant/pollutant [107]. This method has recently started to demonstrate promising
results through the use of bacterial enzymes [108,109]. Examples are the use of enzymes for the
bioremediation of industrial waste and, in particular, the recent use of chromate reductases found in
chromium resistant bacteria, known to detoxify the highly toxic chromium Cr(VI) to the less-toxic
Cr(III) [110].

In microalgae, a recent study focused on Cr(VI) reduction involving C. vulgaris [111]. This activity
was suggested to involve both a biological route, through the putative enzyme chromium reductase,
and a nonbiological route: Using the scavenger molecule glutathione (GSH). With respect to chromium
removal, several strains of microalgae have been reported to be capable of achieving Cr(IV) removal
from water bodies, including Scenedesmus and Chlorella species [112–114]. In the aforementioned
transcriptome study on the green algae Tetraselmis suecica, a transcript for a putative nitrilase was
reported [68]. Given that nitrilases are enzymes that catalyze the hydrolysis of nitriles to carboxylic
acids and ammonia [115] and that this enzyme has recently been used for cyanide bioremediation
in wastewaters [116], this nitrilase in T. suecica may prove to be useful in the treatment of cyanide
contaminated water bodies.

Other enzymes have been reported to be overexpressed in microalgae when they are exposed
to contaminants, but it is not clear whether or not they are directly involved in their degradation
or whether they are produced as a stress defensive response in the cell in order to help balance
cellular homeostasis (e.g., to detoxify reactive oxygen/nitrogen species produced after exposure to
contaminants). Examples of these enzymes include peroxidases (Px), superoxide dismutase (SOD),
catalase (CAT), and glutathione reductase (GR). SOD, Px, and CAT typically function in helping
detoxify the cell from oxygen reactive species [117,118], while GR replenishes bioavailable glutathione,
catalyzing the reduction of glutathione disulfide (GSSG) to the sulfhydryl form (GSH) [119]. Regarding
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the detoxification of reactive nitrogen species, the most studied enzymes in microalgae are the nitrate
and nitrite reductases. The first enzyme reduces nitrate (NO3

−) to nitrite (NO2
−), while the second

subsequently reduces nitrite to ammonia (NH4
+). NH4

+ is then assimilated into amino acids via the
glutamine synthetase/glutamine-2-oxoglutarate amino-transferase cycle [120] (Figure 5).

 

Figure 5. Enzymes for Bioremediation. Enzymes for Bioremediation can be: (a) Enzymes directly
used for the degradation of toxicant compounds to less or non toxic versions (e.g., the hexavalent
Chromium is converted to the less toxic trivalent Chromium due to the activity of Chromium Reductase);
(b) Enzymes involved in cellular stress response mechanisms, such as peroxidases (Px), superoxide
dismutase (SOD), and catalase (CAT) that detoxify reactive oxygen species (ROS), nitrate reductase
(NR), and nitrite reductase (NiR) that detoxify reactive nitrogen species (RNS) in ammonium, and GR,
that catalyzes the reduction of glutathione disulfide (GSSG) to glutathione (GSH).

For example, peroxidase activity has been reported in extracts from the green alga Selenastrum
capricornutum (now named Raphidocelis subcapitata [121]), which was highly sensitive to very small
concentrations of copper (Cu) (0.1 mM), and the authors proposed that the enzyme could be employed
as a sensitive bioindicator of copper contamination in fresh waters [122]. Levels of Px, SOD, CAT, and
GR have been reported to be upregulated following Cu contamination in P. tricornutum and following
lead (Pb) contamination in two lichenic microalgal strains from the Trebouxia genus (prov. names, TR1
and TR9) [123,124]. In Morelli’s work, an increase of 200% in CAT activity indicated its important role
in Cu detoxification. In contrast, Alvarez and coworkers reported that Px, SOD, CAT, and GR activity
was higher in TR1 than in TR9 under control conditions (with the exception of CAT), while prolonged
exposure to Pb resulted in the enzymatic activities of the two microalgae changing to similar levels,
reflecting the different physiological and anatomical adaptations of the two organisms. TR1 possesses
a thinner cell wall, thereby requiring it to have a more efficient basal enzymatic defence system, while
TR9 has a thicker cell wall and induces the expression of intracellular defense mechanisms when the
contaminant concentrations are high and physical barriers are no longer effective. Further studies
will be required to assess whether these TR1 enzymes are more efficient than enzymes from other
microalgal sources and the potential applications that these enzymes may have. All of the enzymes
discussed in this section are reported in Table 3.
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Table 3. Enzymes from Microalgae with utility in Bioremediation applications Marine, freshwater, and
lichenic strain sources are abbreviated as M, F, and L respectively. Algal classes of Trebouxiophyceae,
Chlorodendrophyceae, Chlorophyceae, and Bacillariophyceae are abbreviated as TR, CR, CH, and
BA, respectively.

Reference Enzymes Microalgae
Strain
Source

Microalgal
Class

Main Results

[111] Putative Cr
Reductase

Chlorella
vulgaris F TR

Enzymatic Cr
conversion (from Cr(VI)

to Cr(III)) detected

[68] Nitrilase Tetraselmis
suecica M CR Putative enzyme

sequence identification

[122] Putative ascorbate
peroxidase

Selenastrum
capricornutum F CH High sensitivity to Cu

concentration activity

[123]
superoxide-dismutase,
catalase, glutathione

reductase

Phaeodactylum
tricornutum M BA

Higher detected
enzymatic activity after

Cu accumulation

[124]

superoxide-dismutase,
catalase, glutathione
reductase, ascorbate

peroxidase

Trebouxia 1
(TR1), Trebouxia

9 (TR9)
L TR

Constitutive higher
enzymatic activity

detected in TR1, while
exposed to Pb brings

TR1 and TR9 enzymatic
activities to

comparable levels

3. Conclusions and Future Perspectives

Among aquatic organisms that have recently received attention as potential sources of industrially
relevant enzymes [125,126], microalgae, in particular, stand out as a new sustainable and ecofriendly
source of biological products (e.g., lipids, carotenoids, oxylipins, and polyketides). This review
summarized the available information on enzymes from microalgae with possible biotechnological
applications, with a particular focus on value-added lipid production, together with healthcare and
bioremediation applications.

The promise of microalgae as potential sources of novel enzymes of interest is reflected in the
abundance of recent reports in the literature in this area. However, the biotechnological exploitation of
their enzymes in comparison to other potential sources has only become more feasible quite recently,
primarily due to the implementation of novel isolation and culturing procedures, together with an
increase in the availability of -omics data. This data has facilitated the use of a broader array of
approaches, such as site-specific mutagenesis, bioinformatics-based searches for genes of interest,
and/or the use of genome editing tools (e.g., CRISPR/Cas9 and TILLING), resulting in promising
results particularly with respect to high-performance lipid [46] and carotenoid [89] production in
different microalgae.

The majority of studies to date have focused on enzymes involved in pathways for lipid synthesis in
order to increase their total production or to direct cellular production to lipid classes with applications
as nutraceuticals, cosmeceuticals, or as a feedstock for biodiesel production. For this reason, several
recent studies have focused on the improvement of lipid production in oleaginous microalgae. In
addition, algal biomass is often used for the extraction of both lipids and other value-added products,
such as pigments and proteins, in order to maximize the production of useful products such as these at
the lowest possible cost [127–129].

Future approaches to maximize the enzymatic potential of microalgae are likely to focus on three
different approaches: (1) The use of ever-increasing amounts of available -omics data to optimize
microalgal strains for the production of valuable products, through the overexpression of one or more
enzymes through the use of genome editing tools; (2) identification and subsequent characterization
of metabolic pathways involved in the production of specific bioactives (e.g., polyketides), many of
which are still poorly characterized; (3) the search for genes with direct biotechnological applications
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(e.g., l-asparaginase, chromate reductase, nitrilase) in microalgal genomes and transcriptomes datasets.
A common element in all three approaches is the potential use of next generation sequencing based
approaches (NGS) [130], the price of which is declining rapidly [131].

The feasibility of employing any of the aforementioned three approaches will be directly influenced
by progress in methods to decrease the costs of growth and genetic manipulation of microalgae. The
ultimate aim would be to mimic what has happened in the area of bacterial enzymology, where robust
pipelines for enzyme discovery have been established. If this could be achieved, then it is clear that
microalgae are likely to meet our expectations as a promising source of novel enzymes with utility in a
variety of different biotechnological applications.
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Abstract: Alginate lyases have been widely used to prepare alginate oligosaccharides in food,
agricultural, and medical industries. Therefore, discovering and characterizing novel alginate lyases
with excellent properties has drawn increasing attention. Herein, a novel alginate lyase FsAlyPL6 of
Polysaccharide Lyase (PL) 6 family is identified and biochemically characterized from Flammeovirga
sp. NJ-04. It shows highest activity at 45 ◦C and could retain 50% of activity after being incubated at
45 ◦C for 1 h. The Thin-Layer Chromatography (TLC) and Electrospray Ionization Mass Spectrometry
(ESI-MS) analysis indicates that FsAlyPL6 endolytically degrades alginate polysaccharide into
oligosaccharides ranging from monosaccharides to pentasaccharides. In addition, the action pattern
of the enzyme is also elucidated and the result suggests that FsAlyPL6 could recognize tetrasaccharide
as the minimal substrate and cleave the glycosidic bonds between the subsites of −1 and +3.
The research provides extended insights into the substrate recognition and degradation pattern of
PL6 alginate lyases, which may further expand the application of alginate lyases.

Keywords: alginate lyase; polysaccharide lyase of family 6; characterization; degradation pattern

1. Introduction

Alginate is a linear acidic polysaccharide that constitutes the cell wall of brown algae [1]. It
consists of two uronic acids, namely the β-d-mannuronate (M) and the α-l-guluronate (G), which are
randomly arranged into different blocks [2]. The alginate has been widely used in food, agricultural and
medical industries due to its favorable properties and versatile activities. However, the applications
of alginate have been greatly limited by its disadvantages such as high molecular weight, low
solubility, and poor bioavailability. In addition, the alginate molecule could not get into the circulation
system due to its huge molecular structure. Therefore, it could not exhibit its physiological activities.
Alginate oligosaccharides, as the degrading products of alginate, are smaller with excellent solubility
and bioavailability than the polysaccharides. In addition, the physiological effects, such as anticoagulant,
antioxidant, and antineoplastic activities, can also be retained after degradation. Therefore, they
have been widely used as anticoagulants, plant growth accelerators and tumor inhibitors in food,
agricultural, and medical fields [3–5]. Therefore, it holds great promise to degrade the alginate to
prepare functional alginate oligosaccharides [6].

Alginate lyases could degrade alginate to oligosaccharides by β-elimination mechanism and
therefore they belong to the Polysaccharides Lyase (PL) family [7]. Recently, alginate lyases have
drawn increasing attention for preparing alginate oligosaccharides with the advantages such as high
efficiency and specificity and mild degrading conditions [8]. Up to now, numerous alginate lyases
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have been isolated, identified, and characterized [9]. Unfortunately, only a few show high activity
and thermal stability, which are essential properties for industrial applications [10,11]. Previously, two
alginate lyases with excellent characteristics have been identified from the Flammeovirga sp. NJ-04.
In this study, a novel alginate lyase of PL 6 family has been cloned and characterized from the strain.
The biochemical properties and degrading pattern of the enzyme have been investigated and this
research would further expand the applications of alginate lyases in related fields.

2. Results and Discussion

2.1. Sequence Analysis of FsAlyPL6

The gene of FsAlyPL6 was cloned and analyzed from Flammeovirga sp. NJ-04. The open reading
frame (ORF) consisted of 2238 bps and encoded a putative alginate lyase of 745 amino acid residues with
a theoretical molecular mass of 83.09 kDa. According to the conserved domain analysis, the FsAlyPL6
contained an N-terminal catalytic domain (Met1-Asn366) and a C-terminal domain (Gln367-Lys745).
Based on the sequence alignments shown in Figure 1, FsAlyPL6 shared the highest identity (45%) with
AlyGC (BAEM00000000.1) from Glaciecola chathamensis S18K6T, which indicated FsAlyPL6 is a new
member of family PL6. In addition, FsAlyPL6 contained three conserved regions “NG(G/A)E”, “KS”,
and “R(H/S)G” (marked in Figure 1), which are involved in substrate binding and catalytic activity [12].
The alginate lyases of PL6 family can be divided into three subfamilies, namely subfamilies 1, 2, and
3. In order to confirm the subfamilies of FsAlyPL6, the phylogenetic tree was used to compare the
sequence homology with alginate lyases from diverse subfamilies. As is shown in Figure 2, FsAlyPL6
clustered with representative enzymes of subfamily 1, which indicated FsAlyPL6 is a new member of
the subfamily 1 alginate lyase.

2.2. Expression and Purification of FsAlyPL6

The gene of FsAlyPL6 was ligated into pET-21a(+) and then the recombinant plasmid was
transformed into E. coli BL21 (DE3) for heterologously expression. The recombinant FsAlyPL6 was then
purified by Ni-NTA sepharose affinity chromatography and analyzed by SDS-PAGE (Figure 3). A clear
band (about 80 kDa) can be observed in gel, which was consistent with the theoretical molecular
mass of 83.09 kDa. Three kinds of substrates (sodium alginate, polyM, and polyG) were employed
to determine the substrate specificity of FsAlyPL6. As shown in Table 1, FsAlyPL6 exhibited higher
activity towards sodium alginate (483.95 U/mg) and it showed lower activity towards to polyM
(221.5 U/mg). However, it showed the lowest activity towards to polyG (19.35 U/mg). Accordingly,
FsAlyPL6 is a polyMG-preferred lyase like most of PL6 family alginate lyases with the exceptions of
Patl3640 from Pseudoalteromonas atlantica T6c and Pedsa0631 from Pedobacter saltans [13]. Both of them
preferred polyG to polyMG blocks. In addition, TsAly6A from Thalassomonas sp. LD5 [14], OalS6 from
Shewanella sp. Kz7 [15], OalC6 from Cellulophaga sp. SY116 [16], and AlyF from Vibrio sp. OU02 [17]
are all characterized as polyG-preferred alginate lyases. The kinetic parameters of FsAlyPL6 towards
sodium alginate, polyM, and polyG were calculated based on the hyper regression analysis. As shown
in Table 1, the Km values of FsAlyPL6 towards sodium alginate, polyM, and polyG were 0.50 mg/mL,
1.52 mg/mL, and 1.62 mg/mL, respectively. FsAlyPL6 had a lower Km value towards sodium alginate
than to polyM and polyG. Accordingly, FsAlyPL6 exhibited higher affinity towards MG-block than to
M-block and G-block. The kcat values of FsAlyPL6 towards sodium alginate, polyM and polyG were
33.98 s−1, 17.66 s−1, and 4.98 s−1, respectively. It indicated that FsAlyPL6 had higher catalytic efficiency
towards MG-block than to the other two blocks.
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Figure 1. Multiple amino acid sequences alignment of AlyPL6 and other alginate lyases of PL6 family:
AlyGC (BAEM00000000.1) from Glaciecola chathamensis S18K6T, polysaccharide lyase (ABD79298.1)
from Saccharophagus degradans 2–40, and TsAly6A (MF958451) from Thalassomonas sp. LD5. Three boxes
enclose conserved regions. Residues in FsAlyPL6, which are responsible for the enzymatic activity
Ca2+ binding and catalysis, are marked in triangle, dots, and stars, respectively.
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Figure 2. Phylogenetic analysis of FsAlyPL6 with other alginate lyases of PL6 family based on
amino acid sequence comparisons. The species names are indicated along with accession numbers of
corresponding alginate lyase sequences. Bootstrap values of 1000 trials are presented in the branching
points. The subfamilies 1, 2, and 3 are marked with stars, dots, and triangle, respectively.

Figure 3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of purified
FsAlyPL6. Lane M protein: restrained marker (Thermo Scientific, Waltham, MA, USA); lane 1:
purified FsAlyPL6.

Table 1. Specificity and kinetics of FsAlyPL6.

Substrate Sodium Alginate PolyM PolyG

Activity (U/mg) 483.95 221.5 19.35
Km (mg/mL) 0.50 1.52 1.62

Vmax (nmol/s) 1.36 0.71 0.20
kcat (s−1) 33.98 17.66 4.98

kcat/Km (mL·s−1·mg−1) 62.91 11.58 3.08

2.3. Biochemical Characterization of FsAlyPL6

The optimal temperature of FsAlyPL6 is 45 ◦C and it retains more than 90% of maximal activity
after being incubated at 45 ◦C for 1 h (Figure 4A). Compared with other PL6 family alginate lyases,
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FsAlyPL6 exhibits preferable thermal characteristics than most PL6 family alginate lyases. For example,
AlyF of Vibrio OU02 showed the maximal activity at 30 ◦C [17] and AlyGC from G. chathamensis S18K6T
has an optimal temperature of 30 ◦C [12]. OalC6 of Cellulophaga sp. SY116 exhibits highest activity at
40 ◦C and retains about 80% of highest activity after being incubated at 40 ◦C for 1 h [16]. In addition,
FsAlyPL6 retains 95% activity after being incubated at 35 ◦C for 60 min and inactivated gradually
with temperature increased (Figure 4B). This remarkable characteristic indicated FsAlyPL6 possesses
great potential in industrial applications for preparation alginate oligosaccharides. The optimal pH of
FsAlyPL6 is 9.0 and it retains about 90% activity incubated at pH 9.0–10.0 for 12 h (Figure 4C,D), which
indicated FsAlyPL6 is an alkaline-stable lyase. To the best of our knowledge, few alginate lyases of
PL6 family are alkaline-stable lyases, and most of them exhibit the maximal activities around neutral
pH values such as OalC6 of Cellulophaga sp. SY116 has an optimal pH of 6.6 and it retains only 60%
of its maximal activity after being incubated at pH 6.0 for 6 h [16]. The OalS6 from Shewanella sp.
Kz7 exhibits maximal activity at pH 7.2 and retains 80% after being hatched at pH 6.0–8.0 for 24 h [15].
The influences of metal ions on enzyme activity were also investigated. As shown in Table 2, like
TsAly6A from Thalassomonas sp. LD5 [14], the activity of FsAlyPL6 can be activated by Ca2+ and Mg2+.
FsAlyPL6 is inhibited by various divalent metal ions such as Cu2+, Zn2+ and Ni2+, which is similar to
OalS6 from Shewanella sp. Kz7 [15].

Figure 4. Biochemical characterization of FsAlyPL6: (A) The optimal temperature and thermal stability
of FsAlyPL6; (B) the thermal-induced denaturation of FsAlyPL6; (C) the optimal pH of the FsAlyPL6;
(D) the pH stability of FsAlyPL6.

Table 2. Cont.

Reagent Relative Activity (%)

Control 100.00 ± 2.97
K+ 93.26 ± 2.23

Na+ 118.57 ± 1.08
Ca2+ 104.33 ± 1.12
Mg2+ 102.31 ± 2.78
Co2+ 22.14 ± 1.32
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Table 2. Effects of metal ions on activity of FsAlyPL6.

Reagent Relative Activity (%)

Zn2+ 24.88 ± 3.57
Cu2+ 15.28 ± 1.20
Ni2+ 50.19 ± 3.93
Mn2+ 6.46 ± 0.60
Fe3+ 26.55 ± 1.21

2.4. Action Pattern and Substrate Docking of FsAlyPL6 Product Analysis

To elucidate the action mode of FsAlyPL6, the degradation products of three substrates for
different times (0–48 h) were analyzed by TLC (Figure 5). As the degrading process continues, three
kinds of substrates are degraded into oligosaccharides with lower degrees of polymerization (DPs)
(2–5) and monosaccharide, which indicated that FsAlyPL6 can cleave the glycosidic bonds within
the substrates in an endolytic manner. The ESI-MS results indicated that degradation products of
FsAlyPL6 towards the three different substrates include monosaccharide, and oligosaccharides with
different DPs (2–5) can be detected (Figure 6A–C). Most of PL6 family enzymes are endo-type alginate
lyases, which produce oligosaccharides with DPs (2–4). However, the Patl3640 from Pseudoalteromonas
atlantica T6c [13], Pedsa0631 from Pedobacter saltans [13], OalS6 from Shewanella sp. Kz7 [15], and OalC6
from Cellulophaga sp. SY116 degrade the substrates into monosaccharides in an exolytic manner [16].

Figure 5. TLC analysis of degrading products of FsAlyPL6 towards alginate (A), polyM (B), and polyG
(C). Lane M, the oligosaccharide standard; lanes 0–11, the samples taken by 0 min, 5 min, 10 min, 15
min, 30 min, 60 min, 2 h, 6 h, 12 h, 24 h, and 48 h, respectively.
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Figure 6. ESI-MS analysis of products of FsAlyPL6 towards alginate (A), polyM (B), and polyG (C).

The three-dimensional model of the FsAlyPL6 was constructed by PHYRE2 and the tetrasaccharide
(MMMM) was docked into the FsAlyPL6. Because the sequence similarity between FsAlyPL6 and
AlyGC was high (45%), the protein model was successfully constructed with 100% confidence.
As shown in Figure 7A, the overall structure of FsAlyPL6 was predicted to fold into a “twin tower-like”
structure (Figure 7A), which is similar to the structure of AlyGC (Figure 7B). However, AlyGC
is an exo-type alginate lyase and FsAlyPL6 degrade alginate into oligosaccharide in an endolytic
manner. The key residues for substrate recognition were identified by the sequence alignment and
protein–substrate interactions. As shown in Figure 7C, the residues R239, R263, K218, E213, and Y332 are
were highly conserved and involved in the interaction between the protein and substrates in subsites
−1, +1, +2 and +3, respectively (Figure 8A,B). Based on the docking and β-elimination mechanism,
the residues K218 and R239 acted as the Brønsted base and Brønsted acid, respectively, in the cleavage
reaction of FsAlyPL6 on alginate, which is consistent with the residues of AlyGC (Figure 8B).
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Figure 7. (A) Overall structure of FsAlyPL6; (B) the structural comparison of FsAlyPL6 (green) and
AlyGC (yellow); (C) sequence alignments of FsAlyPL6 and AlyGC.

Figure 8. (A) Stereo view of the alginate tetrasaccharide (MMMM) bound to the tunnel-shaped active
site of FsAlyPL6. (B) The presentation of catalytic residues responsible for binding and catalyzing
the substrate.

3. Materials and Methods

3.1. Materials and Strains

Sodium alginate (M/G ratio: 77/23) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
PolyG and polyM (purity: about 95%; M/G ratio: 3/97 and 97/3, respectively) were purchased from
Qingdao BZ Oligo Biotech Co., Ltd. (Qingdao, China). Flammeovirga sp. NJ-04 was isolated from the
South China Sea and conserved in our laboratory. It was cultured at 35 ◦C in 2216E medium (Difoc).
Escherichia coli DH5α and E. coli BL21 (DE3) were used for plasmid construction and as the hosts for
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gene expression, respectively. These strains were cultured at 37 ◦C in Luria-Bertani (LB) broth or on LB
broth agar plates (LB broth was supplemented with 1.5% agar and contained 100 μg/mL ampicillin).

3.2. Cloning and Sequence Analysis of Alginate Lyase

As previously reported, a gene cluster for degrading alginate has been identified within the genome
of the strain Flammeovirga sp. NJ-04 [10]. According to the sequence of the putative alginate lyase gene
sequence (WP_044204792.1), a pair of special primers was designed as described in Supplementary
Materials. For gene expression, the alginate lyase gene FsAlyPL6 was subcloned and then ligated
into pET-21a(+) expression vector. The theoretical molecular (Mw) and isoelectric point (pI) were
calculated using Compute pI/Mw tool (https://web.expasy.org/compute_pi/). Molecular Evolutionary
Genetics Analysis (MEGA) Program version 6.0 (Center for Evolutionary Medicine and Informatics,
The Biodesign Institute, Tempe, AZ, USA) was applied to construct a phylogenetic tree through a
neighbor-joining method based on alginate lyase protein sequences of PL6 family. The Vector NTI
(Invitrogen, Thermo Scientific, Waltham, MA, USA) was used to obtain multiple sequence alignment.
The homology modeling and docking was built by Protein Homology/analogY Recognition Engine V
2.0 (Structural Bioinformatics Group, Imperial College, London, Britain).

3.3. Hereologous Expression and Purification of the Recombinant Enzyme

The recombinant plasmid pET-21a(+)–FsAlyPL6 was transformed into E. coli BL21 (DE3). It was
then cultured in an LB medium (containing100 μg/mL of ampicillin) at 37 ◦C by shaking at 200 rpm
for 5 h, followed by being induced with 0.1 mM IPTG at 25 ◦C for 36 h when OD600 reached 0.6.
The purification of FsAlyPL6 was performed as follows. The cells were harvested by centrifugation
and then sonicated in lysis buffer (50 mM Tris-HCl with 300 mM NaCl, pH 8.0). The cell homogenate
that contained recombinant protein were purified by using a His-trap column (GE Healthcare, Uppsala,
Sweden). SDS on 12% (w/v) resolving gel was applied to detect the purity of the recombinant protein.

3.4. Substrate Specificity and Enzymatic Kinetics

The reaction was performed using 20 μL FsAlyPL6 (4 μg) mixed with 180 μL 0.8% alginate,
polyM, and polyG respectively. The enzyme activity was measured using the ultraviolet absorption
method [11]. One unit was defined as the amounts of enzyme required to increase absorbance at
235 nm (extinction coefficient: 6150 M−1·cm−1) by 0.1 per min. The kinetic parameters of the FsAlyPL6
towards alginate, polyM, and polyG were investigated by measuring the enzyme activity with these
substrates at different concentrations (0.4–10 mg/mL). Velocity (V), Km, and Vmax values were calculated
as previously reported [10]. The radio of Vmax versus enzyme concentration ([E]) was used to calculate
the turnover number (kcat) of the enzyme.

3.5. Biochemical Characterization of the Recombinant Enzyme FsAlyPL6

The effects of temperature on the enzyme activity were determined by testing the activity
at different temperatures (35 ◦C to 60 ◦C). The thermal stability was characterized by measuring
the residual activity after the purified FsAlyPL6 was incubated at 35–60 ◦C for 1 h. Furthermore,
the thermally induced denaturation was also determined by measuring the residual activity after
incubating the enzyme at 35–50 ◦C for 0–60 min. To investigated the optimal pH of the FsAlyPL6,
1% alginate mixed with different buffers at 45 ◦C (50 mM phosphate–citrate (pH 4.0–5.0), 50 mM
NaH2PO4–Na2HPO4 (pH 6.0–8.0), 50 mM Tris–HCl (pH 7.0–9.0), and glycine–NaOH (pH 9.0–12.0))
were used as the substrates and the purified enzyme incubated with these substrates under standard
conditions. Moreover, the pH stability was evaluated based on the residual activity after being
incubated with indifferent buffers (pH 4.0–12.0) for 20 h. The effects of metal ions on the enzymatic
activity were performed by incubating the FsAlyPL6 with substrates that contained various metal
compounds with a final concentration of 1 mM. The reaction performed under standard tested
conditions and the substrates blend without any metal ion was taken as the control.
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3.6. Action Pattern and Degradation Product Analysis

In order to elucidate the action pattern of the FsAlyPL6, the thin-layer chromatography (TLC) was
applied to analyze the degrading products of FsAlyPL6 towards sodium alginate, polyM and polyG.
The reaction and treatment of the samples were performed as previously reported [10]. In order
to investigate the composition of the degrading products, ESI-MS was employed as follows: The
supernatant (2 μL) was loop-injected to an LTQ XL linear ion trap mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA) after centrifugation. The oligosaccharides were detected in a
negative-ion mode using the following settings: ion source voltage, 4.5 kV; capillary temperature,
275–300 ◦C; tube lens, 250 V; sheath gas, 30 arbitrary units (AU); and scanning the mass range,
150–2000 m/z.

3.7. Molecular Modeling and Docking Analysis

Protein Homology/analogY Recognition Engine V 2.0 was applied to construct the
three-dimensional structure of FsAlyPL6 according to the known structure of alginate lyase AlyGC
from Glaciecola chathamensis S18K6T (PDB: 5GKD) with a sequence identity of 45%. The molecular
docking of the FsAlyPL6 and MMMM was performed using Molecular Operating Environment (MOE,
Chemical Computing Group Inc., Montreal, QC, Canada). The ligand-binding sites were defined using
the bound ligand in the homology models. PyMOL (http://www.pymol.org) was used to visualize and
analyze the modeled structure and to construct graphical presentations and illustrative figures.

4. Conclusions

In this study, we reported a new PL family alginate lyase FsAlyPL6 from the marine Flammeovirga
sp. NJ-04. It preferred to degrade the polyMG block and showed highest activity at 45 ◦C and could
retain 50% of activity after being incubated at 45 ◦C for 1 h. The FsAlyPL6 endolytically degraded
alginate polysaccharide and released oligosaccharides with DPs of 1–5. In addition, it could recognize
tetrasaccharide as the minimal substrate and cleave the glycosidic bonds between the subsites of −1
and +3 to release oligosaccharides. The research provides extended insights into the degradation
pattern of PL6 alginate lyases and further expands the application of alginate lyases.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/6/323/s1,
Table S1: The primers for cloning the gene of FsAlyPL6.
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Abstract: Alginate oligosaccharides (AOS) show versatile bioactivities. Although various alginate
lyases have been characterized, enzymes with special characteristics are still rare. In this study,
a polysaccharide lyase family 7 (PL7) alginate lyase-encoding gene, aly08, was cloned from the
marine bacterium Vibrio sp. SY01 and expressed in Escherichia coli. The purified alginate lyase Aly08,
with a molecular weight of 35 kDa, showed a specific activity of 841 U/mg at its optimal pH (pH 8.35)
and temperature (45 ◦C). Aly08 showed good pH-stability, as it remained more than 80% of its initial
activity in a wide pH range (4.0–10.0). Aly08 was also a thermo-tolerant enzyme that recovered 70.8%
of its initial activity following heat shock treatment for 5 min. This study also demonstrated that
Aly08 is a polyG-preferred enzyme. Furthermore, Aly08 degraded alginates into disaccharides and
trisaccharides in an endo-manner. Its thermo-tolerance and pH-stable properties make Aly08 a good
candidate for further applications.

Keywords: Alginate lyase; Thermo-tolerant; pH-stability; Endo-manner; Vibrio sp. SY01

1. Introduction

Alginate is an acidic hetero-polysaccharide extracted from brown algae, which accounting for
22–44% of its dry weight [1–3]. Alginate mainly contains two different uronic acids, including
α-l-guluronic acid (G) and β-d-mannuronic acid (M). They are arranged into three different kinds
of blocks by (1→4)-linked monosaccharides: homopolymeric G blocks, polyguluronate (PolyG);
homopolymeric M blocks, polymannuronate (PolyM); and random or heteropolymeric blocks of
alternating M and G units (PolyMG) [4,5].

Alginate lyase (E.C. 4.2.2.3 and E.C. 4.2.2.11) is a kind of polysaccharide lyase that degrades
alginate by β-eliminating the glycoside 1-4 O-bonds between C4 and C5 at the non-reducing end,
thus producing unsaturated alginate oligosaccharides (UAOS) as main products [6,7]. Due to its
high efficiency, specificity and mild degradation function, alginate lyases have attracted widespread
attention in industrial applications, especially in the preparation of alginate oligosaccharides [8,9].

According to the Carbohydrate-Active enZYmes (CAZy) databases, alginate lyases belong to
PL families 5, 6, 7, 14, 15, 17, and 18 based on the analysis of their amino acid sequences [10–12].
Based on the substrate specificity, alginate lyases can be further classified into two types, one type is
the G block-specific lyases (polyG lyases, EC 4.2.2.11), and the other type is the M block-specific lyases
(polyM lyases, EC 4.2.2.3) [13,14]. In PL families 5, 7, 14, 17, and 18, most of the reported alginate
lyases are polyM lyases. Only the alginate lyase reported in PL family 6 is mainly comprised of polyG
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lyases. Thus far, hundreds of alginate lyases have been purified, cloned, and characterized from marine
microorganisms, brown seaweeds, and mollusks [15–18]. However, these reported enzymes with
characteristics specific for commercial use are rare. Cold-adapted alginate lyases can run biocatalytic
processes at low temperature and reduce the danger of contamination. Thermo-tolerant enzymes
persist at high temperatures, thereby not only improving degradation efficiency but also reducing
production costs. Meanwhile, high proportion product in a mixture of products will be propitious to
the purification of oligosaccharide. Therefore, there is an urgency to obtain an alginate lyase with the
optimal characteristics (e.g., pH-stability, thermo-tolerance, and single product distribution) needed
for industrial applications.

In this study, a new alginate lyase-encoding gene, aly08, was cloned from Vibrio sp. SY01,
and expressed in Escherichia coli BL21 (DE3). The recombinant enzyme Aly08 degraded alginate,
yielding alginate disaccharides and trisaccharides as main products. This study also revealed that Aly08
was a polyG-preferred enzyme with special characteristics, such as wide pH-stability, thermo-tolerance,
and single product distribution. These special features suggest that Aly08 may play essential roles in
saccharification processes of alginate and carbon cycling.

2. Results and Discussion

2.1. Sequence Analysis of Aly08

The marine bacterium Vibrio sp. SY01 was isolated from Yellow sea sediment, China. It grew
rapidly in the alginate sole-carbon medium and efficiently degraded brown seaweed with a high
alginate lyase activity (more than 50 U/mL). The genome sequence analysis of Vibrio sp. SY01 showed
that it contained the putative alginate lyase-encoding gene, aly08, consisting of 897 bp of an open
reading frame (ORF). The identified alginate lyase, Aly08, contained 299 amino acid residues. Signal
peptide analysis showed that Aly08 predicted a putative signal peptide (Met1 to Phe22) in its N-terminal.
Furthermore, the theoretically isoelectric point (pI) and theoretical molecular weight (Mw) of mature
Aly08 were 4.57 and 32.89 kDa, respectively. According to a search of Conserved Domain Database
(CDD) of NCBI, Aly08 is a new alginate lyase with a single-domain belonging to the alginate lyase
superfamily 2.

Based on the sequences of Aly08 and other reported PL family 7 alginate lyases, phylogenetic
trees were created. Pectate lyase (Genbank number CAD56882) from Bacillus licheniformis 14A was
included as a control (Figure 1). Among all of the reported alginate lyase, Aly08 had the highest
identity sequence of amino acids (78%) with a PL family 7 alginate lyase, AlyL2 (Genbank number
MH791447), from Agarivorans sp. L11 [19].

A deeply branched cluster was formed in the phylogenetic tree among the enzymes Aly08
(Genbank number MH791447), AlyL2 (Genbank number AJO61885), AlgMsp (Genbank number
BAJ62034), and Alg7D (Genbank number ABD81807). According to the multiple sequence alignment
(Figure 2), the enzyme contains three conserved regions “RTELREMLR”, “QIH”, and “MYFKAG” which
are related to substrate binding and catalytic activity in PL family 7 [20]. These results identified Aly08
as a new member of the PL family 7. Thus far, several alginate lyases have been identified from various
bacteria, such as Pseudoalteromona, Flavobacterium, Nitratiruptor, Agarivorans, and Vibrio [7,17,21–23].
After determining their various properties, most of the alginate lyases showed a preference towards
polyM blocks. In this study, the purified alginate lyase Aly08 is a polyG-preferred alginate lyase
containing the “QIH” conserved region, according to their sequence analysis (Figure 2). The conserved
region, “QIH” or “QVH”, plays a key role in the substrate preferences of alginate lyases. Aly08,
along with AlgMsp, A1-II and Alg2A containing the “QIH” conserved region showed preferences
for polyG [24–26]. In addition, other alginate lyases derived from PL family 7, such as AlxM from
Photobacterium sp. ATCC 43367, and A9mT from Vibrio sp. A9m, possess “QVH” regions show
preference for degrading polyM blocks (Table 1) [27,28]. Through further sequence screening, it was
found that “QIH” or “QVH” may be an indicator for substrate-preferred analysis. Furthermore,
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Aly08 can be used for the next part of combining a polyM-preferred alginate lyase for synergetic
degradation alginate or brown seaweeds.

Figure 1. Phylogenetic analysis of Aly08 with other reported alginate lyases. The reliability of the
phylogenetic reconstructions was determained by boot-strapping values (1000 replicates). Branch-related
numbers are bootstrap values (confidence limits) representing the substitution frequency of each amino
acid residue. A pectate lyase (CAD56882) from Bacillus licheniformis 14A was taken as control.

Figure 2. Sequence comparison of Aly08 with related alginate lyases from PL family 7: Alg7D
(ABD81807) from Saccharophagus degradans 2–40, AlgMsp (BAJ62034) from Microbulbifer sp. 6532A,
AlyV4 (AGL7859) from Vibrio sp. QY104, and AlyL2 (AJO61885) from Agarivorans sp. L11. The conserved
regions and identical residues are marked with bands and black star, respectively.
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Table 1. Comparison of the properties of Aly08 with other alginate lyases.

Protein
Name

Optimal pH/
Temperature

(◦C)

Conserved
Region

QIH/QVH
Substrate Specificity

Products
(DP)

Source References

Aly08 8.35/45 QIH PolyG 2,3 Vibrio sp. SY01 This study
AlgNJU-03 7.0/30 QIH PolyG, polyM,alginate 2,3,4 Vibrio sp. NJU-03 [20]

AlgMsp 8.0/40 QIH PolyG 2–5 Microbulbifer sp. 6532A [24]
A1-II’ 7.5/40 QIH polyG,polyM 3,4 Sphingomonas sp.A1 [29]
Aly2 6.0/40 QIH polyG 2,3,4 Flammeovirga sp. strain MY04 [30]
AlyPI 7.0/40 QIH polyG,polyM - Pseudoalteromonas sp. CY24. [31]
Alg2A 8.3/40 QIH polyG 5,6,7 Flavobacterium sp. S20 [26]

AlxM - QVH polyM - Photobacterium sp. ATCC
43367 [32]

A1m 9.0/30 QIH polyG - Agarivorans sp. JAM-A1m [33]
A9mT 7.5/30 QVH polyM - Vibrio sp. A9m [27]

FlAlyA 7.7/55 QIH polyM, polyG 2–5 Flavobacterium sp. strain
UMI-01 [34]

AlyH1 7.5/40 QIH polyG, alginate 2,3,4 Vibrio furnissii H1 [35]

2.2. Expression, Purification, and Characterization of Aly08

The expression strain E. coli BL21-pET22b-Aly08 was grown in LB broth and Aly08 was purified
by a Ni-NTA affinity column. The specific activity of purified Aly08 was 841.1 U/mg with high viscosity
sodium alginate as substrate. Moreover, the purified enzyme Aly08 was analyzed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and observed as a single band on the gel with
an approximate Mw of 35 kDa (Figure 3), which was corresponding to the theoretical molecular mass
of 32.89 kDa.

Figure 3. SDS-PAGE analysis of the recombinant enzyme Aly08. Lane M, protein marker; Lane 1,
the purified Aly08.

Then, the characterization of purified Aly08 was analyzed as follows. The enzyme Aly08 showed
maximum activity at 45 ◦C, and maintained activities of 82.8% and 48.7% when the enzyme was
incubated at a low temperature for 1 h, 10 ◦C and 20 ◦C, respectively (Figure 4A,B). The optimal pH for
Aly08 was found to be 8.35 (Figure 4C). In addition, Aly08 holds more than 60% of activity in a wide
pH range from 7.0–11.0 after incubation in different buffers at 4 ◦C for 12 h, and was particularly stable
under alkaline conditions. (Figure 4D). As previous study, most of the alginate lyases showed optimal
pH and stability close to a neutral environment, such as AlyH1 from Vibrio furnissii H1 shows high
activity at the optimal pH 7.5 and it was stable at pH 6.5–8.5. In addition, AlyH1 only retains about 20%
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of residual activity when incubated at pH 9.5 for 12 h [35]. AlgNJU-03 from Vibrio sp. NJU-03 possessed
a neutral optimal pH at 7.0 and its pH-stability range from 6.0 to 8.0 [20]. Those alginate lyases prefer
neutral pH and they only show high activities within a narrow pH range after incubating for several
hours and always exhibit instability under alkaline conditions. Another reported high-alkaline alginate
lyase A1m from marine bacteria Agarivorans sp. JAM-A1m, exhibited high activity at pH 9.0 under
glycine-NaOH buffer with 0.2 M NaCl added to the reaction mixture. However, A1m was only stable
and maintain more than 60% of residual activity in a short period of 1 h over a narrow pH range of
7.0–9.0 [33]. Comparing with A1m, Aly08 was stable over 12 h with its 80% residual activity even
at pH 9.0–11.0, while another enzyme derived from Vibrio sp. NJ-04 maintains good stability at pH
4.0–10.0, but the enzyme only maintains its maximum activity under neutral conditions (pH 7.0) [36].
Thus, Aly08 is an alkaline-stable lyase with industrial application potential as it has been proven to
conduct catalysis reactions and maintain activity in a broader pH range.

In particular, the substrate preferred by Aly08 was determined by experimenting with three
polymeric substrates (sodium alginate, polyM block and polyG block). Aly08 was found to prefer
polyG blocks (1078.2 U/mg) rather than polyM blocks (297.1 U/mg) and native alginate (841.1 U/mg).

Figure 4. The biochemical characteristics of Aly08. (A) The optimal temperature of Aly08. (B) The
thermal-stability of Aly08. (C) Optimal pH for the relative activity of Aly08 was determined in 20 mM
Tris-HCl buffer (solid circle), 20 mM phosphate buffer (solid triangle), 20 mM citic-Na2HPO4 (solid
square), or 20 mM glycine-NaOH buffer (hollow circle). (D) pH stability of Aly08 in 20 mM Tris-HCl
buffer (solid circle), 20 mM phosphate buffer (solid triangle), 20 mM citic-Na2HPO4 (solid square),
or 20 mM glycine-NaOH buffer (hollow circle).

Moreover, activities of Aly08 were enhanced by NaCl (different concentrations from 10 mM
to 3 M), and the activity reached its maximum at 300 mM NaCl, at which point the activity was
about eight times higher than the activity in the absence of NaCl (Table 2). Similarly, the activity of
AlgM4 from V. weizhoudaoensis M0101 was increased about seven times at 1 M NaCl and activated by
a concentration range of NaCl at 0–1 M [37]. For these alginates from marine bacteria, a certain level of
NaCl concentration is essential for strain survival and enzyme activation. The effects of other metal
ions on the activity of Aly08 were also shown in Table 2. Aly08 showed no obvious activated effect in
the presence of NH4

+, Li+, Zn2+, Ba2+, and Co2+, while Al3+ and Ni2+ showed no obvious inhibiting
effects on relative enzymatic activity. Enzyme activity was activated by divalent ions, such as Ca2+ and
Mn2+. Different concentrations of KCl had little effect on the activities of Aly08 (Table S2). Interestingly,
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the enzyme activity of the reaction system containing divalent ions of Ca2+ was about twice as high as
that of the reaction system without any ions. However, other reagents such as SDS and EDTA showed
significant inactivation effects wherein relative activity was reduced to 50% and 55.9%, respectively.

Table 2. Effects of metal ions, EDTA and SDS on the activity of Aly08. Notes: Activity without addition
of chemicals was defined as 100%. Data are shown as means ± SD (n = 3).

Reagent Added Concentration (mM) Relative Activity (%)

None - 100.00 ± 0.24
10 382.22 ± 2.64

NaCl

50 580.89 ± 4.36
300 865.96 ± 26.46
800 647.33 ± 11.25
3000 361.97 ± 10.74

SDS 1 50.00 ± 3.32
EDTA 1 55.88 ± 8.60

Al2(SO4)3 1 85.33 ± 10.63
KCl 1 99.67 ± 0.86
KCl 100 103.54 ± 0.16

NiCl2 1 97.24 ± 2.20
(NH4)2SO4 1 105.56 ± 1.37

MnSO4 1 100.64 ± 1.78
Li2SO4 1 103.91 ± 0.93
ZnCl2 1 114.27 ± 2.48
BaCl2 1 120.74 ± 17.14
CoCl2 1 130.86 ± 4.03
MnCl2 1 166.39 ± 5.47
CaCl2 1 281.18 ± 29.18

2.3. Thermo-Tolerance and Heat Recovery of Aly08

When we sought to determine the thermostability of Aly08, we found an interesting phenomenon.
After ice-bath, the residual activity of heat-treatment enzymes was always higher than that of enzymes
without an ice-bath (Figure 5A,B). After incubation at 30 ◦C and 40 ◦C for 1 h, Aly08 retained only
17.9% and 9.9% of its initial activity when directly assayed its activities. However, when the enzyme
incubation at 0 ◦C for 30 min, the residual activity could recover to 43.8% and 39.4% in the same heat
treatment condition (Figure 5A). Moreover, even the enzyme was boiled for 5 min, Aly08 was able to
recover 78.3% of its initial activity after 30 min incubating in the ice-bath (Figure 5B).

To determine the optimal incubation temperature that contributed to the recovery of activity
after boiling for 5 min, the enzyme was incubated for 30 min at various temperatures (0–80 ◦C).
The recovered activity of the enzyme reached levels of 76.3%, 63.9%, and 30.1% after incubation at
0 ◦C, 10 ◦C, and 20 ◦C for 30 min, respectively. When the incubation conditions were above 30 ◦C,
the recovery of activity was measured at less than 10% (Figure 5C).

To further determine the optimal incubation time that contributed to the recovery of activity,
the enzyme was incubated at 0 ◦C for different times. The activity of Aly08 gradually increased with
prolonged culture time at 0 ◦C. Aly08 was rapidly re-activated approximately 56.7% and 71.3% of
its activities after incubation at 0 ◦C for 5 min and 10 min, respectively. After incubation for 20 min,
the activity was restored to 77.9%, after which the activity recovery rate began to decrease (Figure 5D).

The thermo-stability experiment indicated that low temperature may contribute to the recovery
of Aly08. The thermo-tolerance of Aly08 could promote effective storage and transportation as the
inactivated enzyme with heat treatment is able to successfully restore most of its activity after incubation
at 0 ◦C.
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Figure 5. Thermo-tolerance and heat recovery of Aly08. (A) The difference of thermostability of
enzymes incubation at ice-bath for 0 min (black columnar) and 30 min (white columnar). (B) Effects of
boiling times on enzyme Aly08. Black and white columns indicate the activity of the heat-inactivated
enzyme following ice-bath for 0 min and 30 min, respectively. (C) Effects of different incubation
temperatures on the activity recovery of Aly08 under 5 min heat-inactivated conditions. (D) Effects of
incubation time at 0 ◦C on the activity recovery of heat-inactivated Aly08. The enzyme activity without
any treatment was 100%.

2.4. Action Pattern and Final Product Analysis

The action mode of Aly08 was determined by size-exclusion chromatography with a SuperdexTM

peptide 10/300 column (General Electric Company, Boston, MA, USA) using high-performance liquid
chromatography (HPLC) platform (Figure 6). The hydrolysis pattern of Aly08 works as an endo-type
because of the rapid depolymerization of substrates, the rise in polydispersity, and the production
of intermediate oligosaccharides. Meanwhile, the action mode of Aly08 was further monitored by
viscosity analysis (Figure S1). The viscosity of the alginate solution decreased rapidly during the first
5 min following the addition of Aly08 but changed little during subsequent time periods. During the
whole observation period, the oligosaccharide content which was tested by A235 increased steadily.
It can be further suggested that Aly08 is an endo-type enzyme in accordance with this finding.

The hydrolytic degradations were analyzed by thin-layer chromatography (TLC) method after the
alginate was completely degraded (Figure 7A). In the hydrolysis proceeds, there was a gradual decrease
of alginate polysaccharide and an accumulation of oligosaccharides with various DPs. And two clear
spots of end product (2 h) appeared on the TLC plate, indicating that the migration rate was in good
agreement with the alginate disaccharide (DP2) and trisaccharide (DP3) marker. The final degradation
product was also determined by negative-ion electrospray ionization mass spectrometry (ESI-MS)
(Figure 7B). Two main spectra were 351.1 m/z [ΔDP2-H]− and 527.2 m/z [ΔDP3-H]−, corresponding to
the molecular mass of the unsaturated alginate disaccharides and trisaccharides, respectively [38].

69



Mar. Drugs 2019, 17, 308

Figure 6. Degradation patterns of Aly08 toward sodium alginate. The elution positions of the
unsaturated oligosaccharide product fractions with different degrees of polymerization are shown
with arrows: DP1 represents unsaturated monosaccharide, DP2 represents unsaturated disaccharide,
DP3 represents unsaturated trisaccharide.

Figure 7. The hydrolytic products of Aly08. (A) TLC analysis of the hydrolytic products of Aly08.
Lane M, standard alginate oligosaccharides (DP2-3); Line 0, alginate; Lane 1–9, hydrolytic products of
Aly08 for different times (1, 2, 5, 10, 15, 30, 60, 90, and 120 min) toward 0.3% (w/v) high viscosity sodium
alginate. DP2 and DP3 indicate alginate disaccharide and trisaccharide, respectively. (B) ESI-MS
analysis of the end products of Aly08.

Through HPLC, viscosity, TLC and ESI-MS analysis, Aly08 was shown to degrade alginate polymer
as an endo-type manner, eventually degrading alginate into disaccharides and trisaccharides. Previous
studies have reported that enzymatic oligosaccharide products have a variety of specific biological
activities and possess broad potential application prospects in many fields, such as antioxidant
activities, regulation of plant root growth, anti-inflammatory activities, and reguation of lipoprotein
metabolism [39–42]. The single homogeneous products in the progress of enzymatic production
of oligosaccharides is conducive to the oligosaccharide purification and application. Thus far,
most of the reported products of alginate lyase are mixtures of DP2–DP5, such as AlyA-OU02 from
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V. spiendidus OU02, appear to take disaccharides, trisaccharides, and tetrasaccharides as the main
hydrolytic products [28]. Additionally, the final degradation products of the alginate lyase FlAlyA from
Flavobacterium sp. UMI-01 are DP2-DP5 [34]. Compared with those alginate lyase, the end products
of Aly08 are a disaccharide and trisaccharide, which are advantageous for further separation and
industrial high-efficiency production. Aly08 may have potential as a tool for the preparation of single
homogeneous products of monosaccharides which have wide pharmaceutical applications.

3. Materials and Methods

3.1. Materials

High viscosity sodium alginate (20–50 kDa, 100–260 monosaccharide in polymer, M/G ratio: 1.66)
and low viscosity sodium alginate (1–5 kDa, 5–26 monosaccharide in polymer the, M/G ratio: 1.66)
was purchased from Bright Moon Seaweed Group (Qingdao, China), PolyM and PolyG blocks (purity:
95%) were purchased from Qingdao BZ Oligo Biotech Co., Ltd. (Qingdao, China). Standard alginate
disaccharide and trisaccharide were also purchased from Qingdao BZ Oligo Biotech Co., Ltd. Standard
monosaccharide (glucuronic acid) was purchased from Sigma. In addition, E. coli strains DH5α and
BL21 (DE3) (Solarbio, Beijing, China) were grown in Luria–Bertani (LB) medium and used for plasmid
construction and as a host for gene expression, respectively. LB broth supplemented with ampicillin
(50 μg/mL) was used to grow both strains at 37 ◦C. The expression vectors used for gene cloning
were pET-22b(+) (Novagen, Madison, WI, USA) plasmids. Oligonucleotides used for the cloning and
expression of aly08 were shown in Table S1.

3.2. Strains and Nucleotides

The sea mud samples were isolated from the sediment surface layer of Yellow Sea bottom (depth
36 m, E 120.13◦ N 35.76◦, collected in May, 2017) and then immersed, diluted and spread on alginate
sole-carbon selective medium plates [2 g (NH4)2SO4, 30 g NaCl, 0.1 g MgSO4·7H2O, 7 g K2HPO4, 3 g
KH2PO4, 0.1 g FeSO4, 5 g sodium alginate, dissolved in 1 L distilled water with 10 g agar, pH 7.0)].
At least 100 strains were isolated from the detectable colonies after incubation at 25 ◦C for 4 days,
and then the strains were inoculated into agar-free selective medium for the purpose of identifying the
activities of alginate lyases. A higher activity strain was screened out, 27F and 1492R primers were
used to amplify the 16S rDNA gene of this strain. The 16S rDNA gene sequence of this strain was
blasted to obtain the closely related sequence using the BLASTn algorithm program, the sequence was
aligned with its closely related sequences using MEGA 6.0. According to the sequence alignment,
this strain was classified as Vibrio sp. SY01. This strain has been preserved at the China Center for
Type Culture Collection (CCTCC) under no. M2018769.

3.3. Sequence Analysis

In our previous study, genomic sequence analysis of Vibrio. sp SY01 showed a putative alginate
lyase-encoding gene, aly08. The gene was cloned from the genome of strain SY01 and deposited in the
Genbank database (accession number MH791447). The open reading frame (ORF) was identified with
the program ORF finder (https://www.ncbi.nlm.nih.gov/orffinder/) and the signal peptide was analyzed
using the SignalP 4.0 server (http://www.cbs.dtu.dk/services/SignalP/). The domain analysis of aly08,
and its family analysis, is based on a comparison with the CDD (https://www.ncbi.nlm.nih.gov/cdd).
The theoretically pI and Mw of aly08 was determined by pI/Mw Tool (http://web.expasy.org/compute_
pi/). Afterwards, the BLAST algorithm program on NCBI was used to search for similar sequences
of aly08. Multiple sequence alignment was constructed using ClustalX 2.1 (National Center for
Biotechnology Information, Bethesda, MD, USA), and the phylogenetic tree was created using
the bootstrapping neighbor-joining method of MEGA 6.0 (Center for Evolutionary Medicine and
Informatics, The Biodesign Institute, Tempe, AZ, USA).
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3.4. Heterologous Expression and Purification of Recombinant Aly08

In order to express Aly08, the primers (PyAly08-F and PyAly08-R) were used to amplify the
genomic DNA of Vibrio sp. SY01 without a signal sequence or stop codon. The aly08 gene was then
ligated into the expression vector pET-22b(+) with recognition sites Nde I and Xho I. In addition,
the recombinant plasmid pET22b-Aly08 with a C-terminal 6 × His-tag was transformed into the E. coli
BL21 (DE3) and grown on media (50 μg/mL ampicillin). Single colonies of E. coli BL21-pET22b-Aly08
were picked and cultured in LB medium (50 μg/mL ampicillin) at 37 ◦C with shaking at 200 rpm until
OD600 reached 0.6–0.8. In order to induce the expression of protein, and the incubation was continued
for 20 h at 20 ◦C (containing 0.1 mM isopropyl β-d-thiogalactoside (IPTG)). The cultured supernatant
was harvested by high-speed refrigerated centrifuge (Hitachi, Tokyo, Japan) system (12,000 rpm, 5 min,
4 ◦C) and loaded onto a Ni-NTA sepharose column (GE Healthcare, Little Chalfont, Buckinghamshire,
UK) using the AKTA150 automatic intelligent protein purification system (GE Healthcare, Little
Chalfont, Buckinghamshire, UK) which had been equilibrated with wash buffer (20 mM phosphate
buffer (pH 7.6), 500 mM NaCl). The Ni-NTA sepharose column was then eluted with a linear gradient
of imidazole (25-500 mM imidazole, 20 mM phosphate buffer, 500 mM NaCl, pH7.6) in order to collect
the active fractions. The active fraction was further analyzed by 12% SDS-PAGE, and the PageRuler
Prest Protein Ladder (Thermo Scientific, USA) was used as a protein standard marker. Afterwards,
the protein concentration of purified Aly08 was determined by a BCA protein assay kit (Beyotime
Biotechnology, Shanghai China), bovine serum albumin (BSA) was used as a standard.

3.5. Alginate Lyase Activity Assay

Absorption at 235 nm (A235) was used to measure the activity of Aly08 as previously
described [43–45]. The appropriately diluted enzyme (100 μL) was mixed with 900 μL of 0.3%
(w/v) sodium alginate solution (10 mM glycine-NaOH buffer and 100 mM NaCl, pH 8.35). Then,
the reaction system was incubated at 45 ◦C for 10 min and terminated by boiling for 10 min, and its
absorbance was measured on a NanoPhotometer Pearl-360 spectrophotometer (IMPLEN, Munich,
Germany). Alginate lyase activity was determined by increasing A235 as the production of unsaturated
double bonds occurred as the alginate lyase cleaved glycosidic bonds at the non-reducing end of the
polymer chain. One unit (U) of enzyme activity was defined as the amount of enzyme required to
increase A235 by 0.1 per minute, under the above conditions.

3.6. Biochemical Characterization of the Recombinant Enzyme

The enzyme and substrate was incubated under 10 mM glycine-NaOH buffer (pH 8.35) at various
temperatures (10–70 ◦C) to obtain the optimal temperature for Aly08. The thermal stability of Aly08
was then assayed by measuring its activity after pre-incubation at various temperatures (10–70 ◦C)
for 1 h. The influence of pH values on Aly08 was calculated by measuring the residual activities in
different buffers. The following buffers were used: 50 mM Na2HPO4-citric acid (pH 4.6–7.0), Tris-HCl
(pH 7.6–8.6), glycine-NaOH (pH 8.6–10.6), and Na2HPO4-NaH2PO4 (pH 6.6–7.6). The highest activities
represent 100% enzyme activity. The pH stability of Aly08 was determined by measuring the residual
activity after incubating the purified enzyme with various pH buffers (pH 4.6–10.6) at 4 ◦C for 12 h.
Substrate solution (10 mM glycine-NaOH buffer and 100 mM NaCl, pH 8.35) with three different
substrates [0.3% (w/v) sodium alginate, polyM block and polyG block] were prepared and used for
assaying the activities of the purified enzyme Aly08 in order to determine the preferred substrate of
Aly08. Afterwards, based on the protein concentration measured by the BCA protein kit, the specific
activity of Aly08 with the different substrates was calculated. To measure the effects of chemical
compounds and metal ions on enzymatic activity, different metal ions and chemical compounds were
added to the reaction system with a final concentration of 1 mM. A reaction mixture containing no
metal ion or chemical compounds was used as a control. All reactions were performed in triplicate
and the reaction parameters were expressed as the mean ± standard deviation.

72



Mar. Drugs 2019, 17, 308

3.7. Thermo-Tolerance Properties of Aly08

Purified Aly08 was placed at different temperatures for 1 h and then divided into two parts.
One part was directly measured for its activity, while the other part was measured for its activity
following incubation in an ice-bath for 30 min. In order to further observe whether the difference in
temperature stability is related to boiling time, different boiling times (5, 10, 20, 30, 40, 50, and 60 min)
were selected to evaluate the residual activity of the purified enzyme. After that the heat-treatment
group was divided into two parts, one part was directly measured for its activity, while the other part
was measured for its activity following incubation in an ice-bath for 30 min. To determine the effects of
different temperatures on the activity recovery of heat-inactivated Aly08, the enzyme was immediately
incubated for 30 min between 0 ◦C and 80 ◦C after boiling 5 min. Moreover, the enzyme was boiled for
5 min and further incubated at 0 ◦C for different times (0–60 min) to evaluate the effect of the time of
low temperature treatment on the recovery of enzyme activity after it was heat treated.

3.8. Analysis of Reaction Products and Hydrolytic Pattern

Low viscosity sodium alginate was used for analysis the reaction product of Aly08. In order to
examine the hydrolysis pattern of Aly08, the products from different incubation times (0, 5, 15, 30, 60,
and 120 min) were monitored at A235 using gel filtration chromatography with a SuperdexTM peptide
10/300 GL column with 0.2 M NH4HCO3 (flow rate: 0.6 mL/min) as an eluent on HPLC platform
(LC-20A, Shimadzu, Japan) [46]. The mode of action was also analyzed using an Ostwald viscometer
(No.1; Shibata Scientific Technology) with high viscosity sodium alginate as substrate. The equal
component products (0.5 mL), which were degraded by Aly08 at 1, 5, 10, 15, and 30 min, were removed
to characterize the viscosity and degradation products.

The hydrolytic degradation products were monitored using TLC method, wherein a reaction
system containing 0.3% of high viscosity sodium alginate and Aly08 was constructed and the samples
selected at different times (1, 2, 5, 10, 15, 30, 60, 90, and 120 min). The reaction products were
analyzed using a TLC plate (TLC silica gel 60 F254, Merck KGaA, 64271 Darmstadt, Germany) with
butanol/acetic-acid/water (2:1:1, by vol.) and color-developed with sulfuric acid/ethanol reagent (1:4,
by vol.) after heating the TLC plate at 80 ◦C for 30 min. ESI-MS system (Thermo Fisher ScientificTM Q
ExactiveTM Hybrid Quadrupole-OrbitrapTM, Waltham, MA, USA) was employed to further investigate
the composition and degree of polymerization (DP) of the end products.

4. Conclusions

In conclusion, we purified and characterized a new alginate lyase, Aly08, from marine bacterium
Vibrio sp. SY01. Its special characteristics (such as: thermo-tolerance and pH stability) make
Aly08 a superior candidate for industrial applications. Further analysis will focus on analyzing the
three-dimensional structure of Aly08 and exploring its molecular mechanisms.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/5/308/s1,
Figure S1. Viscosity measurement of Aly08; Table S1. Primers used in this study.
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Abstract: Alginate lyases are important tools to prepare oligosaccharides with various physiological
activities by degrading alginate. Particularly, the bifunctional alginate lyase can efficiently hydrolyze
the polysaccharide into oligosaccharides. Herein, we cloned and identified a novel bifunctional
alginate lyase, AlyA, with a high activity and broad substrate specificity from bacterium Isoptericola
halotolerans NJ-05 for oligosaccharides preparation. For further applications in industry, the enzyme
has been characterized and its action mode has been also elucidated. It exhibited the highest
activity (7984.82 U/mg) at pH 7.5 and 55 ◦C. Additionally, it possessed a broad substrate specificity,
showing high activities towards not only polyM (polyβ-D-mannuronate) (7658.63 U/mg), but also
polyG (poly α-L-guluronate) (8643.29 U/mg). Furthermore, the Km value of AlyA towards
polyG (3.2 mM) was lower than that towards sodium alginate (5.6 mM) and polyM (6.7 mM).
TLC (Thin Layer Chromatography) and ESI-MS (Electrospray Ionization Mass Spectrometry) were
used to study the action mode of the enzyme, showing that it can hydrolyze the substrates in
an endolytic manner to release a series of oligosaccharides such as disaccharide, trisaccharide,
and tetrasaccharide. This study provided extended insights into the substrate recognition and
degrading pattern of the alginate lyases, with a broad substrate specificity.

Keywords: Isoptericola halotolerans; bifunctional alginate lyase; oligosaccharides

1. Introduction

Alginate is the major component of the cell wall of brown algae [1]. It is a linear anionic
heteropolysaccharide comprising of two uronic acids, α-L-guluronic (G) and β-D-mannuronic acid
(M) [2]. The G and M subunits are covalently linked by 1,4-glycosidic linkage in three different types
of blocks, homopolymeric α-L-guluronic acid (polyG), homopolymeric β-D-mannuronic acid (polyM),
and heteropolymeric α-L-guluronic acid-β-D-mannuronic acid (polyMG) [3]. Because of the high
viscosity, gelling properties, and versatile activities, alginate has been widely applied in food, chemical,
and pharmaceutical industries [4–6]. However, the applications of this polysaccharide are still limited,
and are subjected to the high molecular weight and poor solubility [7]. Thus, alginate oligosaccharide
(AOS) has attracted more and more attention, as it retains the physiological functions and activities
of alginate, but possessed smaller molecule weights and good bioavailability [8]. Yang et al. found
that AOS can enhance the uptake of LDL (Low-Density Lipoprotein) by regulating the expression
of LDLR (Low-Density Lipoprotein Receptor) and PCSK9 (Proprotein Convertase Subtilisin/kexin
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Type 9) [9]. Iwamoto et al. found that G8 (octaguluronic acid) and M7 (heptamannuronic acid) can
induce RAW264.7 cells to produce cytokine furthest [10]. The similar effect of mannuronate oligomers
have also been reported by Yamamoto et al. [11].

Alginate lyase can catalyze the alginate by the β-elimination and release unsaturated AOS with
double bonds between C4 and C5 [12]. So far, hundreds of alginate lyases have been found in
marine and terrestrial bacteria, marine mollusks, and algae, according to the CAZy database [13–19].
According to the substrate specificities, they can be classified into three types, polyM-specific lyases
(EC 4.2.2.3), polyG-specific lyases (EC 4.2.2.11), and bifunctional lyases (EC 4.2.2.) [20]. Additionally,
based on the sequence similarity, the enzymes are generally grouped into seven PL (Polysaccharide
Lyases) families (PL-5, -6, -7, -14, -15, -17, and -18) [21]. Furthermore, alginate lyases can be grouped
into endolytic and exolytic alginate lyases in terms of the mode of action [22]. Endolytic enzymes
can cleave the glycosidic bonds inside the alginate with unsaturated oligosaccharides as the main
products [23], while the exolytic ones degrade alginate into monomers [24]. So far, many endolytic
alginate lyases have been widely used to produce AOS in food and nutraceutical industries [25].
Furthermore, they have also been used to elucidate the fine structures of alginate, prepare protoplast
of brown algae [26,27], and treat cystic fibrosis, combined with antibiotics [28]. So far, many alginate
lyases originating from marine microorganisms have been identified, gene-cloned, purified, and well
characterized. However, few have been commercially used because of the poor substrate specificity
and low activity [29–31]. In addition, there are few reports about the bifunctional alginate lyase with
broad substrate specificity. Thus, it will be of great importance to explore the novel enzymes with
excellent characteristics, such as a high activity and broad substrate specificity.

In this work, a new bifunctional alginate lyase with a high activity and broad substrate specificity
has been cloned from Isoptericola halotolerans NJ-05, followed by being identified and characterized.
The enzymatic kinetics were further characterized and the degrading products were also analyzed,
which suggested it a good candidate to expand the applications of alginate lyases in food and
nutraceutical industries.

2. Results and Discussions

2.1. Screening and Identification of Strain NJ-05

According to the screening results by the plates and activity assay, the strain NJ-05 from the rotten
brown algae obtained from the East China Sea showed the maximal activity of alginate lyase and then
was identified for further investigation. The 16S rRNA sequence of the strain was then sequenced
(GeneBank No. MH390700) and according to the phylogenetic analysis of the 16S rRNA sequence,
the strain was assigned to the genus Isoptericola and named Isoptericola halotolerans NJ-05 (Figure 1).

2.2. Sequence Analysis of Alginate Lyase

The genome of Isoptericola halotolerans NJ-05 was firstly sequenced. After the annotation of the
genomic information, several putative alginate lyase genes were found in a gene cluster for the alginate
metabolism and the AlyA was identified as a putative alginate lyase by multiple sequences alignment.
Then, the gene AlyA was cloned from the genome of Isoptericola halotolerans NJ-05 and sequenced
(GeneBank No. MH390701). It can be observed that the open reading frame (ORF) consists of 771 bp,
which encodes a putative alginate lyase with 256 amino acids, including a signal peptide with 32 amino
acids (Supplementary Materials). According to the conserved domain analysis, AlyA possesses only a
C-terminal catalytic domain consisting of 213 amino acids (Thr43-Glu255).
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Figure 1. The phylogenetic analysis of strain NJ-05 and other similar strains. The phylogenetic tree was
constructed by MEGA 6.0 (https://www.megasoftware.net/), based on the 16S rRNA gene sequences
of strain NJ-05 and other known species.

The sequence alignment of AlyA and other alginate lyases of the PL7 family are shown in Figure 2.
It can be observed that AlyA shares the highest identity, of 79%, with alginate lyase (ACN56743.1)
from Streptomyces sp. M3 [32] and exhibited an identity of 67% with alginate lyase (BAA83339.1) from
Corynebacterium sp. ALY-1 [33]. Additionally, it also contains the conserved regions “PRT/V/SELRE”,
“YFKA/VGN/VY”, and “QIH”, which are related to the substrate combination and catalytic activity
(Figure 2). Thus, AlyA is a member of the PL7 family. Moreover, as the alginate lyases of PL7
family are further grouped into five families (1–5) according to the amino acid sequence homology,
the phylogenetic tree was constructed by comparing the sequence homology of AlyA with the alginate
lyases from a different subfamily to determine the subfamily of AlyA (Figure 3). It can be observed
that the AlyA clusters represent the enzymes of subfamily 3, indicating that AlyA is the member of the
subfamily 3 alginate lyases.

Figure 2. Multiple sequences alignments of alginate lyase (AlyA) and related alginate lyases of the
PL7 family. The conserved regions and identical residues were highlighted with bands and red
star, respectively.
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Figure 3. Phylogenetic analysis of AlyA and other alginate lyases of PL7. The phylogenetic tree was
generated by the neighbor-joining method using MEGA 6.0 software (https://www.megasoftware.
net/). The species names are indicated along with the accession number of the corresponding
alginate lyase sequence. Bootstrap values of 1000 trials are presented in the branching points.
The scale bar indicating ten nucleotide substitutions per 100 nucleotides is indicated at the bottom.
The alginate lyases of subfamily 1, 3, and 5 were marked with a blue hexagon, red pentacles, and green
triangles, respectively.

2.3. Expression and Purification of AlyA

For a better characterization, the recombinant protein was expressed by firstly inserting the AlyA
gene into the pET-21a (+) vector, and then being purified by Ni-NTA(Ni- Nitrilotriacetic acid) column
(The summary of purification was shown in Table S1). The molecular mass of the recombinant protein
with (His)6-tag is calculated to be 25.32 kDa, which is smaller than two other bifunctional alginate
lyases, the Aly-SJ02 of Pseudoalteromonas sp. SM0524 with a bigger molecular mass of 32 kDa [34] and
the Aly202 of Alteromonas sp. No. 272 with a similar molecular mass of 33.9 kDa [35]. The recombinant
AlyA was further purified by Ni-NTA Sepharose affinity chromatography and analyzed by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 4). A single band of purified
AlyA was observed at the gel, and it can be further used for downstream biochemical characterization.

 

Figure 4. The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis
of purified alginate lyase, AlyA. Lane M—the protein molecular weight standard; lane 1—the
purified AlyA.
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2.4. Substrate Specifity and Enzymatic Kinetics of the Enzyme

As shown in Table 1, AlyA possessed a broad substrate specificity, showing a higher activity
towards sodium alginate (7984.82 U/mg) and polyG (8643.29 U/mg), and a lower activity towards
polyM (7658.63 U/mg). Thus, it can be concluded that AlyA is a bifunctional alginate lyase.
Compared with another bifunctional alginate lyase, Aly-SJ02, which displayed almost the same
activity towards sodium alginate (4802.7 U/mg) and polyM (4153.8 U/mg), but lower activity towards
polyG (3073.7 U/mg) [34], it exhibited a much higher activity to all three of the substrates. Similarly,
alginate substrates with various MM (Manuronate-Manuronate) and GG (Guluronate- Guluronate)
ratios were used to further confirm the substrate affinity and substrate specificity of FAly and SALy.
FAly prefer to degrade polyM, as the initial rates towards polyM are almost double that towards polyG,
while SALy performed slightly better on polyG than on polyM [36].

Table 1. The substrate specificity and enzymatic kinetics of alginate lyase (AlyA) towards various substrates.

Parameters Sodium Alginate PolyG PolyM

Specific activity (U/mg) 7984.82 8643.29 7658.63
Km (mM) 5.6 3.2 6.7

Vmax (nmol/s) 3.22 1.74 1.89
kcat (s−1) 45.92 24.82 26.95

kcat/Km (s−1·mM−1) 8.20 7.56 4.02

The enzymatic kinetics of AlyA towards sodium alginate, polyM, and polyG were also studied
according to the hyperbolic regression analysis. As shown in Table 1, the Km values of AlyA towards
sodium alginate, polyM, and polyG were 5.6 mM, 6.7 mM, and 3.2 mM, respectively. Thus, it has
higher affinity towards sodium alginate and polyG than that to polyM. The kcat/Km values of AlyA
towards sodium alginate (8.20 mM−1·s−1), polyG (7.56 mM−1·s−1), and polyM (4.02 mM−1·s−1) were
also calculated, indicating that the enzyme exhibited a higher catalytic efficiency towards sodium
alginate and polyG than to polyM. Therefore, AlyA prefers the G block or MG block to the M block
as the fit substrate, which is consistent with the substrate specificity of AlyA. It can be reasonable,
as the conserved residue “I” in AlyA can recognize the polyG block or MG blocks [20]. As to the
calculation of the kinetics data, the Km and Vmax values of some alginate lyases were determined by
double-reciprocal plots of Lineweaver and Burk. For instance, Algb from Vibrio sp. W13 showed lower
Km values toward alginate (0.67 mg/mL) polyG (1.04 mg/mL) than that to polyG (6.90 mg/mL) [17],
and Alg-S5 from Exiguobacterium sp. Alg-S5 exhibited a high affinity towards the alginate with a
lower Km value of 0.91 mg/mL [37]. To conveniently calculate the kcat and kcat/Km values, we referred
the calculation method in the literature [38], and described the details of the calculation of the molar
concentration and molecular weight in our recent publications [23,30,39–41].

2.5. Biochemical Characterization of AlyA

AlyA was further characterized biochemically. The optimal pH for the enzyme activity was 7.5
and retained more than 60% activity after being incubated at a broad pH range of pH 5.5–9.0 for 24 h
(Figure 5A). Additionally, the enzyme was mostly stable at pH 7.0. As previously reported, the alginate
lyases of the PL7 family were active at a neutral pH. The Alg7D from Saccharophagus degradans,
AlgNJ-04 from Vibrio sp. NJ-04, FsAlgA from Flammeovirga sp. NJ-04, and AlyA1 from Zobellia
galactanivorans all showed their maximal activity at pH 7.0 [13,39,41,42]. However, they usually show
a high activity in a narrow pH range, and exhibit instability under alkaline conditions. For instance,
the AlySJ-02 from Pseudoalteromonas sp. SM0524 exhibited its maximal activity at pH 8.0 and retained
its stability between pH 7.0–9.0 [34]. The AlyIH from Isoptericola halotolerans CGMCC5336 showed the
highest activity at pH 7.0 and was stable at pH 7.0–8.0 [43]. Similarly, the A9m from Vibrio sp. A9mT
exhibited its maximal activity at pH 7.5 and could maintain its stability between pH 7.0–9.0 [44].
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Figure 5. The biochemical characteristics of AlyA. (A) The optimal pH and the pH stability of AlyA.
(B) The optimal temperature and the thermal stability of AlyA. The assay was then incubated at 40 ◦C
for 10 min. Each value represents the mean of three replicates ± standard deviation.

AlyA showed maximum activity at 55 ◦C and was stable below 40 ◦C (Figure 5B). This enzyme
possessed an approximately 80% activity after incubation at 40 ◦C for 30 min, and was gradually
inactivated as the temperature increased. Similarly, most of the characterized enzymes of the PL7
family showing maximal activity around 30–40 ◦C (Table 2). For example, the AlgNJ-04 from Vibrio sp.
NJ-04 [39] and AlgNJU-03 from Vibrio sp. NJU-03 [40] both possessed the optimal temperature of
40 ◦C. AlgC-PL7 from Cobetia sp. NAP1, OalY1 from Halomonas sp. QY114, and an alginate lyase
from an unknown marine bacterium showed their maximal temperature at 45 ◦C [45–47]. Remarkably,
Aly-SJ02 from Pseudoalteromonas sp. SM0524, FsAlgA from Flammeovirga sp. NJ-04, Alg7D from
Saccharophagus degradans, AlgMsp from Microbulbifer sp. 6532A, and OalY2 from Halomonas sp. QY114
all had a higher optimal temperature of 50 ◦C [34,41,47]. Therefore, the AlyA possessed a great
potential for industrial applications, due to the higher optimal temperature.

The thermal stability of AlyA were further investigated by thermal-induction, as shown in Figure 6.
The enzyme could retain almost 80% of its maximal activity after been incubated at 35 ◦C for 60 min.
Similarly, the OalY1 and OalY2 from Halomonas sp. QY114 retained about 80% of the initial activities
after incubation at 30 ◦C for 1 h [47]. While the AlgC-PL7 maintained approximately 80% of it activity
at 70 ◦C [45]. As with the alginate lyase from the unknown marine bacterium, its activity remained
without a noticeable loss up to 70 ◦C, with a monotonic decrease beyond this temperature [46].

Figure 6. The thermal degeneration curve of AlyA. The maximal activity of the treated enzyme was
regarded as 100% and the other relative activity was determined. Each value represents the mean of
three replicates ± standard deviation.
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Table 2. Comparison of biochemical properties of AlyA and partial enzymes of PL7 family.

Enzyme Specificity Km, Vmax
Optimal Temperature

and pH
Products (Dp) Reference

AlyA Bifunctional 5.6 mM, 3.22 nmol/s 55 ◦C, 7.5 2–5 This study
Algb polyG > polyM 0.67 mg/mL, 473.93 U/mg 30 ◦C, 8.0 2–5 [17]

FsAlgA polyG > polyM 0.48 mM, 0.19 nmol/s 50 ◦C, 7.0 2–5 [41]
Alg7D polyM > polyG 3.0 mg/mL, 6.2 U/mg 50 ◦C, 7.0 2–5 [13]

AlgMsp polyG > polyM 3.4 mM, 57 pmol/s 50 ◦C, 8.0 2–5 [38]
AlgNJ-04 polyG > polyM 0.49 mM, 72 pmol/s 40 ◦C, 7.0 2–5 [41]

AlgNJU-03 polyG > polyM 8.5 mM, 1.67 nmol/s 30 ◦C, 7.0 2–4 [40]
AlgC-PL7 Bifunctional - 55 ◦C, 8.0 1 [45]

A9m polyG > polyM - 30 ◦C, 7.5 - [44]

The effect of metal ions on the activity of AlyA is shown in Table 3. It can be observed that Na+,
Mg2+, and Ca2+ could greatly enhance the activity of the enzyme, while some divalent ions, such as Co2+,
Cu2+, and Fe3+, inhibited the activity. Similarly, Ca2+ can activate AlyA from Pseudomonas sp. E03 [48],
the AlyA from Azotobacter chroococcum 4A1M [49], and ALYII from Pseudomonas sp. OS-ALG-9 [50], as it
could enhance the substrate-binding ability of the enzyme.

Table 3. The effect of metal ions on activity of AlyA.

Reagent Relative Activity (%)

Control 100 ± 0.5
Na+(100 mM) 126 ± 2.2
Na+(300 mM) 180 ± 3.1
Na+(500 mM) 203 ± 4.6
Na+(700 mM) 136 ± 2.9
Na+(900 mM) 89 ± 7.9

Zn2+ 91 ± 2.3
Cu2+ 65 ± 3.2
Mn2+ 94 ± 2.1
Co2+ 75 ± 3.4
Ca2+ 174 ± 1.3

Ca2+(10 mM) 135 ± 5.7
Fe3+ 88 ± 2.1
Mg2+ 168 ± 2.7

Mg2+(10 mM) 119 ± 2.9
Mg2+(50 mM) 101 ± 3.2

Ni2+ 87 ± 1.5

The sequence alignment of AlyA and AlyPG from Corynebacterium sp. ALY-1 was constructed
by CLSTALW (http://www.clustal.org/) (as shown in Figure 7A). The three-dimensional model
of the AlyA was constructed based on the homologues structure of the alginate lyase, AlyPG,
of Corynebacterium sp. ALY-1 (PDB ID: 1UAI), using PHYRE2 (http://www.sbg.bio.ic.ac.uk/phyre2/
html/page.cgi?id=index). As shown in Figure 7C, the overall structure of the AlyA was predicted to
fold as a β-sandwich jelly roll formed, using two anti-parallel β sheets. The outer convex sheet includes
five β-strands, and the inner concave sheet contains seven β-strands forming a groove that harbors
the catalytic active site. In order to identify the key residues for substrate recognition, the structural
alignment of AlyA and AlyPG was analyzed (Figure 7C). The two enzymes share a similar structure,
and the residues Q159, H161, and R119 essential for substrate reorganization form hydrogen bonds
with the carboxyl groups in subsites +1, +2, and +3, respectively (Figure 7A,D).

The ESI-MS analysis of the degradation products is shown in Figure 8; disaccharides,
trisaccharides, and tetrasaccharides account for a major fraction of the hydrolysates of two kinds
of substrates. Thus, AlyA can be a potential tool to produce oligosaccharides with lower Dps by
hydrolyzing sodium alginate. So far, most of the characterized alginate lyases of the PL7 family are
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endolytic enzymes, which can release oligosaccharides with a low Dp of 2–5 as the main products.
Interestingly, AlyA5 from Zobellia galactanivorans can release disaccharides in an exolytic manner [42].

Figure 7. (A) The sequence alignment of AlyA and AlyPG from Corynebacterium sp. ALY-1, (B) the
modeling structure of AlyA, (C) the structural comparison of AlyA (marked with red) and AlyPG
(marked with blue) from Corynebacterium sp. ALY-1 (PDB ID: 1UAI), and (D) the key residuals for
substrate reorganization of AlyA.

Figure 8. ESI-MS analysis of the degradation products of AlyA with (A) polyM and (B) polyG as
substrate. The reaction mixtures (800 μL) containing 1 μg purified enzyme and 2 mg substrates (polyG
and polyM) were incubated at 30 ◦C for 48 h.
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3. Materials and Methods

3.1. Materials

Sodium alginate derived from brown seaweed was purchased from Sigma (St. Louis, MO, USA,
M/G ratio: 77/23). PolyM (purity: about 99%) and polyG (purity: about 99%) were purchased from
Qingdao BZ Oligo Biotech Co., Ltd. (Qingdao, China). Other chemicals and reagents used in this study
were of analytical grade.

3.2. Screening and Identification of Strain NJ-05

The decaying seaweed samples were collected from the coast of the East China Sea (123◦11’ E,
25◦10’ N), washed by sterilized sea water, and then spread on sodium alginate-agar plates (modified
marine broth 2216 medium containing 5 g/L (NH4)2SO4, 19.45 g/L NaCl, 12.6 g/L MgCl2·6H2O,
6.64 g/L MgSO4·7H2O, 0.55 g/L KCl, 0.16 g/L NaHCO3, 1 g/L ferric citrate, 15 g/L agar, and 10 g/L
sodium alginate). The strains with ability to produce alginate lyase were screened according to the
procedures previously reported [30]. Furthermore, the activity of alginate lyase was determined by 3,
5-dinitrosalicylic acid (DNS) colorimetry [51]. Among the isolates, the most active strain NJ-05 was
selected and identified for further studies by the alignment of the 16S rRNA sequence. A phylogenetic
tree was constructed using CLUSTAL X (http://www.clustal.org/) and MEGA 6.0 (https://www.
megasoftware.net/) through the neighbor-joining method.

3.3. Cloning, Expression, and Purification of the Alginate Lyase

The strain Isoptericola halotolerans NJ-05 was genome-sequenced and its genomic information
was analyzed. Alginate utilization loci has been found and there are three putative alginate lyases
within the cluster. Therefore, the primers for cloning AlyA were designed on the basis of the
sequence of the putative alginate lyase gene sequence (No.chr_1816) within the genome of Isoptericola
halotolerans NJ-05. The AlyA gene was amplified with primers designed as follows: the forward primer,
5′-ATGCGCCTGCATCGCAAAC-3′, and the reverse primer, 5′-GCTATGTTTCACCTGCAGTT-3′,
from the genomic DNA of Isoptericola halotolerans NJ-05.

The alginate lyase gene was then subcloned into the pET-21a (+) expression vector for
heterologously expression with restriction sites of NdeI and XhoI. The recombinant E. coli BL21 (DE3)
harboring the pET-21a (+)/AlyA was cultured in an LB medium (containing 100 μg ampicillin/mL)
for 2–3 h with shaking at 200 rpm and 37 ◦C up to an OD600 of 0.4–0.6. The cells were induced by
adding 0.1 mM IPTG and then cultured at 20 ◦C for 30 h. The AlyA was purified by an NTA-column,
as previously described [44]. The active fraction was collected, desalted, and then analyzed by 12%
sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

3.4. Enzyme Activity Assay

The assay including the purified enzyme (0.1 mL, 1.78 mg/mL) and 0.9 mL Tris-HCl (20 mM,
pH 8.0, 1% sodium alginate) was then incubated at 40 ◦C for 10 min, as previously described [30].
The reaction was stopped by heating in boiling water for 10 min. The enzyme activity was then assayed
by measuring the increased absorbance at 235 nm, and the enzymatic activity (one unit) was defined
as the amount of enzyme required to increase the absorbance at 235 nm by 0.01 per min [38].

3.5. Substrate Specificity and Kinetic Measurement of Alginate Lyase

The assays of the enzyme activity for sodium alginate, polyM, and polyG were defined as
described previously for investigating the substrate specificity. The kinetic parameters of the purified
enzyme toward different substrates, including sodium alginate, polyM, and polyG, were determined
by measuring the enzyme activity with substrates at different concentrations (0.1–8.0 mg/mL).
The concentrations of the different substrates was calculated according to the method previously
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described [38]. As alginate consists of random combinations of mannuronic acid and guluronic acid
residues with the same molecular weight (MW), substrate molarity can be calculated using the MW of
176 g/mol for each monomer of uronic acid in the polymer (i.e., 194 g/mol monomer MW − 18 g/mol
for the loss of H2O during polymerization). The concentrations of the product were determined from
the increase in absorbance at 235 nm using the extinction coefficient of 6150 M−1 cm−1. The velocity
(V) at the tested substrate concentration was calculated as follows: V (mol/s) = (milliAU/min ×
min/60 s × AU/1000 milli AU × 1 cm)/(6150 M−1 cm−1) × (2 × 10−4 L). In addition, the Km and Vmax

values were calculated by hyperbolic regression analysis, as described previously [38]. Additionally,
the turnover number (kcat) of the enzyme was calculated by the ration of Vmax versus the enzyme
concentration ([E]).

3.6. Biochemical Characterization of AlyA

The effects of temperatures (25–70 ◦C) on the purified enzyme were investigated at pH 9.0.
The thermal stability of the enzyme was determined at pH 7.5 under the assay conditions
described previously after incubating the purified enzyme at 25–70 ◦C for 30 min. In addition,
the thermally-induced denaturation was also investigated by incubating the enzyme at 30–50 ◦C for
0–60 min at pH 7.5. Moreover, the effects of pH on the enzyme activity were evaluated by incubating the
purified enzyme in buffers with different pHs (5.0–10.0) at 40 ◦C under the assay conditions described
previously. The pH stability depended on the residual activity after the enzyme was incubated in
buffers with different pHs (5.0–10.0) for 24 h, and then the residual activity was determined at 40 ◦C
under the assay conditions. Meanwhile, the buffers with different pHs were used for phosphate–citrate
(pH 5.0), NaH2PO4–Na2HPO4 (pH 6.0–8.0), Tris–HCl (pH 7.0–9.0), and glycine–NaOH (pH 10.0).

The influence of metal ions on the activity was performed by incubating the purified enzyme with
various metal compounds at a concentration of 1 mM at 4 ◦C for 24 h. Then, the activity was measured
under standard test conditions. The reaction mixture without any metal ion was taken as the control.

3.7. Molecular Modeling and Structural Alignment

The three-dimensional structure of AlyA was constructed using Protein Homology/analogY
Recognition Engine V 2.0 (http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index), on the
basis of the homologues of the known structure (alginate lyase AlyA of Corynebacterium sp. ALY-1
(PDB ID: 1UAI) [52]. PyMOL (http://www.pymol.org) was used to visualize and analyze the modeled
structure and to construct graphical presentations and illustrative figures.

3.8. ESI-MS Analysis of the Degradation Products of AlyA

For investigating the degradation pattern of AlyA, the reaction mixtures (800 μL) with pH 7.5
containing 1 μg purified enzyme and 2 mg substrates (polyG and polyM, the average Dp of the two
substrates are about 40) were incubated at 30 ◦C for 0–48 h. After incubation, the mixture solutions
were boiled for 10 min and then centrifuged at 12,000 rpm for 10 min to remove the unsolved materials.
The hydrolysates were loaded onto a carbograph column (Alltech, Grace Davison Discovery Sciences,
United Kingdom) to remove the salts after removing the proteins, and then concentrated, dried,
and re-dissolved in 1 mL methanol. The supernatant (2 μL) was loop-injected to an LTQ XL linear ion
trap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) after centrifugation, to further
determine the composition of the products. The oligosaccharides were detected in a negative-ion mode
using the following settings, previously described, with the scanning mass range 150–2000 m/z [30].

4. Conclusions

In this work, an alginate lyase-producing bacterium was isolated and identified to be Isoptericola
halotolerans NJ-05. A novel bifunctional alginate lyase, AlyA, with high activity and broad substrate
specificity was cloned and characterized. It exhibited the highest activity (7984.82 U/mg) at pH 7.5 and
55 ◦C. Additionally, it possessed broad substrate specificity, showing high activities towards not only
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polyM but also polyG. Furthermore, the Km value of AlyA towards polyG (3.2 mM) was lower than
that towards sodium alginate (5.6 mM) and polyM (6.7 mM). The TLC and ESI-MS analyses indicated
that it can hydrolyze the substrates in an endolytic manner to release a series of oligosaccharides such
as disaccharide, trisaccharide, and tetrasaccharide. This study provided extended insights into the
substrate recognition and degrading pattern of alginate lyases with broad substrate specificity.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/8/258/s1,
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Abstract: Enzymatic preparation of alginate oligosaccharides with versatile bioactivities by alginate
lyases has attracted increasing attention due to its featured characteristics, such as wild condition
and specific products. In this study, AlgNJ-07, a novel polyM-specific alginate lyase with high
specific activity and pH stability, has been purified from the newly isolated marine bacterium
Serratia marcescens NJ-07. It has a molecular weight of approximately 25 kDa and exhibits the maximal
activity of 2742.5 U/mg towards sodium alginate under 40 ◦C at pH 9.0. Additionally, AlgNJ-07
could retain more than 95% of its activity at pH range of 8.0–10.0, indicating it possesses excellent
pH-stability. Moreover, it shows high activity and affinity towards polyM block and no activity to
polyG block, which suggests that it is a strict polyM-specific alginate lyase. The degradation pattern
of AlgNJ-07 has also been explored. The activity of AlgNJ-07 could be activated by NaCl with a low
concentration (100–300 mM). It can be observed that AlgNJ-07 can recognize the trisaccharide as the
minimal substrate and hydrolyze the trisaccharide into monosaccharide and disaccharide. The TLC
and ESI-MS analysis indicate that it can hydrolyze substrates in a unique endolytic manner, producing
not only oligosaccharides with Dp of 2–5 but also a large fraction of monosaccharide. Therefore, it may
be a potent tool to produce alginate oligosaccharides with lower Dps (degree of polymerization).

Keywords: Serratia marcescens; polyM-specific; alginate lyase; oligosaccharides

1. Introduction

Alginate is the major component of cell wall of brown algae [1]. It is a linear anionic polysaccharide
and consists of α-L-guluronate (G) and its C5 epimer β-D-mannuronate (M), which are linked by α-1,
4-glycosidic bonds [2]. The two monomeric units are arranged into three groups: poly-α-L-guluronate
(polyG), poly-β-D-mannuronate (polyM), and the heteropolymer (polyMG) [3]. Due to its high
viscosity, gelling properties, and versatile activities, alginate has been widely applied in food, chemical,
and pharmaceutical industries [4–6]. However, the applications of this polysaccharide are still
limited by its high molecular weight and poor solubility [7]. The alginate oligosaccharide, as the
degradation product of alginate, retains various specific physiological functions and activities of
polysaccharide but possesses good bioavailability [8]. For instance, Pack et al. found that alginate
oligosaccharide (AOS) can reduce plasma LDL-cholesterol levels by regulating the expression of
LDLR [9]. Iwamoto et al. studied the effect of AOS with different structures on the induction of
cytokine production from RAW264.7 cells and found that G8 and M7 showed the most potent
activity [10]. Yamamoto et al. reported that mannuronate oligomers (M3–M7) could induce the
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production and secretion of multiple cytokines, such as tumor necrosis factor- α (TNF-α), granulocyte
colony-stimulating factor (GCSF), and monocyte chemoattractant protein-1 (MCP-1) [11].

Alginate lyase, a member of polysaccharide lyase, can catalyze the alginate by the β-elimination,
producing unsaturated oligosaccharides with double bonds between C4 and C5 [12]. Until now,
a number of alginate lyases have been identified, gene-cloned, purified, and characterized from
various sources, such as marine and terrestrial bacteria, marine mollusks, and algae [13–18]. According
to the substrate specificities, alginate lyases can be classified into three types: polyM-specific lyases
(EC 4.2.2.3), polyG-specific lyases (EC 4.2.2.11), and bifunctional lyases (EC 4.2.2.-) [19]. Additionally,
the alginate lyases are generally organized into seven polysaccharide lyase (PL) families according
to the sequence similarity, namely PL-5, -6, -7, -14, -15, -17, and -18 families [20]. Moreover, in terms
of the mode of action, alginate lyases can be grouped into endolytic and exolytic alginate lyases [21].
Endolytic enzymes can cleave glycosidic bonds inside alginate polymer and release unsaturated
oligosaccharides as main products [22], while exolytic ones can further degrade oligosaccharides into
monomers [23]. Now alginate lyases, especially endolytic enzymes, have been widely used to produce
alginate oligosaccharides for food and nutraceutical industries [24,25]. Moreover, the enzymes can
also be used to elucidate the fine structures of alginate and prepare protoplast of brown algae [26–28].
Furthermore, alginate lyases also show great potential in the treatment of cystic fibrosis by degrading
the polysaccharide biofilm of pathogen bacterium [29]. So far, many alginate lyases originating from
marine microorganisms have been well characterized. However, few of these enzymes have been
commercially used in the food and nutraceutical industries due to the poor substrate specificity and
low activity [30–36]. Thus, to explore novel enzymes with high activity and high substrate specificity
will be of great importance for both research and commercial purposes.

In this work, a new alginate lyase with high substrate specificity and pH stability has been identified
and characterized from Serratia marcescens NJ-07. To evaluate the enzyme for potential use in the food
and nutraceutical industries, the kinetics and analysis of degrading products has also been characterized,
which suggests that it would be a potential candidate for expanding applications of alginate lyases.

2. Results and Discussions

2.1. Screening and Identification of Strain NJ-07

The strain was isolated from rotten red algae from the Yellow Sea. The 16S rRNA sequence of the
strain was sequenced and submitted to GeneBank (accession number MH119760). According to the
phylogenetic analysis of 16S rRNA sequence (Figure 1), the strain was assigned to the genus Serratia
and named Serratia marcescens NJ-07.

Figure 1. The phylogenetic analysis of strain NJ-07 and other similar strains. The phylogenetic tree
was constructed by MEGA 6.0 on the basis of the 16S rRNA gene sequences of strain AlgNJ-07 and
other known Serratia species.
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2.2. Purification of Alginate Lyase

The strain NJ-07 was cultured in optimized liquid medium for 40 h until alginate lyase reached
the highest activity. The supernatant containing alginate lyase was subjected to further purification by
anion exchange chromatography with Source 15Q. After purification, the alginate lyase was purified
7.43-fold with a yield of 68.1%. The final specific activity of the purified alginate lyase was 2742.5 U/mg
towards sodium alginate. The result of SDS-PAGE showed a single protein band with a molecular
weight of 25 kDa (Figure 2), which was designated as AlgNJ-07. The alginate lyases are grouped into
three types based on their molecular weights: small alginate lyases (25–30 kDa), medium-sized alginate
lyases (around 40 kDa), and large alginate lyases (>60 kDa). As a result, the AlgNJ-07 belongs to the
small ones. Similarly, the AlyA from Azotobacter chroococcum 4A1M has a small molecular weight of
24 kDa [31]. While the AlyA from Pseudomonas sp. E03, AlyA from Pseudomonas aeruginosa, and AlyA
from Pseudomonas sp. strain KS-408 possess the medium-sized molecular weights of 40.4 kDa, 43 kDa,
and 44.5 kDa, respectively [33,34,36]. The ALYII from Pseudomonas sp. OS-ALG-9 has a large molecular
weight of 79 kDa [32].

Figure 2. The SDS-PAGE analysis of purified alginate lyase AlgNJ-07. Lane M: the protein molecular
weight standard; lane 1: the purified AlgNJ-07; lane 2: the crude enzyme from supernatant.

2.3. Substrate Specifity and Enzymatic Kinetics of the Enzyme

Seven kinds of polysaccharide substrates were used to investigate the substrate specificity of
the enzyme (Table 1). The alginate lyase showed higher activity towards sodium alginate and
polyM, but no activity towards polyG. Additionally, the AlgNJ-07 displayed no activity towards
pullulan, pectin, xylan, and heparin. Therefore, the AlgNJ-07 is a novel polyM-specific alginate lyase.
Until now, hundreds of alginate lyases have been identified and characterized. However, only a
few enzymes exhibited the polyM-specific activity, such as AlgA from Pseudomonas sp. E03 [34],
ALYII from Pseudomonas sp. OS-ALG-9 [32], the AlyA from Azotobacter chroococcum 4A1M [31], AlgL
from Pseudomonas aeruginosa [30], AlyA from Pseudomonas aeruginosa [36], AlyA from Pseudomonas
sp. strain KS-408, and AlyM from unknown marine bacterium [33,35]. They all displayed preference
to polyM substrate and very low activity toward polyG substrate. However, compared with these
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characterized enzymes, AlgNJ-07 showed no activity toward polyG, indicating it is a novel alginate
lyase with strict polyM-specific substrate specificity.

Table 1. The substrate specificity of AlgNJ-07 towards various substrates.

Substrate Activity (U/mg)

Sodium alginate 2742.5
PolyM 3842.3
PolyG N.D. *

Pullulan N.D.
Pectin N.D.
Xylan N.D.

Heparin N.D.

* No activity detected.

The kinetics of AlgNJ-07 towards sodium alginate and polyM were calculated according to the
hyperbolic regression analysis. As shown in Table 2, the Km values of AlgNJ-07 with sodium alginate
and polyM as substrates were 0.53 mM and 0.27 mM. The results showed that AlgNJ-07 had a much
lower Km values towards polyM than sodium alginate, indicating that it showed higher affinity towards
polyM than that to sodium alginate. The kcat/Km values of AlgNJ-07 towards polyM (115 mM−1·s−1)
was higher than alginate (64 mM−1·s−1), which indicates that the enzyme possesses higher catalytic
efficiency towards M block than to MG block. The polyM-specific alginate lyase AlgL from Pseudomonas
aeruginosa showed different Km and kcat values towards polyM substrates with various Dps and it
exhibited different affinity and catalytic efficiency towards those substrates. The variation in kcat/Km

with substrate length suggests that AlgL operates in a processive manner [30].

Table 2. The kinetics parameters of AlgNJ-07.

Substrate Sodium Alginate polyM

Km (mM) 0.53 0.27
Vmax (nmol/s) 74 67

kcat (s−1) 34 31
kcat/Km (s−1/mM) 64 115

2.4. Biochemical Characterization of AlgNJ-07

The enzyme showed maximum activity at 40 ◦C (Figure 3A) and was stable below 40 ◦C
(Figure 3B). It possessed approximately 50% activity after incubation at 40 ◦C for 30 min and was
gradually inactivated as the temperature increased. The thermal degeneration curve of AlgNJ-07 was
shown in Figure 4. The enzyme could retain more than 70% of its total activity after being incubated
at 40 ◦C for 60 min, which indicates it possesses better thermal stability. The optimal temperature
for polyM-specific alginate lyase from Pseudomonas sp. strain KS-408 was 37 ◦C [33]. The AlgA from
Pseudomonas sp. E03 and ALYII from Pseudomonas sp. OS-ALG-9 both exhibited their maximal activity
at 30 ◦C [33,34]. While the AlyA from Azotobacter chroococcum 4A1M showed the highest activity at
60 ◦C, which shows potential in industrial applications [31].

The optimal pH for the enzyme activity was 9.0 (Figure 3C) and retained more than 80% activity
at a broad pH range from pH 8.0 to 10.0 (Figure 3D) after incubation for 24 h. However, this enzyme
was mostly stable at pH 9.0 and retained more than 80% activity at a broad pH range from 7.0
to 10.0. Interestingly, it could retain about 40% of its activity at pH 11.0. Thus, AlgNJ-07 was an
alkaline-stable lyase and it could retain stability in a broader pH range. While most of the other
characterized polyM-specific alginate lyases exhibited their maximal activity around neutral pH.
For instance, the AlgA from Pseudomonas sp. E03 possessed its optimal pH of 8.0 [34], the AlyA from
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Pseudomonas sp. strain KS-408 displayed its maximal activity at pH of 9.0 [34]. While the AlyA from
Azotobacter chroococcum 4A1M had a lower optimal pH of 6.0 [31].

Figure 3. The biochemical characteristics of AlgNJ-07. (A) The optimal temperature of AlgNJ-07.
(B) The thermal stability of AlgNJ-07. (C) The optimal pH of AlgNJ-07. (D) The pH stability of
AlgNJ-07. Each value represents the mean of three replicates ± standard deviation.

Figure 4. The thermal degeneration curve of AlgNJ-07. The maximal activity of the treated enzyme
was regarded as 100% and the other relative activity was determined.

The effects of metal ions on the activity of AlgNJ-07 are shown in Table 3. It was observed that
Na+ could enhance the activity of the enzyme, while some divalent ions such as Zn2+, Cu2+, Mn2+,
and Co2+ inhibited the activity. Interestingly, the reported activators such as Mg2+ and Ca2+ displayed
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slight inhibitory effects on activity of AlgNJ-07. While Ca2+ can activate the activities of the AlyA
from Pseudomonas sp. strain KS-408 [33], the AlyA from Pseudomonas sp. E03 [34], the AlyA from
Azotobacter chroococcum 4A1M [31], and ALYII from Pseudomonas sp. OS-ALG-9 [32] could enhance the
substrate-binding ability of the enzyme.

Table 3. The effect of metal ions on activity of AlgNJ-07.

Reagent Relative Activity (%)

Control 100 ± 0.5
K+ (100 mM) 87 ± 0.5
K+ (300 mM) 94 ± 0.3
K+ (500 mM) 92 ± 2.2

Na+ (100 mM) 106 ± 0.6
Na+ (300 mM) 120 ± 1.1
Na+ (500 mM) 103 ± 2.6

Zn2+ 1 ± 0.3
Cu2+ 5 ± 0.5
Mn2+ 4 ± 0.1
Co2+ 25 ± 0.3
Ca2+ 90 ± 0.3
Fe3+ 18 ± 0.1
Mg2+ 98 ± 0.5
Ni2+ 72 ± 1.2

To determine the number of substrate binding subsites in the active tunnel of AlgNJ-07,
we compared the degrading capability of AlgNJ-07 to oligosaccharide substrates with different Dps.
As shown in Figure 5, purified disaccharide cannot be further degraded by the enzyme even under more
focused conditions (high enzyme concentration and prolonged incubation time). The trisaccharide
was the shortest chain that can be recognized and cleaved by AlgNJ-07, producing monosaccharide
and disaccharide. The result indicated that trisaccharide was the shortest substrate for AlgNJ-07.

Figure 5. TLC analysis of hydrolysis products of oligosaccharides with Dps (2–8) for determination of
substrate binding sites of AlgNJ-07 (−Enz: enzyme free; +Enz: AlgNJ-07 added).

The degradation products of sodium alginate and polyM by AlgNJ-07 were analyzed by TLC
plate (Figure 6). As the proceeding of hydrolysis, oligosaccharides with high Dp (6–8) appeared.
After incubation for 48 h, dimers, trimers, and tetramers turned out to be the main hydrolysis
products for sodium alginate and polyM. Interestingly, the enzyme could release monosaccharide with
processing of the hydrolysis. The distributions of the degradation products for the above two kinds of
substrates were similar, and the results indicate that AlgNJ-07 can hydrolyze the substrates in a unique
endolytic manner.
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Figure 6. TLC analysis of the AlgNJ-07 hydrolysis products for different times. Lane 1–15, the samples
taken by 0 min, 1 min, 3 min, 5 min, 10 min, 15 min, 30 min, 45 min, 60 min, 2 h, 4 h, 12 h, 24 h, 36 h,
and 48 h. Lane M, the oligosaccharide standards of tetramer and pentamer.

In order to further determine the composition of the degradation products, the hydrolysates (1 mL)
were then loaded onto a carbograph column to remove salts after removing other proteins, followed by
being concentrated, dried, and re-dissolved in 1 mL methanol with the final concentration of 1 mg/mL.
The degradation products were then analyzed by ESI-MS. As shown in Figure 7, monosaccharides,
disaccharides, and trisaccharides account for a major fraction of the hydrolysates of two kinds of
substrates. This result indicate that AlgNJ-07 may be a potential tool for the enzymatic hydrolysis
of sodium alginate to produce oligosaccharides with lower Dps. The distribution of degradation
products of other polyM-specific enzymes is similar, such as AlgA from Pseudomonas sp. E03 [34]
and AlyA from Pseudomonas sp. strain KS-408 [33], which mainly produced oligosaccharides with
Dp of 2–5 in an endolytic manner. However, the AlgL from Pseudomonas aeruginosa generated
dimeric and trimeric products, and the rapid-mixing chemical quench studies indicate that AlgL
can operate as an exopolysaccharide lyase [30]. None of those enzymes could produce monosaccharide
during the hydrolytic procedure, which indicates that the AlgNJ-07 possesses a unique manner for
releasing products.

Figure 7. ESI-MS analysis of the degradation products of AlgNJ-07 with (A) alginate and (B) the polyM
as substrate. The data highlighted in red represent the relative abundance of peaks.
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3. Materials and Methods

3.1. Materials

Sodium alginate derived from brown seaweed was purchased from Sigma (St. Louis, MO, USA).
PolyM (purity: about 99%) and polyG (purity: about 99%) were purchased from Qingdao BZ Oligo
Biotech Co., Ltd. (Qingdao, China). The SOURCETM 15Q 4.6/100 PE column was purchased from GE
HealthCare Bio-Sciences (Uppsala, Sweden). Other chemicals and reagents used in this study were of
analytical grade.

3.2. Screening and Identification of Strain NJ-07

The samples were collected from the coast of the Yellow Sea, washed by sterilized sea water and
then spread on sodium alginate-agar plates. The plates were incubated at 30 ◦C for 36 h and the positive
colonies showing clear zones were picked out from the selection plates. The re-screening process was
conducted as follows. Strains with clear hydrolytic zones were selected and incubated aerobically in a
fermentation medium (modified marine broth 2216 medium containing 5 g/L (NH4)2SO4, 19.45 g/L
NaCl, 12.6 g/L MgCl2·6H2O, 6.64 g/L MgSO4·7H2O, 0.55 g/L KCl, 0.16 g/L NaHCO3, 1 g/L ferric
citrate, and 10 g/L sodium alginate) at 30 ◦C and 200 rpm. Furthermore, the activity of alginate lyase
was determined by 3,5-dinitrosalicylic acid (DNS) colorimetry [37]. Among the isolates, the most
active strain NJ-07 was selected for further studies. To identify the NJ-07 strain, the 16S rRNA gene
of the strain was amplified through PCR by using universal primers. The purified PCR fragment
was sequenced and compared with reported 16S rRNA sequences in GenBank by using BLAST.
A phylogenetic tree was constructed using CLUSTAL X and MEGA 6.0 through neighbor-joining
method [38].

3.3. Production and Purification of the Alginate Lyase

The strain NJ-07 was propagated in a fermentation medium with shaking for 40 h at 30 ◦C.
The culture medium was centrifuged (10,000× g, 60 min) to completely remove the sludge and the
cell-free supernatant was fractionated at 30% and 80% ammonium sulfate saturation. The precipitated
protein with 30% ammonium sulfate saturation was discarded, and the precipitated protein with
80% ammonium sulfate saturation was suspended in distilled water and dialyzed in a dialysis bag
(MWCO: 8000–14,000 Da) against the distilled water and freeze-dried successively. Protein contents
were determined by the Bradford method [39]. The obtained enzyme powder was dissolved in 5 mL
Tris-HCl buffer (pH 9.0) with 4% as the final concentration, then the enzyme solution was applied
to a SOURCETM 15Q 4.6/100 PE column equilibrated with a linear gradient of 0–0.5 M NaCl in an
equilibrating buffer under a flow rate of 1 mL/min. The eluents were monitored continuously at
280 nm for protein and fractions were assayed for activity against sodium alginate. Fractions were
collected and monitored for the presence of alginate lyase. The purity of the fractions was assessed by
SDS-PAGE. Pure fractions with activity were stored at −80 ◦C.

3.4. Enzyme Activity Assay

The purified enzyme (0.1 mL) was mixed with 0.9 mL Tris-HCl (20 mM, pH 8.0, 1% sodium
alginate) and incubated at 40 ◦C for 10 min. The reaction was stopped by heating in boiling water for
10 min. The enzyme activity was then assayed by measuring the increased absorbance at 235 nm due
to the formation of double bonds between C4 and C5 at the nonreducing terminus by β-elimination.
One unit was defined as the amount of enzyme required to increase the absorbance at 235 nm by
0.01 per min [40].
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3.5. Substrate Specificity and Kinetic Measurement of Alginate Lyase

The purified enzyme was reacted with 1% of sodium alginate, polyM, polyG, pectin, xylan,
and heparin. The assays of enzyme activity for sodium alginate, polyM, and polyG were defined
as described previously, whereas the assays for pectin, xylan, and heparin were determined by
using the DNS method. The kinetic parameters of the purified enzyme toward sodium alginate and
polyM were determined by measuring the enzyme activity with substrates at different concentrations
(0.1–8.0 mg/mL). As sodium alginate is a polymer consisting of random combinations of mannuronic
acid and guluronic acid residues. Since they both have the same molecular weight (MW), substrate
molarity was calculated using the MW of 176 g/mol for each monomer of uronic acid in the polymer.
The concentrations of the product were determined by monitoring the increase in absorbance at
235 nm using the extinction coefficient of 6150 M−1 cm−1. Velocity (V) at the tested substrate
concentration was calculated as follows: V (mol/s) = (milliAU/min × min/60 s × AU/1000 milliAU
× 1 cm)/(6150 M−1 cm−1) × (2 × 10−4 L). The Km and Vmax values were calculated by hyperbolic
regression analysis as described previously [41]. Additionally, the turnover number (kcat) of the enzyme
was calculated by the ration of Vmax versus enzyme concentration ([E]).

3.6. Biochemical Characterization of AlgNJ-07

The effects of pH on the enzyme activity were evaluated by incubating the purified enzyme in
buffers with different pHs (4.0–12.0) at 40 ◦C under the assay conditions described previously. The pH
stability depended on the residual activity after the enzyme was incubated in buffers with different
pH (4.0–12.0) for 24 h and then residual activity was determined at 40 ◦C under the assay conditions.
Meanwhile, the effects of temperatures (20–60 ◦C) on the purified enzyme were investigated at pH 9.0.
The thermal stability of the enzyme was determined at pH 9.0 under the assay conditions described
previously after incubating the purified enzyme at 30–50 ◦C for 30 min. The buffers with different pHs
used were phosphate-citrate (pH 4.0–5.0), NaH2PO4-Na2HPO4 (pH 6.0–8.0), Tris–HCl (pH 7.0–9.0),
glycine-NaOH (pH 9.0–10.0), and Na2HPO4–NaOH (pH 11.0–12.0). In addition, the thermally-induced
denaturation was also investigated by incubating the enzyme at 30–50 ◦C for 0–60 min.

The influence of metal ions on the activity of the enzyme was performed by incubating the
purified enzyme at 4 ◦C for 24 h in the presence of various metal compounds at a concentration of
1 mM. Then, the activity was measured under standard test conditions. The reaction mixture without
any metal ions was used as a control.

3.7. Substrate Binding Subsites of AlgNJ-07

To determine the smallest substrate and the number of substrate binding subsites in its catalytic
tunnel of AlgNJ-07, hydrolysis reactions were carried out using oligosaccharides with different Dps
(Dp 2–8) at a concentration of 10 mg/mL in 10 μL reaction mixture (pH 9.0). The reaction mixtures
were incubated at 40 ◦C with AlgNJ-07 for 24 h. The hydrolysates were loaded onto a carbograph
column (Alltech, Grace Davison Discovery Sciences, Carnforth, UK) to remove salts after removing
proteins, and then concentrated, dried, and re-dissolved in 1 mL methanol. The degradation products
were analyzed by TLC with the solvent system (1-butanol/formic acid/water 4:6:1) and visualized by
heating TLC plate at 130 ◦C for 5 min after spraying with 10% (v/v) sulfuric acid in ethanol.

3.8. TLC and ESI-MS Analysis of the Degradation Products of AlgNJ-07

To investigate the degradation pattern of AlgNJ-07, the reaction mixtures (800 μL) containing 1 μg
purified enzyme and 2 mg substrates (sodium alginate and polyM) were incubated at 30 ◦C for 0–48 h.
The hydrolysis products were analyzed by TLC as above. To further determine the composition of the
products, ESI-MS was used. The supernatants (2 μL) were loop-injected to an LTQ XL linear ion trap
mass spectrometer (Thermo Fisher Scientific, Waltham, MA, USA) after centrifugation. Samples were
introduced by direct infusion into the electrospray ionization source (ESI) and mass spectra (MS)
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were collected. To help elucidate the structure of the ESI-MS peaks, the MS spectra were collected
concurrently by isolating specific m/z anions, and the oligosaccharides were detected in a negative-ion
mode using the following settings: ion source voltage, 4.5 kV; capillary temperature, 275–300 ◦C;
tube lens, 250 V; sheath gas, 30 arbitrary units (AU); and scanning the mass range, 150–2000 m/z.

4. Conclusions

An alginate lyase-producing bacterium was isolated and identified as Serratia marcescens NJ-07.
The alginate lyase AlgNJ-07 was purified by anion-exchange chromatography. It had a molecular
weight of approximately 25 kDa and exhibited the maximal activity of 2742.52 U/mg under 40 ◦C
at pH 9.0. Additionally, AlgNJ-07 could retain more than 95% of its activity at pH range of 8.0–10.0,
which indicates it possesses excellent pH-stability. It showed high activity and affinity toward polyM
block and no activity on polyG block, suggesting it is a strict polyM-specific alginate lyase. TLC and
ESI-MS analysis indicated that it can hydrolyze substrates in a unique endolytic manner and produce
oligosaccharides with Dp of 2–5 and a large fraction of monosaccharides. Therefore, it may be a potent
tool to produce alginate oligosaccharides with lower Dps.
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Abstract: Alginate lyases are a group of enzymes that catalyze the depolymerization of alginates
into oligosaccharides or monosaccharides. These enzymes have been widely used for a variety
of purposes, such as producing bioactive oligosaccharides, controlling the rheological properties
of polysaccharides, and performing structural analyses of polysaccharides. The algM4 gene of
the marine bacterium Vibrio weizhoudaoensis M0101 encodes an alginate lyase that belongs to the
polysaccharide lyase family 7 (PL7). In this study, the kinetic constants Vmax (maximum reaction rate)
and Km (Michaelis constant) of AlgM4 activity were determined as 2.75 nmol/s and 2.72 mg/mL,
respectively. The optimum temperature for AlgM4 activity was 30 ◦C, and at 70 ◦C, AlgM4 activity
dropped to 11% of the maximum observed activity. The optimum pH for AlgM4 activity was 8.5,
and AlgM4 was completely inactive at pH 11. The addition of 1 mol/L NaCl resulted in a more
than sevenfold increase in the relative activity of AlgM4. The secondary structure of AlgM4 was
altered in the presence of NaCl, which caused the α-helical content to decrease from 12.4 to 10.8%
and the β-sheet content to decrease by 1.7%. In addition, NaCl enhanced the thermal stability of
AlgM4 and increased the midpoint of thermal denaturation (Tm) by 4.9 ◦C. AlgM4 exhibited an
ability to degrade sodium alginate, poly-mannuronic acid (polyM), and poly-guluronic acid (polyG),
resulting in the production of oligosaccharides with a degree of polymerization (DP) of 2–9. AlgM4
possessed broader substrate, indicating that it is a bifunctional alginate lyase. Thus, AlgM4 is a novel
salt-activated and bifunctional alginate lyase of the PL7 family with endolytic activity.

Keywords: Vibrio weizhoudaoensis; alginate lyase; PL7 family; salt-activated enzyme

1. Introduction

Alginic acid has the ability to form viscous solutions and gels in aqueous media and is nontoxic to
living organisms. Therefore, it has been widely used in the pharmaceutical, cosmetic, food, and biotech
industries [1]. In addition, the degradation products of alginic acid—alginate oligosaccharides—have
a wide range of biological activities, such as the promotion of growth and the alleviation of
abiotic stress in plants; antitumour, antibacterial, anti-inflammatory, anticoagulant, antioxidative,
and immunomodulatory activities; and the reduction of free radicals and blood glucose and lipids.
Alginate oligosaccharides have broad application prospects in the green agriculture, medical, food,
and household chemical industries, among others [2].

Alginic acid, also known as algin or alginate, is a straight-chain polysaccharide composed of
β-D-mannuronic acid (M) and its C5 stereoisomer α-L-guluronic acid (G), which are randomly linked
via α-1,4-glycosidic bonds. Alginate molecules can have the sugar monomers M and G arranged

Mar. Drugs 2018, 16, 120; doi:10.3390/md16040120 www.mdpi.com/journal/marinedrugs103



Mar. Drugs 2018, 16, 120

in three ways: M monomers can be linked in succession, forming poly-mannuronic acid (polyM);
G monomers can be linked in succession, forming poly-guluronic acid (polyG); and M and G
monomers can be randomly and alternately linked, forming poly-guluronic acid -mannuronic acid
(polyMG) [3]. The relative proportions of M and G vary among the alginic acids derived from different
organisms [4,5].

Alginate lyases catalyze the cleavage of the 1,4-glycosidic bonds between the uronic acid
monomers in alginate, resulting in the production of oligouronic acids or uronic acid monomers.
Alginate lyases are present in a wide range of organisms and can be isolated from marine algae,
molluscs, and microorganisms, as well as soil microorganisms. Currently, the primary sources of
alginate lyases are marine bacteria, including members of the genera Pseudomonas and Vibrio [6].

The catalytic mechanisms of alginate lyases are well understood. Alginate lyases catalyze the
cleavage of 1,4-glycosidic bonds in alginic acid via a β-elimination reaction. In addition, a double bond
is formed between C4 and C5 of the saccharide ring containing the 4-O glycosidic bond, generating an
oligomer with 4-deoxy-L-erythro-hex-4-enepyranosyluronate at the nonreducing end [7]. Based on
their catalytic characteristics, alginate lyases are divided into endolytic and exolytic alginate lyases [8,9].
According to the substrate specificity, endolytic alginate lyases can be divided into mannuronate lyases
(polyM lyase, EC 4.2.2.3) and guluronate lyases (polyG lyase, EC 4.2.2.11). Bifunctional enzymes that
exhibit activities towards both polyG and polyM have also been identified [10]. While numerous
alginate lyases have been discovered, few studies have focused on the enzymatic properties of alginate
lyases. In recent years, a number of alginate lyases have been discovered and reported, including
the cold-adapted alginate lyases [11–13], thermostable alginate lyases [14], high-alkaline alginate
lyases [15], and salt-activated alginate lyases [12,15–17]. According to the evolution and homology
of amino acid sequences, most alginate lyases belong to seven families of polysaccharide lyases
(PL-5, PL-7, PL-14, PL-15, PL-17, and PL-18) [18]. Most of the reported alginate lyases have endolytic
activity [15,19–21] and hydrolyze sodium alginate (SA) to produce oligosaccharides. Alginate lyase
A1-IV, produced by the bacterial strain Sphingomonas sp. A1 [22], and alginate lyase Atu3025, produced
by Agrobacterium tumefaciens C58 [23], possess exolytic activity and hydrolyze SA into mannuronate
or guluronate. Alginate lyases that degrade alginate into monosaccharides are part of the PL15
family [22,23], whereas alginate lyases with endolytic activity belong to the PL-5, 6, 7, 14, 16, 17,
and 18 families [24].

The marine bacterium Vibrio weizhoudaoensis M0101 harbors the algM4 gene, which encodes an
alginate lyase belonging to polysaccharide lyase family 7 (PL7). In this study, we purified exogenously
expressed AlgM4 and observed it to exhibit high salt tolerance, as AlgM4 activity increased more than
sevenfold in the presence of 1 mol/L NaCl. The result is different from those for other salt-activated
alginate lyases for which enzyme activity is decreased at 1 mol/L NaCl [15,25]. In the depolymerization
of a high content of sodium alginate, Alg2A generated equal total molar amounts of oligosaccharides,
but the amounts of oligosaccharides with DP of 5–10 were higher than those for both of the two
commercial enzymes [26]. AlgM4 showed activities toward both polyM and polyG, which may
degrade alginate more effectively. Moreover, AlgM4 catalyzing polyM released oligosaccharides with
DP 7–9 from the polyM, which was different from the previously reported endolytic alginate lyases,
despite their diverse substrate specificities [27,28]. Therefore, the unique endolytic reaction mode of
AlgM4 gives it a distinct advantage in facilitating uronic acid oligosaccharides with high DPs. AlgM4
could be a good tool for the preparation of alginate oligosaccharides. AlgM4 not only functions as a
key enzyme in the preparation and functional study of oligosaccharides but also plays an important
role in utilization of alginate for ethanol fermentation.
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2. Results and Discussion

2.1. Analysis of the AlgM4 Sequence

The alginate lyase gene algM4 is 1563 bp in length and encodes a 520-amino-acid protein. A signal
peptide analysis of AlgM4 using SignalP 4.0 (http://www.cbs.dtu.dk/services/SignalP/) predicted
that the N-terminus of AlgM4 contains a 24-amino-acid signal peptide (Figure 1). A sequence alignment
using the National Center for Biotechnology Information (NCBI) BLAST (https://blast.ncbi.nlm.nih.
gov/) engine revealed that AlgM4 is a dual-domain protease, containing an N-terminal F5/8 type
C domain and a C-terminal alginate-lyase 2 domain. The alginate lyases of the PL7 family contain
three highly conserved domains: SA3 (RXEXR), SA4 (YXKAGXYXQ), and SA5 (QXH). The BLAST
sequence analysis showed that AlgM4 contains the conserved amino acid sequences of the SA3
domain (RTEMR), the SA4 domain (YFKAGVYNQ), and the SA5 catalytic domain (QIH) (Figure 1).
Therefore, AlgM4 belongs to the PL7 family of alginate lyases. The amino acid sequence of AlgM4 was
compared with the sequences of other alginate lyases of the PL7 family selected in the CAZy database
(http://www.cazy.org/), and a phylogenetic tree was constructed using the neighbor joining method
(Figure 2). AlgM4 was most closely related to an alginate lyase from Vibrio litoralis BZM-2 (ALP75562.1),
with an amino acid sequence similarity of 74% observed between AlgM4 and ALP75562.1, without
annotation by genome analysis. These results suggest that AlgM4 is a new alginate lyase of the
PL7 family.

Figure 1. The deduced amino acid sequences of AlgM4. The signal peptide is underlined; SA3, SA5,
and SA4 are indicated with blue symbols.

Figure 2. Neighbor-joining phylogenetic tree of V. weizhoudaoensis strain M0101 based on putative
AlgM4 protein sequences.
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2.2. Purification and Enzymatic Activity of AlgM4

Using V. weizhoudaoensis M0101 genomic DNA as a template, the algM4 gene was PCR amplified
without the N-terminal signal peptide sequence or the stop codon and ligated into the pET30a(+)
plasmid. The plasmid was then transformed into Escherichia coli BL21 (DE3) cells for AlgM4 expression.
Purified AlgM4 protein with a C-terminal 6×histidine (His) tag was obtained by Ni2+ affinity
chromatography. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) showed a
single protein band with a molecular weight of approximately 55 kDa (Figure 3). The specific activity of
the purified AlgM4 was 4638 U/mg (Table 1), exhibiting a 36.7% increase in specific activity compared
with the crude enzyme extract.

Figure 3. SDS-PAGE analysis of purified AlgM4. Lane M, molecular weight markers; Lane 1,
purified AlgM4.

Table 1. Summary of AlgM4 purification.

Steps
Total Protein

(mg)
Total Activity

(U)
Specific Activity

(U/mg)
Recover (%)

Purification
(Fold)

Crude enzyme AlgM4 58.352 73878 1266 100 1
Purified AlgM4 11.55 53570 4638 72.5 3.7

2.3. Vmax (Maximum Reaction Rate) and Km (Michaelis Constant) of AlgM4

AlgM4 activity was measured when incubated with various concentrations of substrate (SA)
in a water bath at 30 ◦C for 10 min, and the resulting values were used to calculate the kinetic
constants of AlgM4 activity. The Vmax and Kcat values of AlgM4 were 2.75 nmol/s and 30.25 S−1,
respectively, and the Km value was 2.72 mg/mL. Two other NaCl-activated enzymes—AlyPM from
Pseudoalteromonas sp. SM0524 and AlySY08 from Nitratiruptor sp. SB155-2—were previously shown to
have Km values of 74.39 [17] and 0.36 mg/mL [14], respectively. The oligoalginate lyase Alg17C derived
from Saccharophagus degradans 2-40 had an observed Km value of 35.2 mg/mL [18]. Vibrio splendidus
12B01 expresses three oligoalginate lyases—OalA, OalB, and OalC—which had observed Km values of
3.25, 0.76, and 0.53 mg/mL, respectively [29].

2.4. Enzymatic Characteristics of AlgM4

AlgM4 exhibited high enzymatic activity at 20–40 ◦C, which decreased to 11% of the maximal
observed activity when incubated at 70 ◦C. Similar to other NaCl-activated alginate lyases in the PL7
family (such as A1m [15], rA9mT [16], and AlyPM [17]), AlgM4 had highest enzymatic activity at
30 ◦C (Figure 4A).
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Many alginate lyases have optimal pH values between pH 7 and 8, in contrast to the optimal
high-alkaline pH values of pectate lyases [20]. The optimum pH for AlgM4 activity was assessed,
and the results are shown in Figure 4B. The optimum reaction pH was 8.5, indicating that AlgM4
was weakly basophilic. In slightly alkaline environments (pH 7.5–9.0), AlgM4 retained 80% activity,
whereas AlgM4 was completely inactive at pH 11.

Figure 4. Effect of temperature and pH on AlgM4 activity. (A) The optimal temperature for AlgM4
activity. The activity of AlgM4 at 30 ◦C was completely retained; (B) The optimal pH for AlgM4 activity.
The activity of AlgM4 at pH 8.5 was completely retained.

The activity of AlgM4 remained stable for 30 min at 25 ◦C, regardless of the presence or absence
of 1 mol/L NaCl (Figure 5A). After a 30 min incubation at 30 or 35 ◦C in the presence of 1 mol/L NaCl,
AlgM4 retained 92% of its initial activity, which decreased rapidly at temperatures exceeding 40 ◦C
and decreased by 63% at 45 ◦C. In the absence of NaCl, the enzymatic activity of AlgM4 was reduced
by 94% at 45 ◦C. An examination of temperature tolerance showed that NaCl improved the thermal
stability of AlgM4.

Figure 5. The thermal stability and melting temperature (Tm) of AlgM4. (A) The thermal stability of
AlgM4. The residual activity of AlgM4 at 25 ◦C was completely retained; (B) Circular dichroism signals
at 218 nm were used for analysis of the Tm value.

The effects of metal ions and surfactants on AlgM4 activity are shown in Table 2. Ca2+ did not
influence enzyme activity, unlike for other alginate lyases [12,17,20]. While Mg2+ promoted the activity
of AlgM4, Cu2+, Mn2+, and Zn2+ inhibited AlgM4 activity. The most significant inhibitory effect on
AlgM4 was observed by Zn2+, which caused an 82% reduction in AlgM4 activity. Ethylene diamine
tetraacetic acid (EDTA) and SDS suppressed AlgM4 activity to varying degrees. The anionic surfactant
SDS strongly inhibited the enzymatic activity of AlgM4, causing a 97% reduction in AlgM4 activity,
while EDTA reduced AlgM4 activity by 35%.
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Table 2. Effect of chemical reagents on AlgM4 activity.

Reagent Concentration (mmol/L) Relative Activity (%)

None - 100 ± 0.3
CaCl2 1 97 ± 0.1
MgCl2 1 114 ± 1.1

KCl 1 91 ± 0.9
CuCl2 1 75 ± 1.7
MnCl2 1 77 ± 2.4
ZnCl2 1 18 ± 4.5
EDTA 1 65 ± 6.2
SDS 1 3 ± 3.1

The data are expressed as the means ± SD, n = 3. The activity of AlgM4 in the absence of chemical reagents was
completely retained.

2.5. Effect of NaCl on AlgM4 Activity

Different concentrations of NaCl were added to 0.1 mg/mL purified AlgM4, and the enzymatic
activity of AlgM4 was then examined. AlgM4 was promoted at NaCl concentrations of 0.1–1.4 mol/L
and was greatest in the presence of 1.0 mol/L NaCl, exhibiting more than 7 times the activity observed
in the absence of NaCl (Table 3). The activity of AlyPM in the presence of 0.5–1.2 mol/L NaCl was
6 times that observed in the absence of NaCl [17]. Under optimum reaction conditions, the activity of
A1m in the presence of 0.6–0.8 mol/L NaCl was 20 times that observed in the absence of NaCl [15].
The activity of rA9mT in the presence of 0.4 mol/L NaCl was 24 times that observed in the absence of
NaCl [16].

Table 3. Effect of NaCl on AlgM4 activity.

NaCl Concentration (mol/L) Relative Activity (%)

0 100 ± 0.2
0.1 229 ± 5.6
0.2 286 ± 6.4
0.3 356 ± 3.8
0.4 447 ± 1.4
0.5 481 ± 0.8
0.6 528 ± 3.1
0.7 572 ± 0.4
0.8 628 ± 3.4
0.9 664 ± 1.9
1.0 741 ± 3.2
1.2 462 ± 5.8
1.4 236 ± 4.5

The data are expressed as the means ± SD, n = 3. The activity of AlgM4 in the absence of NaCl was
completely retained.

2.6. Determination of the Secondary Structure and Thermal Denaturation Temperature of AlgM4

The thermal denaturation temperature of AlgM4 was determined by circular dichroism (CD)
spectroscopy at 25–75 ◦C. In addition, the secondary structure of AlgM4 was determined by
ultraviolet–visible (UV–Vis) spectroscopy and CD spectroscopy. The CD absorption values of AlgM4
protein at 218 nm in different temperatures are shown in Figure 5B, and the CD values were used
for analysis of the Tm value. The CD values of AlgM4 relatively remained stable at 25–35 ◦C in the
absence of NaCl; subsequently, CD values slowly increased with the increase of temperature and the
denaturation of AlgM4, then increased dramatically at 40–45 ◦C and remained stable at temperatures
exceeding 45 ◦C. The AlgM4 protein was denatured completely when the temperature was higher
than 45 ◦C. However, in the presence of 1 mol/L NaCl, the CD values increased rapidly at 45–50 ◦C
and remained stable at temperatures exceeding 50 ◦C. The results showed that NaCl enhanced the
ability of AlgM4 to resist thermal denaturation.
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As shown in Figure 6A, the UV absorbance of AlgM4 at 220–240 nm was significantly reduced
in the presence of 1 mol /L NaCl. CD spectroscopy was used to determine the secondary structure
of the purified AlgM4, and the results are shown in Figure 6B. The absorption spectrum of AlgM4
was characterized by positive and negative peaks at approximately 198 and 218 nm, respectively, and
the intensity of these peaks was reduced by the addition of 1 mol/L NaCl. The results showed that
the α-helix and β-sheet contents in the secondary structure of AlgM4 were decreased after addition
of 1 mol/L NaCl. Specifically, the α-helix and β-sheet contents were reduced from 12.4% and 38.2%
to 10.8% and 36.5%, respectively. The changes in the contents of secondary structural elements are
summarized in Table 4. The secondary structure of AlgM4 was altered in the presence of 1 mol/L NaCl,
which may enhance the affinity of the enzyme for its substrates and facilitate enzymolysis. The alginate
lyase AlyPM, derived from Pseudoalteromonas sp. SM0524, differs from AlgM4 in that the presence of
NaCl did not alter the secondary structure of AlyPM. However, NaCl enhanced the affinity of AlyPM
for its substrates, thereby promoting enzymolysis [17]. In addition, AlyPM is a cold-adapted enzyme,
and its thermal denaturation temperature is relatively low, with a Tm of 37 ◦C [17]. At 1 mol/L, NaCl
not only altered the secondary structure of AlgM4 but also enhanced the ability of AlgM4 to resist
thermal denaturation. As a result, the midpoint of thermal denaturation (Tm) was increased from 43.3
to 48.2 ◦C (Figure 5B).

Figure 6. Determination of the secondary structure of the AlgM4. (A) Determination of the
secondary structure by UV–Vis absorption spectra; (B) Determination of the secondary structure
by circular dichroism.

Table 4. Secondary structure of AlgM4 as estimated by CD.

Enzyme α-Helix (%) β-Sheet (%) β-Turu (%) Random Coil (%)

AlgM4 12.4 38.2 21.3 28
AlgM4 + 1 mol/L NaCl 10.8 36.5 22.9 29.6

2.7. Analysis of the Products of AlgM4-Mediated Enzymolysis of Alginate by Ultra-Performance Liquid
Chromatography (UPLC)–Quadrupole Time-of-Flight (QTOF)–Mass Spectrometry (MS)/MS

Alginate lyases with endolytic characteristics generally act on glycosidic bonds within the
linear polysaccharide chain of alginate, generating unsaturated oligosaccharides that are dominated
by disaccharides, trisaccharides, and tetrasaccharides [27]. Exolyases further depolymerize these
oligosaccharides into mannuronic acids [18,29,30]. AlgM4 degrades both SA (Figure 7A) and polyG
(Figure 7B) to produce oligosaccharides with degree of polymerization DP 2–6 [31,32]. The content of
each oligosaccharide can be determined only after quantitative determination. Unlike SA and polyG,
degradation of polyM produces oligosaccharides DP7, DP8, and DP9 (Figure 9). Furthermore, AlgM4
may be useful in the preparation of oligosaccharides, especially with high DP 7–9, and the study of
their biological functions.
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In recent years, the biological activities of oligosaccharides and the application of oligosaccharides
in the medical and biotechnology fields has attracted the attention of researchers [33]. Oligosaccharides
have higher degrees of polymerization and possibly better bioactivity [26]. An et al. observed
that oligosaccharides (DP 6–8) derived from SA stimulated the accumulation of phytoalexin and
induced phenylalanine ammonia lyase in soybean cotyledons, resulting in their acquired resistance
to Pseudomonas aeruginosa [34]. In addition, trisaccharides, tetrasaccharides, pentasaccharides,
and hexasaccharides obtained by enzymatic degradation of SA promoted the growth of lettuce
seedlings [35].

Figure 7. (A) Ultra-Performance Liquid Chromatography (UPLC)–Quadrupole Time-of-Flight
(QTOF)–MS/MS analysis of hydrolysates of AlgM4 with sodium alginate as the substrate;
(B) UPLC–QTOF–MS/MS analysis of hydrolysates of AlgM4 with polyG as the substrate. DP indicates
the degree of polymerization of oligosaccharides from the alginate lyase hydrolysates.

Figure 8. Cont.
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Figure 9. UPLC–QTOF–MS/MS analysis of hydrolysates of AlgM4 with polyM as the substrate.
DP indicates the degree of polymerization of oligosaccharides from the alginate lyase hydrolysates.
The reaction products of disaccharide, tetrasaccharide and pentasaccharide were detected at 0.8 min
(a). The major peacks of DP7, DP6, DP9 and DP8 were detected at 1.0 min (b), 1.2 min (c), 2.2 min (d)
and 2.4 min (e), respectively.

3. Materials and Methods

3.1. The Bacterium

The marine bacterium V. weizhoudaoensis M0101 was isolated from rotten Sargassum collected
from Weizhou Island, Beihai, Guangxi Province, China.

3.2. Cloning and Expression of the algM4 Gene

The primers were designed according to the nucleic acid sequence of the algM4
gene. The following primers were used to amplify the algM4 gene: upstream primer, 5′-GGA
ATTCCATATGCTTGCATCTTCTGTG-3′ (the NdeI restriction site is underlined); downstream
primer, 5′-CCGCTCGAGACCTTTATAAGAACCGTG-3′ (the XhoI restriction site is underlined).
The parameters of the polymerase chain reaction (PCR) were as follows: 94 ◦C for 2 min; followed
by 30 cycles of 94 ◦C for 30 s, 58 ◦C for 30 s, and 72 ◦C for 1 min 40 s; with a final incubation at 72 ◦C
for 10 min. The PCR product was double digested with the NdeI and XhoI restriction enzymes and
then ligated into the pET30a(+) vector to construct the recombinant plasmid pET30a-algM4. To induce
the expression of AlgM4, the recombinant plasmid was transformed into the E. coli strain BL21
(DE3). The positive transformants were picked, inoculated into 10 mL of LB (Luria-Bertani) medium
containing 50 μg/mL kanamycin (Kan) and cultured at 37 ◦C with shaking (200 rpm) until the OD600
of the culture reached 0.5. The culture was then inoculated into LB medium containing 50 μg/mL
Kan (inoculum volume: 1% (v/v)) and cultivated until the OD600 value reached 0.5. Subsequently,
isopropyl β-D-1-thiogalactopyranoside (IPTG) was added at a final concentration of 0.5 mmol/L.
After the addition of IPTG, the bacteria were cultured for another 12 h at 25 ◦C with shaking (200 rpm).

3.3. Purification of AlgM4

Protein isolation and purification was carried out at 0–4 ◦C. The IPTG-induced bacteria were
harvested by centrifugation at 6000 rpm for 10 min. Subsequently, the bacteria were resuspended
in buffer (10 mmol/L imidazole, 300 mmol/L NaCl, and 20 mmol/L Tris-HCl; pH 7.0) and lysed
by ultrasonication. The lysates were centrifuged at 12,000 rpm for 30 min, and the resulting crude
enzyme solution was collected. After washing off the protein impurities with buffer (50 mmol/L
imidazole, 300 mmol/L NaCl, and 20 mmol/L Tris-HCl; pH 7.0), AlgM4 bound to the Ni2+ column
was eluted with elution buffer containing 150 mmol/L imidazole, 300 mmol/L NaCl, and 20 mmol/L
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Tris-HCl (pH 7.0). The purified protein was analyzed by SDS-PAGE, and the protein concentration
was determined using the Bradford method.

3.4. Determination of the Enzymatic Properties of AlgM4

Enzymatic properties were determined using 0.1 mg/mL AlgM4. Nine hundred microliters
of a 1.0% (w/v) SA solution was mixed with 100 μL of purified AlgM4 and incubated in a water
bath at 30 ◦C for 10 min. The mixture was then boiled in a water bath for 5 min to terminate the
reaction. After the reaction system was cooled to room temperature, the absorbance was measured at
235 nm. The unit of enzymatic activity (U) was defined as an increase in absorbance of 0.01 per minute.
To determine the optimum reaction temperature, the enzymatic activity of AlgM4 was measured at
10–70 ◦C in 100 mmol/L Tris-HCl (pH 7.0) buffer using 0.2% (w/v) SA as a substrate. To determine
the optimum reaction pH, the activity of AlgM4 was evaluated in 100 mmol/L citric acid–sodium
citrate buffer (pH value: 4.5–6.5), 100 mmol/L Tris-HCl buffer (pH value: 7.0–9.0), or 100 mmol/L
glycine-sodium hydroxide buffer (pH value: 9.5–12.0) at the optimum reaction temperature. To test
the thermal stability of the enzyme, AlgM4 was first incubated at 25–50 ◦C for 30 min, and the residual
AlgM4 activity was then measured under the optimum reaction conditions. To examine the effects
of metal ions and surfactants on the enzymatic activity of AlgM4, metal ions (Ca2+, K+, Mg2+, Mn2+,
Zn2+, and Cu2+), EDTA, or SDS were added to 50 μL of enzyme solution at a final concentration of 1
mmol/L. The activity of AlgM4 was then measured under the optimum reaction conditions using a
0.2% (w/v) SA solution as a substrate. The effect of NaCl on AlgM4 activity was also examined. NaCl
was added to the enzyme solution at final concentrations of 0.1–1.4 mol/L, and the activity of AlgM4
was then compared to that observed under optimum reaction conditions.

3.5. Determination of the Kinetic Constants for AlgM4 Activity

The enzymatic activity of AlgM4 (0.1 mg/mL) was measured under the optimum reaction
conditions using 3,5-dinitrosalicylic acid (DNS) assay. The concentrations of the substrate, SA,
assayed were 0.5–10 mg/mL. Lineweaver-Burk (double-reciprocal) plots were generated using
1/[S] as the abscissa and 1/V as the ordinate. The Vmax and Km values were calculated using the
Michaelis-Menten equation.

3.6. The Effects of NaCl on the Secondary Structure and Thermal Stability of AlgM4

In one group, NaCl was added to a 300 μL reaction containing 0.28 mg/mL of purified AlgM4
(final concentration of NaCl: 1 mol/L), while another group was not exposed to NaCl. The secondary
structure of the purified AlgM4 protein was determined at 25 ◦C using a TU-1901 Dual Beam Ultraviolet
Spectrophotometer (PERSEE, Beijing, China) (spectral range: 200–350 nm) and a Chirascan Circular
Dichroism Spectrometer (Applied Photophysics Ltd., Surrey, UK) (spectral range: 195–250 nm; optical
path length: 10 mm; bandwidth: 0.5 nm). The composition of the secondary structural elements was
analyzed using CDpro software (http://sites.bmb.colostate.edu/sreeram/CDPro/CDPro.htm). The
thermal denaturation temperature of AlgM4 was measured under the following conditions: spectral
range, 200–260 nm; bandwidth, 0.7 nm; 25–75 ◦C. The Tm value was calculated using Global 3 software
(Applied Photophysics Ltd., Surrey, UK).

3.7. Analysis of the Products of AlgM4-Mediated Enzymolysis Using UPLC–QTOF–MS/MS

The purified AlgM4 (0.25 mg/mL) enzyme was mixed with an equal volume of 1.0% (w/v) SA,
polyM, or polyG; incubated in a water bath at 30 ◦C for 6 h; and then concentrated in vacuo. After
high-speed centrifugation, the supernatants were collected and filtered through filter membranes with
a 0.22 μm pore size. The filtrates were analyzed using liquid chromatography (LC)-MS. The equipment
used in the analysis was a UPLC-QTOF-MS/MS system (Waters Corporation, Milford, MA, USA),
which consisted of a UPLC I-Class instrument (Waters Corporation, Singapore) and a XEVO G2-S
mass spectrometer (Waters Corporation, Milford, MA, USA). The operating conditions of LC were
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as follows: ACQUITY UPLC HSS T3 C18 column (2.1 mm × 100 mm, 1.8 μm, Waters Corporation,
Milford, MA, USA); gradient elution with 0.1% formic acid-water (A) and formic acid-acetonitrile (B);
flow rate, 0.5 mL/min; column temperature, 35 ◦C; analytic time, 10 min; injection volume, 1.0 μL.
The MS conditions were as follows: ion scan mode, negative-ion ESI mode; scan range, 100–1700 Da;
ion source temperature, 100 ◦C; desolvation gas temperature, 400 ◦C; desolvation gas flow rate, 1000
L/h; capillary voltage, 2.5 kV; cone voltage, 40 V; low collision energy, 6 V; high collision energy, 35–50
V; data acquisition software, MassLynx 4.1 SCN 884 (Waters Corporation, Milford, MA, USA); data
acquisition mode, MSE.

4. Conclusions

AlgM4 is a new salt-activated and bifunctional alginate lyase of the PL7 family with endolytic
activity derived from the marine bacterium V. weizhoudaoensis M0101. Compared with the observed
AlgM4 activity in the absence of NaCl, the enzymatic activity of AlgM4 increased in the presence of
various concentrations of NaCl (0.1–1.4 mol/L). The addition of 1 mol/L NaCl resulted in a more
than sevenfold increase in AlgM4 activity. Therefore, AlgM4 tolerates high-salinity environments.
NaCl not only altered the composition of the secondary structural elements in AlgM4 but also
enhanced its thermal stability. AlgM4 hydrolyzed SA, polyM, and polyG via its endolytic activity,
producing oligosaccharides (DP 2–9). The alginate lyase AlgM4 has an important application value
in the preparation of bioactive oligosaccharides and in the processes of alginate saccharification and
ethanol fermentation.
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Abstract: Alginate oligosaccharides with different bioactivities can be prepared through the specific
degradation of alginate by alginate lyases. Therefore, alginate lyases that can be used to degrade
alginate under mild conditions have recently attracted public attention. Although various types of
alginate lyases have been discovered and characterized, few can be used in industrial production.
In this study, AlgA, a novel alginate lyase with high specific activity, was purified from the
marine bacterium Bacillus sp. Alg07. AlgA had a molecular weight of approximately 60 kDa,
an optimal temperature of 40 ◦C, and an optimal pH of 7.5. The activity of AlgA was dependent on
sodium chloride and could be considerably enhanced by Mg2+ or Ca2+. Under optimal conditions,
the activity of AlgA reached up to 8306.7 U/mg, which is the highest activity recorded for alginate
lyases. Moreover, the enzyme was stable over a broad pH range (5.0–10.0), and its activity
negligibly changed after 24 h of incubation at 40 ◦C. AlgA exhibited high activity and affinity
toward poly-β-D-mannuronate (polyM). These characteristics suggested that AlgA is an endolytic
polyM-specific alginate lyase (EC 4.2.2.3). The products of alginate and polyM degradation by AlgA
were purified and identified through fast protein liquid chromatography and electrospray ionization
mass spectrometry, which revealed that AlgA mainly produced disaccharides, trisaccharides, and
tetrasaccharide from alginate and disaccharides and trisaccharides from polyM. Therefore, the novel
lysate AlgA has potential applications in the production of mannuronic oligosaccharides and
poly-α-L-guluronate blocks from alginate.

Keywords: alginate lyase; marine bacterium; Bacillus sp. Alg07; purification; alginate oligosaccharides

1. Introduction

Alginate is a linear copolymer that is composed of homopolymeric blocks of (1–4)-linked
α-L-guluronic acid (G) and its C5 epimer β-D-mannuronic acid (M), which forms three types of
blocks: poly-α-L-guluronate (polyG), poly-β-D-mannuronate (polyM), and random heteropolymeric
sequences (polyMG) [1]. Alginate is the most abundant carbohydrate in brown algae, and it accounts
for up to 10–45% of the dry weight of brown algae [2]. Some bacteria that belong to the genera
Azotobacter [3] and Pseudomonas [4] produce alginate as an extracellular polysaccharide. In contrast to
algal alginate, bacterial alginate is acetylated. Commercial alginate manufactured from brown algae
has been used as a thickening agent or gelling agent in the food and pharmaceutical industries [5].
Alginate can be degraded into alginate oligosaccharides (AOS) through a chemical process or by
alginate lyase. Given that AOS can stimulate the growth of endothelial cells [6] and the production
of multiple cytokines [7], they may be applied as growth-promoting agents in some plants [8] and
bifidobacteria [9]. Furthermore, AOS demonstrate excellent antioxidant activity [10] and havepotential
uses in protection against pathogens [11].
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In alginate degradation, alginate lyases cleave the (1–4)-linked glucosidic bond of
alginate via a β-elimination mechanism and generate unsaturated oligosaccharides with
4-deoxy-alpha-L-erythrohex-4-enopyranuronosyl uronate as the nonreducing terminal residue [12].
Numerous alginate lyases have been isolated from various organisms, such as marine algae [13],
marine mollusks [14], marine and terrestrial bacteria [15,16], marine fungi [17], and viruses [18].
Alginate lyases can be categorized into polyM-specific, polyG-specific, and polyMG-specific lyases
on the basis of their substrate preferences [19] or into endo- or exo-alginate lyases on the basis of
their cleavage mode [19]. In the carbohydrate-active enzyme database, alginate lyases belong to the
polysaccharide lyase family [20]. The structures of some alginate lyases have been elucidated.

Alginate lyases are widely used in many fields. For example, alginate lyases have been employed
to explain the fine structures of alginate [21] and to prepare red and brown algal protoplasts [22]. These
enzymes may be utilized in the treatment of cystic fibrosis [23] and have been used as catalysts for AOS
production [24]. The application of alginate lyases in alginate degradation under mild conditions has
recently attracted public attention given the high efficiency and specifi of these enzymes. Nevertheless,
present studies on alginate lyases remain in development, and the low catalytic efficiency and poor
thermostability of alginate lyases limit their utility in AOS production. Therefore, high-efficiency and
thermostable alginate lyases should be identified for use in AOS production.

In our work, we isolated and identified Bacillus sp. Alg07, a novel marine bacterium. AlgA,
the alginate lyase secreted by this strain, showed extremely high activity. Hence, we purified and
characterized AlgA to confirm that it has potential applications in AOS production.

2. Results and Discussion

2.1. Screening and Identification of Strain Alg07

Twenty-one strains with alginate lyase activity were isolated using alginate as the sole carbon
source. Alg07 secreted the alginate lyase with the highest activity in the fermentation culture.

The 16S rRNA gene of Alg07 was cloned, sequenced, and submitted to GeneBank (accession
number KM040772) for strain identification. The alignment of 16S rRNA gene sequences from different
Bacillus species showed that strain Alg07 is closely related to Bacillus litoralis S20409 (97%) and
Bacillus simplex J2S3 (97%). However, the low similarity shared by the 16s rRNA gene sequence
of Alg07 with that of other known Bacillus species indicated that Alg07 may be a novel Bacillus species.
In accordance with the neighbor-joining phylogenetic tree, the strain was assigned to the genus Bacillus
and designated as Bacillus sp. Alg07 (Figure 1).

Figure 1. Neighbor-joining phylogenetic tree generated on the basis of the 16S rRNA gene sequences
of strain Alg07 and other known Bacillus species.
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2.2. Purification of Alginate Lyase from Bacillus sp. Alg07

Bacillus sp. Alg07 was cultured in optimized liquid medium for 24 h until its alginate lyase
reached the highest activity. The supernatant containing 510 U/mL of alginate lyase was subjected
to further purification through the two simple steps of tangential flow filtration concentration and
anion exchange chromatography with Source 15Q (Figure S1). After purification, the alginate lyase
was purified 8.34-fold with a yield of 62.4% (Table 1). The final specific activity of the purified alginate
lyase was 8306.7 U/mg. The purified alginate lyase from Bacillus sp. Alg07 was designated as AlgA.

Table 1. Summary of the purification of AlgA.

Step Total Protein (mg) Total Activity (U) Specific Activity (U/mg) Folds Yield (%)

Culture broth 23.82 23,724.72 996.01 1.00 100
Vivaflow50 10.30 22,672.14 2201.18 2.21 95.4
Source 15Q 1.78 14,785.9 8306.71 8.34 62.4

The activities of AlgA and those of other well-studied strains are shown in Table 2, which shows
that AlgA has the highest activity among all reported alginate lyases. The simple purification, high
recovery, and high specific enzyme activity of AlgA indicated that it may be produced industrially on
a large scale.

Table 2. Comparison of the properties of AlgA with those of alginate lyases from different microorganisms.

Enzyme Source
Specific
Activity
(U/mg)

Molecular
Mass
(kDa)

Optimal
Temperature

(◦C)

Optimal
pH

Cation Activators
Substrate
Specificity

AlgA This study 8306.71 60 40 7.5 Na+, Mg2+, Ca2+, Mn2+ PM
Oal17 Shewanella sp.Kz7 [25] 32 82 50 6.2 Na+ PM
Cel32 Cellulophaga sp. NJ-1 [15] 2417.8 32 50 8.0 Ca2+, Mg2+, K+ PM, PG
Alg7D Saccharophagus degradans [26] 4.6 63.2 50 7.0 Na+ PM, PG

AlySY08 Vibrio sp. Aly08 [27] 1070.2 33 40 7.6 Na+, K+, Ca2+, Mg2+ PM, PG
AlyV5 Vibrio sp. QY105 [28] 2152 37 38 7.0 Na+, Mg2+, Ca2+, Mn2+ PM, PG
Alm Agarivorans sp. JAM-Alm [29] 108.5 31 30 10.0 Na+, K+ PG, PMG

FlAlyA Flavabacterium sp. UMI-01 [16] 2347.8 30 55 7.7 Na+, K+, Ca2+, Mg2+ PM

Figure 2 shows that the purified AlgA exhibited a clear and unique band on sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). This result suggested that the
two-step purification process is successful. The molecular weight of AlgA was approximately
60 kDa, which is similar to molecular weights of alginate lyases from Vibrio sp.YKW-34 [30] and
Saccharophagus degradans [26]. AlgA belongs to the class of large alginate lyases on the basis of its
molecular weight [31].

The N-terminal amino acid sequence of the purified AlgA was analyzed. The sequence
was identified as Glutamic acid–Glutamic acid–Glutamic acid–Glutamic acid–Aspartic
acid–Valine–Threonine–Tyrosine (Figure S2). The results from homology search using BLASTp and
CLUSTAL X indicated that the N-terminal amino acid sequence of AlgA is absent from the sequences
of the previously reported alginate lyases. Furthermore, a protein with four Glu residues at its
N-terminal is unusual. Therefore, AlgA may be a novel alginate lyase.
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Figure 2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) result for AlgA.
Lane M, protein ladder; Lane 1, purified AlgA.

2.3. Biochemical Characterization of AlgA

The optimal temperature of AlgA is 40 ◦C, which is similar to alginate lyases derived from
Vibrio sp.YKW-34 [30], Flavobacterium sp. LXA [11], Pseudomonas aeruginosa PA1167 [32], and
Stenotrophomnas maltophilia KJ-2 [33]. The activity of AlgA significantly decreased under temperatures
exceeding 50 ◦C (Figure 3A). Thermostability analysis indicated that the activity of AlgA remained
relatively unchanged after 5 h of incubation at 40 ◦C and did not decrease even after 24 h of incubation at
40 ◦C (data not shown). However, the enzyme was less stable under high temperatures, and the half-life
of AlgA is approximately 3 h under 45 ◦C and 0.75 h under 50 ◦C (Figure 3B). This result indicated that
at its optimal temperature, AlgA might be the most stable enzyme among all reported alginate lyases.
Alginate lyases from Favobacterium sp. LXA [11], Vibrio sp. W13 [34], and Zobellia galactanivorans [35]
are stable only under temperatures less than 40 ◦C. The activities of many alginate lyases considerably
decrease after incubation at 40 ◦C. AlyL2 from Agarivorans sp. L11 has a half-life of 125 min at
40 ◦C [36], and OalS17 from Shewanella sp. Kz7 retains 88% of its activity after 1 h of incubation at
40 ◦C [25]. Furthermore, alginate lyases from Flammeovirga sp. MY04 [37] and Vibrio sp. SY08 [27] retain
approximately 80 and 75%, respectively, of their activities after 2 h of incubation at 40 ◦C. Thermostable
enzymes are more advantageous than thermolabile counterparts due totheir long half-lives and low
production costs. Thus, AlgA has potential industrial applications given its excellent thermostability.

The optimal pH of AlgA was 7.5 in 20 mM Tris-HCl buffer. AlgA exhibited more than 90% of
its maximal activity in pH 8.0 buffer. These results suggested that AlgA is basophilic (Figure 3C).
Similarly, the optimal activities of most alginate lyases from marine bacteria are observed at pH 7.5–8.0
(Table 2). The results of the pH stability assay showed that AlgA presented the highest stability for an
extended period over a pH range of 5.0–10.0 (Figure 3D). The good stability of AlgA over a wide pH
range indicated its suitability for industrial application. Furthermore, the use of AlgA may decrease
production costs given that pH adjustment will be unnecessary even when various alginates from
different sources are employed as substrates.
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Figure 3. Effects of temperature and pH on the relative activity of AlgA. (A) Optimal temperature
of AlgA. (B) Thermostability of AlgA at 40 ◦C (filled square), 45 ◦C (filled circle), and 50 ◦C
(filled triangle). (C) Optimal pH for the relative activity of AlgA was determined in 20 mM
CH3COOH-CH3COONa buffer (filled square), 20 mM Tris-HCl buffer (filled circle), or 20 mM
Glycine-NaOH buffer (filled triangle). (D) pH stability of AlgA in 20 mM CH3COOH-CH3COONa
buffer (filled square), 20 mM Tris-HCl (filled circle), and 20 mM Glycine-NaOH (filled triangle).

To determine the effect of NaCl on AlgA, the activity of AlgA in the presence of various NaCl
concentrations was measured. As shown in Figure 4A, the optimal NaCl concentration for AlgA
activity was 200 mM, and no activity was detected in the absence of NaCl. These results indicated
that the activity of AlgA is dependent on NaCl. Thus, NaCl concentration is crucial for the activity
of AlgA, which is a salt-activated alginate lyase. However, high NaCl concentrations decreased the
activity of AlgA. Similarly, the activities of marine bacterial alginate lyases, such as AlyV5 from Vibrio
sp. QY105 [28] and AlyYKW-34 from Vibrio sp. YKW-34 [30], are dependent on NaCl.

 

Figure 4. Effect of NaCl (A) and metal ions (B) on the activity of AlgA.
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The effects of metal ions and EDTA on the activity of AlgA were determined in the presence of
200 mM NaCl. Mg2+ or Ca2+ significantly enhanced enzymatic activity by 300% or 215%, and Co2+

and Mn2+ slightly increased enzymatic activity (Figure 4B). By contrast, Hg2+, Fe3+, Fe2+, and Cu2+

completely inhibited lyase activity. Ba2+ and EDTA partially inhibited lyase activity. Ca2+ and Mg2+

increase the activity of many alginate lyases, such as aly-SJ02 from Pseudoalteromonas sp. SM0524 [38]
and AlyV5 from Vibrio sp. QY105 [28]. However, Mg2+ and Ca2+ decrease the activity of Alg7D from
S. degradans [26].

2.4. Substrate Specificity and Kinetic Parameters of AlgA

AlgA exhibited activity toward alginate but not toward pectin, hyaluronan, chitin, or agar.
This behavior suggested that AlgA is indeed an alginate lyase. As shown in Figure 5, the relative
activities of AlgA toward alginate, polyM, and polyG blocks are 100 ± 4.3, 87.2 ± 6.9, and 10.5 ± 1.7%,
respectively. The slight activity toward polyG block might result from the presence of a few M residues
in polyG substrates. These results indicated that the polyM block of substrates is the preferred substrate
of AlgA. Thus, AlgA is a mannuronate lyase. Alginate lyases from Flavobacterium sp. UMI-01 [16],
Vibrio sp. JAM-A9m [39], and Pseudomonas sp. QD03 [40] also belong to the mannuronate lyase class
of enzymes.

 

Figure 5. Relative activities of AlgA toward alginate, polyM, and polyG.

The kinetic parameters of AlgA were determined through nonlinear regression analysis (Figure S3)
and are shown in Table 3. AlgA has a lower Km value for polyM than for sodium alginate. This result
suggested that AlgA has high affinity for polyM blocks and further confirmed that AlgA is a
mannuronate lyase. However, the kcat values of AlgA for sodium alginate were higher than those for
polyM. Therefore, AlgA has equivalent catalytic efficiency for sodium alginate and polyM.

Table 3. Kinetic parameters of the activity of AlgA toward sodium alginate and polyM blocks.

Parameter Sodium Alginate PolyM

Vmax (U mg of protein−1) 1052.0 ± 214.6 547.6 ± 22.4
Km (mg mL−1) 9.0 ± 3.3 3.6 ± 0.4

kcat (s−1) 911.7 ± 185.9 474.6 ± 19.4
kcat/Km (mg−1 mL s−1) 101.3 ± 20.7 132.0 ± 5.4
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2.5. Fast Protein Liquid Chromatography and Electrospray Ionization Mass Spectrometry Analysis of the
Degradation Products of AlgA

To investigate the action patterns of AlgA, degradation of alginate by this enzyme was performed.
The degradation products at different time intervals were analyzed through gel chromatography.
Fast protein liquid chromatography (FPLC) analysis indicated that AOS with different degrees of
polymerization (DP) gradually accumulated (Figure 6). Therefore, AlgA is an endo-type alginate lyase.

 

Figure 6. Patterns of the polysaccharide degradation products of AlgA. Enzymatic degradation
products collected at 0.5, 2, 4, 6, and 10 h were subjected to gel filtration with a Superdex peptide
10/300 GL column. The absorbances of the products were monitored at 235 nm.

In addition, the alginate was completely digested with an excess of AlgA at 40 ◦C for 24 h.
The products were separated through gel chromatography. The elution profiles (Figure 7) of the
degradation products presented three major fractions (peaks 1, 2, and 3).

 

Figure 7. Final products of alginate, polyM, and polyG after degradation by AlgA. Oligosaccharide
products were gel-filtered through a Superdex peptide 10/300 GL column and monitored at a
wavelength of 235 nm.
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To identify the final oligosaccharide products of AlgA degradation and to determine their DP, three
major fractions were subjected to electrospray ionization mass spectrometry (ESI-MS). The molecular
masses of oligosaccharides in peaks 1, 2, and 3 were determined to be 351.06, 527.09, and 703.12,
respectively (Figure 8). These results indicated that the main degradation products are di-, tri- and
tetra-saccharides. The relative contents of di-, tri- and tetra-saccharides in alginate were 61.19%,
15.59%, and 23.22%, respectively, whereas those of di-, tri- and tetra-saccharides in the polyM substrate
were 58.30%, 34.26%, and 7.43%, respectively. Meanwhile, AlgA has limited activity toward polyG.
Therefore, AlgA may be used in the production of mannuronic oligosaccharides from polyM blocks
and the preparation of polyG blocks from sodium alginate via the degradation of polyM blocks.
The products of mannuronic oligosaccharides and polyG blocks possess special biological activity and
have potential applications in many fields. For example, mannuronate oligosaccharides can promote
the secretion of multiple cytokines [7], and polyG demonstrates higher macrophage-stimulation activity
than polyM [41].

 

Figure 8. Electrospray ionization mass spectrometry (ESI-MS) analysis of the final oligosaccharide
products. (A) Fraction peak 1 separated through fast protein liquid chromatography (FPLC), (B) fraction
peak 2 separated through FPLC, and (C) fraction peak 3 separated through FPLC.
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3. Materials and Methods

3.1. Materials

Sodium alginate derived from brown seaweed was purchased from Sigma (St. Louis, MO, USA).
SOURCETM 15Q 4.6/100 PE and Superdex peptide 10/300 gel filtration columns were purchased from
GE HealthCare Bio-Sciences (Uppsala, Sweden). DNA polymerase, protein molecular weight markers,
and polyacrylamide were purchased from New England Biolabs (Ipswich, MA, USA). Other chemicals
and reagents used in this study were of analytical grade.

3.2. Screening and Identification of Strain Alg07

Sea mud and rotten kelp samples were collected from a seaweed farm in Weihai, China. Five grams
of the samples were added to 45 mL of modified marine broth 2216 medium containing 5 g/L
(NH4)2SO4, 19.45 g/L NaCl, 12.6 g/L MgCl2·6H2O, 6.64 g/L MgSO4·7H2O, 0.55 g/L KCl, 0.16 g/L
NaHCO3, 1 g/L ferric citrate, and 10 g/L sodium alginate. After 48 h of enrichment at 30 ◦C, the culture
was serially diluted with deionized water and spread on modified marine broth 2216 agar containing
10 g/L sodium alginate. The plates were incubated at 30 ◦C for two days until colonies appeared.
Single colonies were inoculated into marine broth 2216 medium containing 10 g/L sodium alginate and
incubated for 48 h at 30 ◦C. Then, the activities of alginate lyase in the supernatants were determined.
The alginate lyase from one of the isolates, strain Alg07, showed the highest activity among all lyases.

To identify the Alg07 strain, the 16S rRNA gene of the strain was amplified through PCR by using
universal primers. The purified PCR fragment was sequenced and compared with reported 16s rRNA
sequences in Genbank by using BLAST. A phylogenetic tree was constructed using CLUSTAL X and
MEGA 6.0 [42] through neighbor-joining method [43].

3.3. Production and Purification of AlgA

Strain Alg07 was cultured for 24 h at 30 ◦C and 180 rpm in the optimized liquid medium,
which contained 1g/L peptone, 3 g/L yeast extract, 9 g/L sodium alginate, 5 g/L NaCl, 1 g/L
MgSO4·7H2O, 5 g/L KCl, and 4 g/L CaCl2 (pH 6.5). The supernatant was collected after 30 min
of centrifugation at 10,000 rpm and 4 ◦C and then concentrated and desalted using a tangential
flow filtration system (Vivaflow 50, Sartorius, Goettingen, Germany). The concentrated solution was
subjected to AKTA FPLC (GE Healthcare Life Science, Marlborough, MA, USA) equipped with a
SOURCETM (Barrie, ON, Canada) 15Q 4.6/100 PE column that had been equilibrated with 20 mM
Tris–HCl buffer (pH 7.0). Adsorbed proteins were eluted with a linear gradient of 0–0.5 M NaCl in
equilibrating buffer under a flow rate of 1 mL/min. Fractions possessing the highest specific activity
among all fractions were pooled and dialyzed against 20 mM Tris-HCl buffer (pH 7.0) for further
enzyme characterization. All purification procedures were performed at 4 ◦C. Protein concentration
was determined with a protein quantitative analysis kit (Solarbio, Beijing, China) using bovine serum
albumin as the calibration standard. The purity of the isolated alginate lyase was analyzed through
12.5% SDS-PAGE in accordance with the method of Laemmli (1970) [44].

3.4. Enzyme Activity Assay

To determine the activity of alginate lyase, 100 μL of appropriately diluted enzyme was added to
1900 μL of substrate solution containing 10 g/L sodium alginate, 20 mM Tris-HCl, and 200 mM NaCl
(pH 7.5). The reaction was allowed to proceed for 20 min at 40 ◦C and terminated by the addition
of 20 μL of 10 M NaOH. Absorbance at 235 nm was recorded. One unit (U) was defined as the
amount of enzyme required to increase the absorbance at 235 nm by 0.1 per min. For kinetic parameter
analysis, the 3,5-dinitrosalicylic acid method was performed to determine alginate lyase activity based
on the release of reducing sugars from substrates [45]. One unit (U) was defined as the amount of
enzyme required to release 1 μmol of reducing sugar per min. All enzyme reactions were performed
in triplicate, and reaction parameters were expressed as mean ± standard deviation.
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3.5. Characterization of AlgA

Enzyme reactions were carried out at different temperatures (25 ◦C–60 ◦C) to determine the effect
of temperature on AlgA. To evaluate the thermal stability of AlgA, the enzyme was incubated for
different intervals at 40 ◦C, 45 ◦C, and 50 ◦C. Then, the residual activities of the enzyme were tested.
The activity of the enzyme stored at 4 ◦C was used to represent 100% enzyme activity. The effect of
different pH values on AlgA was determined by calculating the residual activities of AlgA after 20 h
of incubation at 4 ◦C in 20 mM sodium acetate (pH 3.0–6.0), Tris-HCl (pH 6.0–9.0), or glycine-NaOH
(pH 9.0–11.0) buffers. The initial activities in different pH buffers represented 100% enzyme activity.

Enzyme reactions were performed in the presence of different concentrations of NaCl (0–500 mM)
to evaluate the effect of NaCl on AlgA. To determine the effects of metal ions and EDTA on the activity
of AlgA, the highest enzyme activity was considered as 100% enzyme activity. AlgA was subjected
to an activity assay after 12 h of incubation at 4 ◦C in the presence of 2 mM of different metal ions
and EDTA.

3.6. Analysis of the N-Terminal Amino Acid Sequence of AlgA

After SDS-PAGE, the protein band of AlgA was electro-transferred onto a polyvinylidene
difluoride membrane (Imobulon; Millipore, Darmstadt, Germany). Amino acid sequences were
determined with a PPSQ-31A protein sequencer (Shimadzu Corporation; Kyoto, Japan).

3.7. Substrate Specificity and Kinetic Parameters of AlgA

A standard enzymatic assay was performed to test the substrate preference of AlgA by using
pectin, hyaluronan, chitin, agar, sodium alginate, polyM, and polyG as substrates. PolyM and polyG
were prepared in accordance with the method of Haug et al. [46].

The kinetic parameters of AlgA toward alginate and polyM were determined by measuring
the initial velocities of enzyme activity under various substrate concentrations and were calculated
on the basis of the nonlinear regression fitting of the Michaelis–Menten equation using Prism 6
(GraphPad Software, Inc., La Jolla, CA, USA).

3.8. FPLC and ESI-MS Analysis of the Degradation Products of AlgA

To elucidate the mode of action of AlgA toward alginate, alginate degradation was performed
at 40 ◦C with 10 g/L sodium alginate as a substrate. The reaction was initiated by the addition of
2 μg of purified AlgA in a 10 mL reaction volume. Reaction solutions were withdrawn at appropriate
time intervals, and AlgA was inactivated by 5 min of boiling. The samples were analyzed through
FPLC with a Superdex peptide 10/300 gel filtration column (GE Health, Marlborough, MA, USA) with
0.2 M ammonium bicarbonate as the mobile phase at a flow rate of 0.4 mL/min [34]. The reaction was
monitored at 235 nm.

To determine the oligosaccharide compositions of the final digests, an excess of AlgA was used
to completely degrade 10 g/L sodium alginate, polyM, or polyG. The reaction was carried out in a
10 mL reaction volume at 40 ◦C for 24 h and then terminated by boiling for 5 min. Oligosaccharides
were separated through gel filtration as described above. Peak fractions containing unsaturated
oligosaccharide products were collected and repeatedly freeze-dried to remove NH4HCO3 for ESI-MS
analysis. The molecular weight of each oligosaccharide fraction was determined using the ESI-MS
method on microTOF-Q II equipment (Bruker, Billerica, MA, USA) with the following conditions:
capillary voltage of 4 kV, dry temperature of 180 ◦C, gas flow rate of 4.0 L/min, and scan range of
50–1000 m/z.

4. Conclusions

An alginate lyase–producing marine bacterium was isolated and identified as Bacillus sp. Alg07.
AlgA, the alginate lyase derived from Bacillus sp. Alg07, was purified through the two simple steps of
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tangential flow filtration concentration and anion-exchange chromatography. The results of SDS-PAGE
indicated that the molecular mass of AlgA is approximately 60 kDa. The optimal temperature and
pH for the activity of AlgA is 40 ◦C and 7.5, respectively. The activity of AlgA is dependent on NaCl
and is promoted by the addition of Mg2+ and Ca2+. Under optimal conditions, the specific activity of
AlgA reaches up to 8306.7 U/mg, which is the highest activity recorded for all reported alginate lyases.
Moreover, AlgA is stable over a broad pH range (5.0–10.0) and under its optimal temperature (40 ◦C).
AlgA is an endolytic polyM-specific alginate lyase and mainly produces disaccharides, trisaccharides,
and tetrasaccharides from alginate and disaccharides and trisaccharides from polyM. The highly
efficient and thermostable AlgA can have potential applications in the production of mannuronic
oligosaccharides and polyG blocks from alginate.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/16/3/86/s1,
Figure S1: Purification of alginate lyase by anion exchange chromatograph (Source 15Q); Figure S2. The N-terminal
amino acid sequence of the purified AlgA; Figure S3. Effects of substrate concentration on the activity of AlgA.
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Abstract: A novel wild-type recombinant cold-active α-D-galactosidase (α-PsGal) from the
cold-adapted marine bacterium Pseudoalteromonas sp. KMM 701, and its mutants D451A and C494N,
were studied in terms of their structural, physicochemical, and catalytic properties. Homology
models of the three-dimensional α-PsGal structure, its active center, and complexes with D-galactose
were constructed for identification of functionally important amino acid residues in the active
site of the enzyme, using the crystal structure of the α-galactosidase from Lactobacillus acidophilus
as a template. The circular dichroism spectra of the wild α-PsGal and mutant C494N were
approximately identical. The C494N mutation decreased the efficiency of retaining the affinity of the
enzyme to standard p-nitrophenyl-α-galactopiranoside (pNP-α-Gal). Thin-layer chromatography,
matrix-assisted laser desorption/ionization mass spectrometry, and nuclear magnetic resonance
spectroscopy methods were used to identify transglycosylation products in reaction mixtures. α-PsGal
possessed a narrow acceptor specificity. Fructose, xylose, fucose, and glucose were inactive as
acceptors in the transglycosylation reaction. α-PsGal synthesized -α(1→6)- and -α(1→4)-linked
galactobiosides from melibiose as well as -α(1→6)- and -α(1→3)-linked p-nitrophenyl-digalactosides
(Gal2-pNP) from pNP-α-Gal. The D451A mutation in the active center completely inactivated the
enzyme. However, the substitution of C494N discontinued the Gal-α(1→3)-Gal-pNP synthesis and
increased the Gal-α(1→4)-Gal yield compared to Gal-α(1→6)-Gal-pNP.

Keywords: α-D-galactosidase; homology model; GH 36 family; mutation; transglycosylation; marine
bacteria; Pseudoalteromonas sp. KMM 701

1. Introduction

α-D-Galactosidases (EC 3.2.1.22) catalyze the hydrolysis of the nonreducing terminal α-D-galactose
(Gal) from α-D-galactosides, galactooligosaccharides, and polysaccharides, such as galactomannans,
galactolipids, and glycoproteins. According to the classification of carbohydrate-active enzymes
(CAZy) [1], α-D-galactosidases mostly belong to 27, 36, and 110 families of glycoside hydrolases
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(GH). They are found also in the GH 4, GH 57, and GH 97 families. The GH 27 and GH 36
enzymes, with a common mechanism of catalysis, have the protein structural (β/α)8-barrel fold
in the catalytic domain and similar topology of their active centers, typical for a clan GH D [2].
The GH 27 and GH 36 family members are classical retaining glycoside hydrolyses in accordance
with Koshland’s classification [3]. These enzymes catalyze the hydrolysis of O-glycosidic bonds by
a double displacement mechanism through the galactosyl-enzyme covalent intermediate, as well as
the transglycosylation reaction under the specific conditions [4].

α-D-Galactosidases are widespread among terrestrial plants, animals, and microorganisms.
These enzymes have found many practical uses in different fields from biomedicine to enzymatic
synthesis [4]. The enzymes occur frequently in marine bacteria, especially in γ-Proteobacteria and
Bacteroidetes [5–9]. Currently, the genes encoding these enzymes can be found in the genomes of
marine bacteria, annotated in the National Center for Biotechnology Information NCBI database.
For the first time, α-PsGal was isolated from a cold-adapted marine bacterium Pseudoalteromonas
sp. strain KMM 701 inhabiting in the cold water in the Sea of Okhotsk. The enzyme attracted
our attention due to its ability to reduce the serological activity of B red blood cells. The marine
bacterium’s α-PsGal was more efficient in the model of B-erythrocyte antigen, than a well-known
α-D-galactosidase from green coffee beans, which was usually used in experiments on transformation
of donor blood erythrocytes for intravenous injection [10]. The enzyme also interrupted the adhesion
of Corynebacterium diphtheria to buccal epithelium cells at neutral pH values [11], as well as stimulated
the growth of biofilms of some bacteria [12]. These properties of the enzyme determined the possible
directions for its practical application in biomedicine. According to the structural CAZy classification,
α-PsGal belongs to the GH 36 family [11]. The enzyme is a retaining glycoside hydrolase [13],
cleaving the terminal Gal from melibiose Gal-α(1→6)-Glc, raffinose Gal-α(1→6)-Glc-β(1→4)-(Fru),
digalactoside Gal-α(1→3)-Gal, and B-trisaccharide Gal-α(1→3)-(Fuc-α(1→2)-Gal) [10]. However, the
most important glycosynthase properties of the enzyme have yet to be studied.

The present article aimed to compare the properties of recombinant α-D-galactosidase from marine
bacterium Pseudoalteromonas sp. KMM 701 (α-PsGal) and its mutants, where the predicted functionally
important residues D451 and C494 of the active center were replaced by the less reactive alanine (A)
and asparagine (N) residues, respectively. Major attention was focused on the regioselectivity of the
transglycosylation reaction.

2. Results

2.1. Bioinformatics Analysis and Homology Modeling of α-PsGal Protein 3D-Structure

Bioinformatics analysis and homology modeling of the protein structure was completed to
elucidate the amino acid residues roles of α-PsGal for catalysis. The results of homology modeling of
the α-PsGal protein three-dimensional (3D) structure are shown in Figure 1.

The homology model of the α-PsGal 3D-structure was constructed by the package Molecular
Operating Environment version 2018.01 (MOE) [14] using the crystal structure of α-galactosidase from
Lactobacillus acidophilus of the GH 36 family [15] as a template (Figure 1a). The amino acid sequence of
α-galactosidase from the marine bacterium has 28.7% identity and 44% similarity with the sequence
of the prototype. The superposition (root mean squared difference (RMSD) of the Cα-atoms = 0.8
Å) of the α-PsGal homology model with the template active site revealed that the D451 and C494
residues superimposed on the nucleophile/base D482 and the substrate binding C530 residues in the
template, respectively (Figure 1b) [15]. Thus, the predicted structure of α-PsGal is applicable for in
silico mutagenesis and molecular docking studies. The evidence from Figure 1c suggests that C494
takes part in forming a network of hydrogen bonds between the catalytic residues D451, D516, and the
hydrolysis product D-galactose (D-Gal). To eliminate the roles of D451 and C494 residues, they were
substituted by A451 and N494, respectively.
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Figure 1. Homology model of α-PsGal three-dimensional (3D) structure generated using X-ray structure
of the α-galactosidase of Lactobacillus acidophilus (PDB ID 2XN2) as a template: (a) 3D-model of α-PsGal
structure in a ribbon diagram representation: α-helixes (red), β-strands (yellow), coils (white), and
turns (blue); (b) superimposition of the α-PsGal homology model (orange) with template active sites
(turquoise); D-galactose is shown by sticks (green); and (c) the binding site of D-galactose in the active
center of α-PsGal homology model. Hydrogen-bond contacts were determined using the Protein
Contacts module of Molecular Operating Environment version 2018.01 (MOE) program (Chemical
Computing Group ULC: 1010 Sherbrooke St. West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2018)
and are shown with a dashed line.

2.2. Enzyme Production and Purification

The recombinant wild α-PsGal and its mutants D451A and C494N were expressed and
purified successfully as soluble proteins with 97% purity according to the sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) data. The gel electorophoregrams of the enzyme
preparations were obtained in different experiments and are summarized in Figure 2.
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Figure 2. SDS-PAGE (12.5%) of the recombinant wild α-PsGal (lanes 1 and 2 before and after final
purification stage, respectively) and its D451A and C494N mutants after the final stages of purification
(lanes 3 and 4, respectively); molecular weight markers are shown in lane 5.

The molecular weight of the protein fraction of the cellular extract Escherichia coli Rosetta
(DE3)/40Gal (Figure 2, lane 1) corresponds to the chimeric recombinant α-PsGal fused with the plasmid
pET-40 b (+) chaperone protein DsbC overhang (80 kDa (α-PsGal) + 32.5 kDa (DsbC) = 112.5 kDa).
After the final stage of purification and treatment with enterokinase, the molecular weight of mature
recombinant proteins α-PsGal, D451A, and C494N were ca. 80 kDa (Figure 2, lanes 2–4, respectively).

2.3. Properties of Recombinant Wild-Type α-PsGal and Mutant C494N

The mutant D451A did not exhibit any hydrolytic activity against either melibiose or pNP-α-Gal,
indicating the extreme importance of this residue for the functioning of this enzyme. The specific
activities of the recombinant wild α-PsGal and mutant C494N, with the use of pNP-α-Gal as a substrate,
were 90.0 and 0.87 U/mg, respectively. Further comparative studies showed some similarities and
differences in the enzymatic properties of the wild recombinant α-PsGal and its mutant C494N.

2.3.1. Circular Dichroism Spectra of Wild-Type α-PsGal and Mutant C494N

To identify the similarity of the secondary structure of the wild α-PsGal and C494N mutant;
circular dichroism (CD) spectroscopy was used (Figure 3).

Figure 3. Circular dichroism spectra of wild α-PsGal (1) and C494N mutant (2) with 0.1 M sodium
phosphate buffer (pH 7.0), 25 ◦C, and 0.1 cm cell.

The CD spectra of the wild α-PsGal and C494N mutant were approximately identical binshape
and amplitude of the bands (Figure 3, spectrum 1 and 2, respectively). Calculation of the secondary
protein structure elements (see p. 4.4.1.) indicated the presence of 27.9% and 27.9% α-helices, 19.9%
and 21.4% β-structures, and 28.9% and 28.9% disordered structure, including 23.3% and 21.8% β-turns
for the wild α-PsGal and C494N mutant, respectively. The determination of the tertiary structure
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class using the same software package established that the wild α-PsGal and C494N mutant belong to
α + β tertiary structure class of proteins. Thus, the C494N point mutation in the active site does not
significantly affect the secondary structure of the enzyme as a whole.

2.3.2. Effect of pH on Wild-Type α-PsGal and C494N Mutant Activities

It is evident from Figure 4 that the wild α-PsGal (Figure 4a) retains activity in a wide pH
range (6.5–8.0).

Figure 4. Effect of pH on the activity of enzymes: (a) wild-type α-PsGal and (b) mutant C494N.
Fragments of curves correspond to 0.1 M sodium citrate buffer (1), 0.1 M sodium phosphate buffer (2),
and 0.1 M Tris HCl buffer (3).

Citrate and phosphate anions were preferable for enzyme activity. The tris ion was an effective
inhibitor of the activity of wild α-PsGal and mutant C494N. The replacement of cysteine 494 with
asparagine residue did not significantly change the pH effect on the enzyme activity (Figure 4).

2.3.3. Effect of Temperature on Wild-Type α-PsGal and Mutant C494N Activities

It is evident that wild α-PsGal is a cold-active enzyme due to retaining about 30% of its activity at
5 ◦C (Figure 5a). The activity of the mutant C494N reached a maximum at higher temperature values
than wild α-PsGal (Figure 5b).

Figure 5. Effect of temperature on activity of enzymes: (a) the dependence of relative activity on
temperature of wild α-PsGal (1) and C494N mutant (2) and (b) thermal stability of wild α-PsGal (1)
and C494N mutant (2). The solid line (3) indicates 100% activity and the dashed line (4) indicates
50% activity.
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Although the middle of the temperature transition lay at the same temperature of ~32 ◦C, the
temperature inactivation in the wild α-PsGal started at lower temperatures than in the C494N mutant.
Both the recombinant wild α-PsGal and the C494N mutant proved to be more thermostable enzymes
than the natural α-galactosidase from the marine bacterium Pseudoalteromonas sp. KMM 701 [10].

2.3.4. Kinetic Parameters of Catalytic Reactions for Wild-Type α-PsGal and Mutant C494N

Michaelis-Menten constant (Km) and maximal rate (Vmax) of pNP-α-Gal hydrolysis were defined
from Lineweaver-Burk graphs.

Catalytic parameters of the reaction are summarized in Table 1.

Table 1. Catalytic properties of wild α-PsGal and mutant C494N.

Enzyme Km (mM) Vmax (μmol min−1 ml−1) kcat (s−1) kcat/Km (mM−1 s−1)

Wild-type α-PsGal 0.40 ± 0.030 0.32 ± 0.003 324.4 ± 3.5 820
C494N mutant 0.30 ± 0.005 0.024 ± 0.0003 2.84 ± 0.02 3.86

Conditions of reactions: 0.05 M sodium phosphate, pH 7.0, 20 ◦C; concentration of α-PsGal: 34 μ/mL, mutant
C494N: 22 μ/mL.

It is evident from Table 1 that the replacement of cysteine 494 in the active site of α-PsGal with
asparagine residue leads to an approximately 200-fold decrease in the efficiency (kcat/Km) of the
enzyme retaining the identical affinity (Km) of both enzymes to the standard substrate pNP-α-Gal.
This indicates the extreme importance of C494 in the manifestation of α-PsGal activity (Table 1).

2.3.5. Theoretical Model of the D-Gal Complexes with Wild α-PsGal and Mutant C494N

Figure 6 shows two-dimensional (2D) diagrams of the D-Gal complexes with the active center
of the wild α-PsGal (Figure 6a) and mutant C494N (Figure 6b) built by molecular docking in the
MOE program.

Figure 6. Two-dimensional (2D) diagrams of the D-Gal binding sites in (a) wild α-PsGal and
(b) mutant C494N.

In silico analysis of the wild α-PsGal-D-Gal and mutant C494N-D-Gal complexes (Figure 6)
showed that substitution C494N led to the emergence of new hydrogen bonds (Figure 6b) and to the
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increase in binding energy of the reaction product D-Gal in the binding site of the enzyme (Table S1).
This probably reflected a decrease in the values of the kcat and kcat/Km constants of the enzyme.

2.4. Acceptor Specificity of Recombinant α-PsGal

The results of the preliminary determination of the acceptor specificity in the transglycosylation
reaction of the wild α-PsGal showed that the enzyme possesses narrow acceptor specificity, as new
sugars fructose, xylose, fucose, and glucose were not found in the experimental conditions (Table 2).

Table 2. Acceptor specificity of recombinant wild-type α-PsGal.

Substrate Acceptor New Products

pNP-α-Gal D-Glucose −
pNP-α-Gal D-Fructose −
pNP-α-Gal D-Xylose −
pNP-α-Gal L-Fucose −
pNP-α-Gal D-Galactose +

Gal-α(1→6)-Glcα,β D-Xylose −
Gal-α(1→6)-Glcα,β D-Fructose −
Gal-α(1→6)-Glcα,β L-Fucose −

(−) not detected; (+) detected.

2.5. Production of Transglysolylation Reactions

The transglycosylation properties of the purified wild α-PsGal, mutant D451A, and C494N were
tested using melibiose (1.10 mmol/mL) and pNP-α-Gal (0.25 mmol/mL) as substrates at pH 7.0 and
8 ◦C and 20 ◦C. The concentration of the substrates significantly exceeded the enzyme concentration.
The composition of incubation mixtures and units of the enzymes are shown in Table 3.

Table 3. Composition of reaction mixtures for monitoring of transglycosylation with various forms of
the recombinant α-galactosidase from the marine bacterium Pseudoalteromonas sp. KMM 701.

Enzyme Substrate Acceptor
Substrate

(mol)
Acceptor

(mol)
V (mL) U or mg t (◦C) τ (h)

Wild Gal-α(1→6)-Glcα,β - 0.11 0 0.1 2.2 20 48
Wild Gal-α(1→6)-Glcα,β - 0.31 0 0.3 4.5 8 7 days
Wild pNP-α-Gal - 0.05 0 0.2 1.0 20 48
Wild pNP-α-Gal - 0.07 0 0.2 0.015 8 7 days
Wild Gal-α(1→6)-Glcα,β pNP-α-Gal 0.06 0.13 0.3 2.6 20 48

C494N pNP-α-Gal - 0.07 0 0.3 0.012 8 7 days
D451A Gal-α(1→6)-Glcα,β NaN3 0.06 0.3 0.1 (0.008) 20 75
D451A pNP-α-Gal NaN3 0.07 0.3 0.3 (0.024) 20 75
D451A pNP-α-Gal - 0.07 0 0.2 (0.016) 20 75

Since the activity of mutant C494N was much lower compared with the wild type (Table 3),
the reaction mixtures containing weakly active C494N (0.012 U) and wild-type α-PsGal with an activity
of 0.015 U were incubated for seven days. In order to avoid the thermal inactivation of the enzymes,
the reactions were carried out in a refrigerator at 8 ◦C. Therefore, the products from the reactions at
low (8 ◦C) and moderate (20 ◦C) temperatures were compared. The conditions of rescue experiments
and the investigation of glycosynthase properties of the mutant D451A in the presence of sodium
azide, as an external nucleophile, are also shown in Table 3.

2.5.1. Thin Layer Chromatography (TLC)

The results of TLC analyses of the reaction mixtures after the action of recombinant α-PsGal,
as well as D451A and C494N mutants, on melibiose (Gal-α(1→6)-Glc), and pNP-α-Gal were obtained
under different conditions (Figure 7).
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Figure 7. Thin layer chromatography (TLC) profiles of the hydrolysis and transglycosylation products
produced by recombinant α-PsGal. Lanes 1 and 8—α-PsGal with Gal-α(1→6)-Glcα,β at 20 ◦C and
8 ◦C, respectively. Lanes 2 and 4—α-PsGal with pNP-α-Gal at 20 ◦C and 8 ◦C, respectively. Lane
3—α-PsGal with mixture of Gal-α(1→6)-Glcα,β/pNP-α-Gal at 20 ◦C. Lane 5—D451A mutant with
Gal-α(1→6)-Glcα,β/NaN3. Lane 6—D451A mutant with pNP-α-Gal/NaN3. Lane 7—D451A mutant
with pNP-α-Gal. Blank mixtures: lane 9—Gal-α(1→6)-Glcα,β, lane 10—pNP-α-Gal, lane 11—Gal, and
lane 12—Glc.

Lanes 1–8 correspond to each experiment. The melibiose, pNP-α-Gal, galactose (Gal), and glucose
(Glc) standards (Figure 7, lanes 9–12, respectively) spots on the chromatogram had retardation factors
(Rf) of 0.39, 0.83, 0.52, and 0.56, respectively. The conditions of reactions are listed in Table 3.

After separation of the reaction mixtures with the melibiose processed by the recombinant α-PsGal
at 20 ◦C and 8 ◦C (Figure 7; lanes 1 and 8; respectively), two new spots with Rf 0.35 and 0.26 occurred in
the chromatogram; in addition to the hydrolysis products Gal and Glc (Rf 0.52 and 0.55; respectively).
These new sugars could be interpreted as transglycosylation products. In the mixture of the reaction
products of pNP-α-Gal treated with the recombinant α-PsGal at 20 ◦C and 8 ◦C; the spots with Rf
0.61 and 0.34, corresponding to new sugars along with the spots of pNP-α-Gal and Gal (Rf = 0.82 and
0.52; respectively), were observed (Figure 7; lanes 2 and 4; respectively). It is interesting to note that
the compound with the Rf value of 0.34 was not formed by the action of the recombinant wild α-PsGal
on the mixture of melibiose (donor)/pNP-α-Gal (acceptor) (Figure 7; lane 3). The D451A mutant
showed no activity toward pNP-α-Gal (Figure 7; lane 7). Unfortunately, reactivation experiments with
external nucleophile sodium azide failed to restore the activity of the nucleophile mutant enzyme
(data not shown). However, in the presence of sodium azide (Figure 7; lanes 5 and 6), the traces of
unidentified compounds (Rf value of 0.42 and 0.86; respectively) were formed under an action of
D451A on melibiose and pNP-α-Gal

2.5.2. MALDI Mass Spectrometry

Matrix-assisted laser desorption/ionization (MALDI) mass spectra were recorded for five samples
(S1): α-PsGal with a mixture of melibiose and pNP-α-Gal, α-PsGal with pNP-α-Gal, D451A with
pNP-α-Gal and NaN3, C494N with pNP-α-Gal, as well as standard mixtures: melibiose, pNP-α-Gal,
Gal, and Glc. The molecular weights of sugars (both products of hydrolysis and substrates) were
registered as sodium adducts [M + Na]+ in positive-ion mode, where M represents the neutral molecule:
[Hex + Na]+ at m/z 203.06, [Hex2 + Na]+ at m/z 365, [pNP-Hex2 + Na]+ at m/z 486, and [Hex3 + Na]+

at m/z 527. pNP-α-Gal was found as [pNP-α-Gal + Na]+ ion at m/z 324. MALDI mass spectra showed
only the semiqualitative composition of the transglycosylation products (Table 4).
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Table 4. TLC and matrix-assisted laser desorption/ionization (MALDI)-mass spectrometry (MS)
characteristics of reaction products of wild α-PsGal and its mutant C494N.

Enzyme Substrate Product Number TLC (Rf) MALDI-MS (m/z)

Wild α-PsGal

Gal-α(1→6)-Glcα,β

0.39 365
1 0.52 203
2 0.55 203
3 0.35 365
4 0.35 365
5 0.26 527

pNP-α-Gal

0.83 324
1 0.52 203
6 0.61 486
4 0.34 365

Mutant C494N pNP-α-Gal

– 324
1 – 203
3 – 365
6 – 486

According to the mass spectral data, the signal of the [Hex2 + Na]+ ion at m/z 365 of disaccharide
(Hex2) was major in the MALDI MS of the reaction mixture of α-PsGal with melibiose/pNP-α-Gal.
In addition, there were signals of the new [pNP-Hex2 + Na]+ and [Hex + Na]+ ions in the spectrum
(Figure S1a) at m/z 486 and 203, respectively. Along with signals of the hydrolysis product [Hex +
Na]+ ion at m/z 203 and the remainder of the substrate [pNP-Hex + Na]+ ion at m/z 324, new signals
of [Hex2 + Na]+ and [pNP-Hex2 + Na]+ ions were observed in the matrix-assisted laser desorption
ionization-mass spectroscopy (MALDI-MS) of the reaction mixture of the wild α-PsGal with pNP-α-Gal
at 8 ◦C (Figure S1b). The signals of new carbon compounds were not detected in the MALDI-MS of the
product mixture obtained under the action of mutant D451A on pNP-α-Gal in the presence of NaN3

(Figure S1c). The main signal of the [Hex2 + Na]+ ion at m/z 365 was identified in the spectrum of
the reaction mixture of the C494N mutant with pNP-α-Gal. The spectrum also contained two minor
signals of [pNP-Hex2 + Na]+ at m/z 486 and [Hex + Na]+ ion at m/z 203 (Figure S1d).

To identify the regioselectivity of the transglycosylation, we used tandem electrospray ionization
mass spectrometry (EISMS/MS) with collisional induced dissociation (CID) in positive ion mode.
The EISMS profiles of the reaction products are illustrated in Figures S2, S3, and S4. The linkage
identifications were based on the fragmentation rules described earlier [16] for negative ion mode,
and further supported by positive ion mode [17]. In brief, the absence of fragment ions from
cross-ring cleavages in a disaccharide suggests a 1,3-type linkage, the 0,2A2-type fragment ion suggests
1,4-type linkages, and both 0,2A2 and 0,3A2-type ions suggest 1,6-type linkages in disaccharides.
The nomenclature for the mass spectrometric fragmentation of glycoconjugates was suggested by
Domon and Costello [18].

Ion signals of [Hexn + Na]+, n = 1–3, at m/z 203, 365, and 527 were the major components found
by EISMS among the reaction products of melibiose and α-PsGal (Figure S2a). The CID ESIMS/MS
fragmentation pattern of a trisaccharide ion suggested Hex-(1→4)-Hex-(1→6)-Hex structure (Figure
S2b). Fragment ion 0,2A2 at m/z 305 and 0,3A2 at m/z 275 indicated the presence of both 1→4- and
1→6-O-glycosidic links between two hexoses in disaccharide (Figure S2c). The question concerning
the presence of the (1→3)-linked hexoses remained unclear, since the disaccharide Galα-(1→3)-Gal
could be identified only by the absence of fragment ions from cross-ring cleavages [16]. Ion signals of
[Hexn + Na]+, n = 1,2, at m/z 203 and 365 were the major components found by EISMS among the
reaction products of melibiose and mutant C494N (Figure S3a). The CID ESIMS/MS fragmentation
pattern of a disaccharide ion suggested Hex-(1→4)-Hex only (Figure S3b), so the fragment ion 0,2A2 at
m/z 305 was observed. The type of O-glycosidic bond in the pNP-glycosides could not be established
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because the mobile proton at the glycosyl hydroxyl was blocked. In this case, fragmentation was not
observed (Figure S3c–e and Figure S4b) [19].

We used heavy 18O-water for the transglycosylation experiment; we deemed it the most interesting
substrate. The use of buffered heavy-oxygen water and liquid chromatography (LC), coupled with
ESI-MS/MS (LC-ESIMS/MS) allowed simultaneous observing of the products of hydrolysis and
transglycosylation. Since the transfer of heavy 18OH-group produces a +2 mass shift, it was possible to
distinguish between fragment ions, retaining the positive charge on the reducing end from the charge
on the nonreducing end. Figure 8 shows the kinetics of the consumption and accumulation of the
hydrolysis and synthesis products with the use of heavy-oxygen water.

Figure 8. Mass spectrometry monitoring of the reaction of melibiose hydrolysis and transglycosylation
catalyzed by wild α-PsGal in the buffered heavy-oxygen water at 20 ◦C. (a) Experimental
time-dependent changes in integral intensity of matrix-assisted laser desorption ionization-mass
spectroscopy (MALDI-MS) signals of the Hex2 ions at 365 m/z (1) and 367 m/z (2), Hex at 203 m/z
(3) and 205 m/z (4), and Hex3 at 527 m/z (5) and 529 m/z; (b) time dependences of the MALDI-MS
signals intensity of Hex3 ions at 527 m/z (1) and 529 m/z (2) in an expanded scale.

According to the results (Figure 8), the consumption of Hex2 (Figure 8a, curves 1 and 2) was
accompanied by the appearance of Hex (Figure 8a, curves 3 and 4), new Hex2 (Figure 8a, curves 1 and
2), and Hex3 (Figure 8b).

2.5.3. NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy was used to elucidate the transglycosylation
regioselectivity and product structures. To avoid loss of information about minor transglycosylation
products, the proton (1H) and carbon (13C) NMR spectra were analyzed without separating the
reaction mixtures into individual compounds. The 1H and 13C signals of the anomeric atoms of the
substrates and the products were assigned according to the respective reference data [20–22], as well
as by H,H-Correlation Spectroscopy (COSY) and Heteronuclear Single-Quantum Correlation (HSQC)
experiments. The identified signals are shown in Table 5.
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Table 5. Anomer signals of nuclear magnetic resonance (NMR) spectra of substrates and products of
hydrolysis and transglycosylation catalyzed by wild α-PsGal and its mutant C494.

Sugars Product
Number

δH (J in Hz) δC

A B A B

αH1 αH1 βH1 αC1 αC1 βC1

Gal-α(1→6)-Glcα,β
5.00 (3.7) 5.24 4.67 (7.8) 98.2 92.2 96.1A B

Galα,β 1 5.26 (3.7) 4.64 (7.9) 97.7 93.6

Glcα,β 2 5.23 (3.7) 4.58 (7.8) 97.6 93.6

Gal-α(1→6)-Galα,β
3 4.98 (4.8) 5.27 4.59 (7.9) 97.7 99.8A B

Gal-α(1→4)-Glcα,β
4 5.22 (3.2) N/D * 102.2 N/D N/DA B

Gal-(1→4)-Gal-(1→6)-Glc 5 undetected

pNP-α-Gal 5.85
(3.74) 98.1

Gal-α(1→6)-Gal-α-pNP
6 4.82 (3.85)

5.91
(3.82) 98.8 97.6A B

Gal-α(1→3)-Gal-α-pNP
7 5.87 (3.6) N/D N/D N/DA B

* N/D = not defined.

The composition and yields of transglycosylation products in each case are shown in Table 6.

Table 6. The yield and structure of the products of transglycosylation reactions catalyzed by the
recombinant wild α-PsGal and its mutant C494N based on NMR data.

Enzyme Substrate T (◦C)
Substrate

Conversion
(%)

Structure of the Hydrolysis and
Transglycosylation Products

Yield of
Products (%)

Wild Gal-α(1→6)-Glcα,β 20 88.5

Gal 1

45.627.35.50.6
Glc 2

Gal-α(1→6)-Galα,β 3
Gal-α(1→4)-Galα,β 4

Wild Gal-α(1→6)-Glcα,β 8 90.2

Gal 1

46.035.07.81.4
Glc 2

Gal-α(1→6)-Galα,β 3
Gal-α(1→4)-Galα,β 4

Wild pNP-α-Gal 20 67.2

Gal 1

21.58.03.01.21.2
Gal-α(1→6)-Gal-α-pNP 6
Gal-α(1→6)-Galα,β 3
Gal-α(1→4)-Galα,β 4
Gal-α(1→3)-Gal-α-pNP 7

Wild pNP-α-Gal 8 15.9

Gal 1

9.84.11.20.78<1
Gal-α(1→6)-Gal-α-pNP 6
Gal-α(1→6)-Galα,β 3
Gal-α(1→4)-Galα,β 4
Gal-α(1→3)-Gal-α-pNP 7

Wild
Gal-α(1→6)-Glcα,β
+ pNP-α-Gal 20 32.0

Gal 1

30.09.01.60.8
Gal-α(1→6)-Gal-α-pNP 6
Gal-α(1→4)-Galα,β 4
Gal-α(1→6)-Galα,β 3

C494N pNP-α-Gal 8 19.0

Gal 1

5.02.82.01.2
Gal-α(1→6)-Galα,β 3
Gal-α(1→6)-Gal-α-pNP 6
Gal-α(1→4)-Galα,β 4
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In the 1H NMR spectrum of the reaction mixture obtained after the action of recombinant α-PsGal
on melibiose, the α,β1H signals of galactose (Gal) (1) and glucose (Glc) (2), which are the hydrolysis
products, along with the major α,β1H signal of transglycosylation product Gal-α(1→6)-Galα,β
(3) and a minor signal of Gal-α(1→4)-Galα,β (4), were observed (Tables 5 and 6). In the 1H
NMR spectrum of the products obtained after the action of recombinant α-PsGal on pNP-α-Gal,
the signals of the α1H atoms were registered and characterized for the major autocondensation
product Gal-α(1→6)-Gal-α-pNP (6) and a minor autocondensation product Gal-α(1→3)-Gal-α-pNP
(7), as well as for the transglycosylation products Gal-α(1→6)-Galα,β (3) and Gal-α(1→4)-Galα,β (4)
(Tables 5 and 6). The substituted bigalactoside Gal-α(1→6)-Gal-α-pNP (6) was a major product of
transglycosylation obtained under the action of the recombinant α-PsGal on the mixture of melibiose
(donor) and pNP-α-Gal (acceptor), whereas unsubstituted bigalactosides, Gal-α(1→6)-Galα,β (3) and
Gal-α(1→4)-Galα,β (4), were synthesized in small amounts. Signals of α1H of Gal-α(1→6)-Gal-α-pNP
(6) were found in the 1H NMR spectrum of reaction products observed in the reaction mixture with
the C494N mutant with pNP-α-Gal as the substrate. In the last case, there were no α1H signals found
for compound Gal-α(1→3)-Gal-α-pNP (7). Analysis of the reaction mixture after the action of the
D451A mutant on pNP-α-Gal did not reveal new signals in the NMR spectra except for the signals
corresponding to pNP-α-Gal.

3. Discussion

The catalytic properties and structure-function relationships for the marine bacterial
α-galactosidase from the GH 36 family, whose genes frequently occur in the genomes of marine bacteria,
were characterized for the first time for recombinant α-galactosidase from the marine bacterium
Pseudoalteromonas sp. KMM 701 (α-PsGal). As a result of our bioinformatic analysis of the amino acid
sequence of the enzyme and homologous modeling of the 3D structure, presumably catalytic (D451
and D516) and substrate-binding (C494) residues—extremely important for the functioning of the
enzyme—were identified. The predicted nucleophilic residue D451 and substrate-binding residue
C494 were replaced with A451 and N494, respectively. Properties of the mutant D451A and C494N
were investigated with comparison to wild α-PsGal.

We showed that α-PsGal and its mutant C494N are cold-active enzymes characterized by their
neutral pH-optima (6.5–8.0) and low thermostability of 20 to 30 ◦C among the known α-galactosidases.
The wild enzyme exhibited about 30% activity at 5 ◦C. No data on temperature and pH effects on
the activity were available in the literature for the prototype α-galactosidases from the mesophiles
L. acidophilus. The α-galactosidases from different mesophilic lactobacilli showed an acidic optimum
activity, in the pH range from 5.2 to 5.9, and maximum activity between higher temperatures of 38
to 42 ◦C [23] compared with α-PsGal. The optimal temperature for the activity of the AgaA enzyme
from psychrophilic lactic acid bacterium Carnobacterium piscicola was 32 to 37 ◦C [24]. The optimum
temperature of the enzyme from Lactobacillus fermentum was found to be 45 ◦C. The enzyme
was inactivated at temperatures higher than 55 ◦C and stable in wide ranges of temperatures
and pH [25,26]. As for thermophilic enzymes from bacteria-thermophiles and hyperthermophiles
Bifidobacterium adolescentis DSM 20083, B. stearothermophilus, Thermus brockianus [27], Thermus sp. T2 [28],
Thermoanaerobacterium polysaccharolyticum [29], and Thermotoga maritime, their temperature optimums
were 75 to 100 ◦C. The last enzyme was inactive at 30 ◦C [30].

Capability of catalyzing a transglycosylation reaction is an inherent property of all members of
the retaining α-D-galactosidases of the GH 27 and GH 36 families [4]. The inverting α-D-galactosidases
of the GH 110 family [31], as well as NAD+- and Mn2+-dependent α-D-galactosidases found in the
family GH 4 [32], have lost their transglycosylation properties. To date, there is no information about
the transglycosylation ability of α-D-galactosidases from the GH 97 and GH 57 families.

It is known that the first step in the catalytic reaction is cleavage of the glycosidic bond of
the melibiose or pNP-α-Gal molecules, as well as the formation of the covalent galactosyl-enzyme
intermediate. The molecules of Glc and pNP are leaving groups. In the second step, water or some
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carbohydrate molecules attack the covalent galactosyl-enzyme intermediate, and then hydrolysis
or transglycosylation, respectively, can be observed. In the case where the substrate is an attacking
molecule, we can observe an autocondensation reaction (Figure S5).

α-PsGal catalyzed synthesis with a total yield of transglycosylation products ranging from 6.0%
to 12% (Table 6), similar to the known retaining bacterial galactosidases of the GH 36 family. It was
difficult to identify the structures of the transglycosylation products without appropriate standards.
However, the use of three methods (TLC, MALDI MS in conjunction with ESIMS/MS, and NMR)
provided a suggestion of the relationships between the sugars’ molecular weights and the type of
O-glycoside bonds in the synthesized oligosaccharides.

TLC is commonly used to analyze low-molecular-weight sugars and their derivatives that differ
in the number of carbon atoms, configurations, and molecule sizes. If two carbohydrates have one of
these three different characteristics, they can be separated [33]. Based on the results, we assumed that
the spot with Rf of 0.35 corresponds to bihexoses, distinguishable from melibiose by the configuration
of the stereocenter, but the spot with Rf of 0.26 corresponds to sugars distinct from melibiose by
the degree of polymerization (Figure 7, lane 1). The 1H NMR signals of the anomeric atoms of the
trisaccharides were not detected. However, the signal of [Hex3 + Na]+ at m/z 527 was observed
in the MALDI MS (Figure S2a). The structure of the trisaccharide Hex-(1→4)-Hex-(1→6)-Hex was
established by electrospray ionization tandem mass spectrometry as Gal-(1→4)-Gal-(1→6)-Glc (Figure
S2b). The kinetic of accumulation and consumption of Gal-(1→4)-Gal-(1→6)-Glc was registered
with the use of heavy-oxygen water (Figure 8b). In the NMR spectrum of the reaction mixture, we
found the 1H signals of the anomer atoms (1→6)-α- and (1→4)-α-linked bigalactosides only. In this
connection, we think that the spot with an Rf of 0.35 corresponds to two poorly shared (1→6)-α- and
(1→4)-α-linked bigalactosides Gal-α(1→6)-Galα,β (3) and Gal-α(1→4)-Galα,β (4), respectively. This
assumption was confirmed by EISMS-MS (Figure S2c).

Thus, when melibiose was used as the substrate, the enzyme synthesized the (1→6)-α-linked
bigalactosides (Figure S2c), similar to all known melibiases of the GH 36 family [16,34–42] and to
their closely-related GH 27 representatives [43–52]. Furthermore, α-PsGal formed the (1→4)-α-linked
bigalactosides as described for mesophilic terrestrial α-D-galactosidases from Bifidobacterium breve
203 [35], Lactobacillus reuteri [16], and the acidic GH 27 family α-D-galactosidases (AgaBf3S) from the
bacterium Bacteroides fragilis. The latter was able to transfer galactosyl residues from pNP-α-Gal in
lactose Gal-β(1→4)-Glc with the efficiency and strict (1→4)-α-regioselectivity [52], whereas α-PsGal
synthesized both (1→6)-α- and (1→4)-α-O-glycoside bonds in the bigalactosides from melibiose in
the ratio of 9:1 at 20 ◦C and 5:1 at 8 ◦C. It is interesting to note that glucose, which is released from
melibiose, did not participate in the transglycosylation reaction as an acceptor because its content in
the mixtures was almost half of all products without any change in the course of the reaction (Table 3).

Similarly, we established the structure of the autocondensation products in the mixtures of
α-PsGal and pNP-α-Gal (Figure 7, lanes 2 and 4, respectively). α-PsGal was able to produce
novel compounds by catalyzing the autocondensation reaction of pNP-α-Gal. Both the substituted
Gal2-pNP with (1→6)-α- and (1→3)-α-O-glycoside bonds and unsubstituted Gal2 with (1→6)-α- and
(1→4)-α-O-glycoside bonds were found in the reaction mixture. The ratio of (1→6)-α-:(1→3)-α-linked
Gal2-pNP was 7:1, but the ratio for unsubstituted (1→6)-α-:(1→4)-α-linked bigalactosides was 3:1 at
20 ◦C. The ratio of (1→6)-α-:(1→4)-α-linked bigalactosides reached up to 2:1 at 8 ◦C (Table 6).

The transglycosylation properties are well-studied for the highly thermoresistant GH
36 α-D-galactosidase from the hyperthermophilic bacterium Thermotoga maritima (TmGal36A).
This enzyme catalyzes an autocondensation reaction with pNP-α-Gal as a substrate, forming
substituted (1→2)-α-, (1→3)-α- and (1→6)-α-linked Gal2-pNP [22]. In total, the wild TmGal36A
can produce up to 5.5% transglycosylation products. The mechanism of the hydrolysis and synthesis
in TmGal36A is not favorable for the formation and breaking of the (1→4)-α-O-glycosidic linkage [22],
unlike α-D-galactosidases from human intestine [34–37] and α-PsGal from marine bacterium.
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The replacement of the predictive nucleophilic residue D451 to A451 in the active center led to
complete loss of the ability of α-PGal to catalyze the hydrolysis. For unknown reasons, the rescue
strategy, with an addition of the external nucleophilic sodium azide, proved to be ineffective in this case.
Molar concentrations of sodium azide or sodium formate were unable to restore or increase the activity
of the mutant D425G of α-D-galactosidase from archaeon Sulfolobus solfataricus [53]. Sodium azide
did not inhibit any activity of the wild enzyme α-PsGal [10], but it did not restore the activity in its
mutant D451A. Galactosyl-β-azide was not found both either of the reaction products of mutant D451A
and pNP-α-Gal substrate, as occurred in the experiment with TmGal36A [54]. The D327G mutant of
TmGal36A lost hydrolytic properties but retained glycosynthase properties and became an effective
α-galactosynthase, which could produce various galactosylated disaccharides from galactosyl-β-azide
as a donor and pNP-α(β)-galactosides as acceptors [55].

The mutation C494N changed the specificity for α-PsGal in the synthesis of O-glycoside bonds.
Under the action of the C494N mutant on pNP-α-Gal, the yield of pNP-Gal-α-(1→6)-Gal (6) decreased,
whereas pNP-Gal-(1→3)-α-Gal was not observed. In addition, the content of Gal-(1→4)-α-Gal
(4) increased two-fold (Table 6). In the literature, it has been reported that the substitution of
some bulk residues in the active site of α-D-galactosidase Aga A from Bacillus stearothermophilus
KVE39 resulted in a 4.5-fold increase in the yield of substituted (1→3)-α-linked compared with
pNP-Gal-α-(1→6)-Gal [37]. A number of single and double substitutions of protruded residues in
the active site of α-D-galactosidase from Bifidobacterium adolescentis DSM 20083 led to an increase in
the yield of the total transglycosylation products but they did not change the regioselectivity of the
reaction [22,38].

4. Materials and Methods

4.1. Materials

The 4-nitrophenyl-α-D-galactopyranoside (pNP-α-Gal), melibiose (Gal-α-(1→6)-Glc), galactose
(Gal), glucose (Glc), Bovine serum albumin (BSA), NaN3, and 2,5-dihydroxybenzoic acid were
purchased from Sigma Chemical Company (St. Louis, MO, USA). Encyclo DNA-polymerase and
enterokinase were purchased from Evrogen (Moscow, Russian Federation). Sodium phosphates, one-
and two-substituted, were purchased from PanReac AppliChem GmbH (Darmstadt, Germany). IMAC
Ni2+ Sepharose, Q-Sepharose, Mono-Q, and Superdex-200 PG were purchased from GE Healthcare
(Uppsala, Sweden). Heavy-oxygen water was purchased from Component Reactive (Moscow, Russia).

4.2. Homology Model of α-PsGal 3D Structure

The target-template alignment customization of the modeling process and 3D model building
of α-PsGalA (GenBank: ABF72189.2) were carried out using the Molecular Operating Environment
version 2018.01 [14] package (Chemical Computing Group ULC: 1010 Sherbrooke St. West, Suite #910,
Montreal, QC, Canada, H3A 2R7, 2018) using the forcefield Amber12: EHT. The α-D-galactosidase from
Lactobacillus acidophilus NCFM (PDB code: 2XN2) with a high-resolution crystal structure was used
as a template. The evaluation of structural parameters, contact structure analysis, physicochemical
properties, molecular docking, and visualization of the results were carried out with the Ligand
interaction and Dock modules in the MOE 2018.01 program (Chemical Computing Group ULC: 1010
Sherbrooke St. West, Suite #910, Montreal, QC, Canada, H3A 2R7, 2018). The results were obtained
using the equipment of Shared Resource Center Far Eastern Computing Resource of Institute of
Automation and Control Processes Far Eastern Branch of the Russian Academy of Sciences (IACP FEB
RAS) [56]

4.3. Production of Recombinant Enzymes

The recombinant wild α-D-galactosidase α-PsGal was produced as described earlier [13].
The D451A and C494N mutants were produced by polymerase chain reaction (PCR)-mediated
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site-directed mutagenesis using the full-length wild gene of α-PsGal. The mutations were inserted in
the sequences of synthetic oligonucleotides for each DNA chain of the wild gene:

(1) D451A dir 5′-TTAAGTACATTAAATGGGCTATGAACCGCGA-3′

D451A rev 5′-GTTAATATCGCGGTTCATAGCCCATTTAATG-3′

(2) C494N dir 5′-AGGGCTTGAAATAGAAAGCAATTCGTCAGGTGG-3′

C494N rev 5′-ACGTGCACCACCTGACGAATTGCTTTCTATTTC-3′

The plasmid DNA pET40 containing an insertion of the α-D-galactosidase gene of the marine
bacterium Pseudoalteromonas sp. KMM 701 (α-PsGal) or its D451A and C494N mutants were
transformed in the E. coli strain Rosetta (DE3). Heterological expression was carried out at optimal
conditions into E. coli, as described previously [57]. Purification of the recombinant α-PaGal
and its D451A and C494N mutant forms were performed according to the procedures described
previously [13].

4.4. Enzyme and Protein Essays

To determine the activity, 0.02 mL of an enzyme solution were mixed with 0.38 mL of the
pNP-α-Gal solution (1 mg/mL in 0.05 M sodium phosphate buffer, pH 7.0). The reaction mixture
was incubated at 20 ◦C for 10 min. The reaction was stopped by addition of 0.6 mL of 1 M Na2CO3.
One unit of activity (U) was determined as the amount of enzyme that releases 1 μmol of pNP per 1 min
at 20 ◦C in 0.05 M sodium phosphate buffer at pH 7.0. The amount of released pNP was determined
spectrophotometrically (ε400 = 18300 M−1 cm−1). The specific activity was calculated as U/mg of
protein. Protein concentration was determined by the Bradford method and calibrated with BSA as
a standard [58].

4.4.1. Circular Dichroism Spectra

The CD spectra were recorded in the ultraviolet (UV) region of 190 to 250 nm with Chirascan
plus CD spectrometers (Applied Photophysics Ltd., Leatherhead, UK), equipped with an optional
Peltier temperature controller for rapid and precise temperature control of the sample cell (Quantum
North West, 22910 E Appleway Avenue, Suite 4 Liberty Lake, WA, USA), in 0.01 M sodium phosphate
buffer (pH 7.0) and 20 ◦C. The average molecular weight of the amino acid residue for calculation
of molar ellipticity [ ] (degree cm2 dmol−1) was assumed to be 112 Da. The secondary structure
elements were calculated by the Provencher–Glöcker method CONTIN/LL modified by Sreerama
N. of the CDPro software package, 2000 (Colorado State University, Fort Collins, Colorado, USA,
http://lamar.colostate.edu/sreeram/CDPro) [59,60]

4.4.2. UV Absorption Spectra

Absorption spectra of proteins were recorded with a UV-Visible spectrophotometer UV-1601 PC
(Shimadzu, Kyoto, Japan) in quartz cells with an optical path length of 1 cm, 0.1 cm, and 0.01 cm in
the range of 190 to 400 nm. The molar extinction coefficient of enzyme ε280 = 100,770 M−1 cm−1 was
calculated from the content of aromatic amino acids using the ExPASy server [61].

4.5. Effect of pH and Temperature

The pH optimums of purified enzymes were determined with pNP-α-Gal as the substrate in the
pH range of 5.2 to 6.5 using 0.1 M sodium citrate buffer, in the pH range of 6.2 to 8.0 using 0.1 M
sodium phosphate buffer, and in the pH range of 7.8 to 9.0 with 0.1 M Tris-HCl buffer. The temperature
optimums for the purified enzymes were determined at pH 7.0 in the temperature range of 5 to 40 ◦C.
The temperature stabilities of the enzymes were investigated after incubation for 60 min at 10 to 40 ◦C.
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4.6. Determination of Kinetic Parameters

All kinetic studies were performed in 0.1 M sodium phosphate buffer, pH 7.0, at 20 ◦C.
The Michaelis–Menthen constants, Km and Vmax, were determined from the coefficients of linear
regression of the Lineweaver–Burk plot. The substrate concentrations (mM) were 3.24, 2.59, 1.62,
1.29, 0.81, 0.65, 0.40, and 0.32 for wild α-PsGal and 2.50, 2.0, 1.25, 1.0, 0.62, 0.50, 0.31, and 0.25 for the
C494N mutant.

4.7. Transglycosylation

4.7.1. Acceptor Specificity of Transglycosylation

For preliminary determination of acceptor specificity of transglycosylation, the synthesis reactions
were performed at 20 ◦C for 24 h in a mixture (10 μL) containing 0.01 U of an enzyme, 10 mM of
pNP-α-Gal or melibiose as the substrate, and 20 mM of glucose, galactose, fructose, fucose, or xylose as
acceptor in 0.05 M sodium phosphate buffer (pH 7.0). The reaction was stopped by heating at 100 ◦C
for 5 min and the reaction mixture was centrifuged at 14,000 rpm. Sugars were analyzed by TLC, mass
spectrometry, and NMR spectroscopy methods.

4.7.2. Transglycosylation Using Heavy-Oxygen Water (H2
18O)

An experiment using mass spectrometry and heavy-oxygen water was prepared similarly as
described in Section 4.7.1. above; but the concentrations were significantly lowered. Seven identical
reaction mixtures were created. Each mixture contained 1.4 mg melibiose, 10 μL enzyme (1 U),
and 70 μL H2O18 (0.02 M sodium phosphate buffer, 0.05 M NaCl, pH 7.0). The mixtures were incubated
for 1, 2, 4, 6, 8, 12, and 24 h. Each reaction mixture was dissolved in 1 mL methanol and introduced
into the mass spectrometer. For ESIMS and ESIMS-MS experiments, direct injection was performed
using a syringe pump (KD Scientific, Hollison City, MA, USA) at a flow rate 5 μL/min. For LC-ESIMS
experiments, samples were further diluted 10 times in methanol.

4.7.3. Identification of Transglycosylation Products

The recombinant α-PsGal or D451A and C494N mutants, in an aqueous solution of 0.05 M
sodium phosphate buffer (pH 7.0), were added to the preweighed dry samples of substrates melibiose
or pNP-α-Gal or their mixture and were incubated for a certain time (Table 3) at 20 ◦C or 8 ◦C.
The standard units of activity (U) or milligrams enzyme added (mg), the incubation time (τ) and
reaction temperature are shown in Table 2. The reaction was stopped by heating at 100 ◦C for 5 min.
The samples were centrifuged to remove the denatured protein and dried on Refrigerated CentriVap
Concentrater (Labconco, Kansas City, MO, USA). The qualitative composition of the hydrolysis and
transglycosylation products were analyzed by TLC and MALDI-MS without their separation from the
reaction mixtures. Identification of oligosaccharides in the mixture and their output was performed
via NMR spectroscopy.

4.7.4. Thin-Layer Chromatography Analysis

Mono- and oligosaccharide composition of the hydrolysis and transglycosylation products were
analyzed on silica gel TLC plates on aluminum foil (Sigma-Aldrich, St. Louis, MO, USA) with a 254 nm
fluorescent indicator. The pore diameter was 60 A. Rf was calculated for every stain.

Weighed freeze-dried reaction product mixtures were placed in 0.5 mL Eppendorf, dissolved in
distilled water to a concentration of 5 mg/mL, and centrifuged at 10,000 rpm to remove the denatured
protein. A small spot of the analyzed mixture and standard compounds were applied at the start line
of the TLC plate and chromatographed over 30 minutes in a sealed chamber Latch-Lid ChromatoTank
(General Glass Blowing Co. Inc., Richmond, CA, USA), containing 100 mL of the mobile phase
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butanol/acetic acid/water (3:1:1; v/v/v). For visualization of stains, the plate was treated three times
with 5% sulfuric acid solution, drying by warm air after each spraying.

4.7.5. Mass Spectrometry Analysis

The molecular weights of the oligosaccharide ions were recorded as sodium adducts
[M + Na]+ using MALDI time-of-flight mass spectrometer, Ultra Flex III (Bruker BioSpin GmbH,
Rheinstetten/Karlsruhe, Germany) equipped with a smartbeam laser (355 nm, Bruker Daltonik GmbH,
Bremen, Germany) in reflector mode at an accelerating voltage of 21 kV, using the saturated solution
(acetonitrile-water, 1:1) of 2,5-dihydroxybenzoynoic acid as a matrix.

The composition of the oligosaccharide mixture after enzymatic transformation was performed
using an Ultimate 3000 rapid separation liquid chromatography (RSLC) nano system (Dionex,
Thermo Fisher Scientific, Waltham City, MA, USA) connected to a Bruker Impact II quadrupole
time-of-flight (Q-TOF) mass spectrometer (Bruker Daltonics, Bremen, Germany). An Acclaim (Thermo
Fisher Scientific, Waltham City, MA, USA) PepMap RSLC column (75 μm × 150 mm, C18, 2 μm,
100 A) was used for chromatographic separation. The mobile phases were 0.1% formic acid in H2O
(eluent A) and 0.1% formic acid in acetonitrile (eluent B). The gradient program was: isocratic at 1%
of eluent B from start to 5 min, from 1% to 10% eluent B from 5 to 10 min, from 10% to 95% eluent B
from 10 to 11 min, and isocratic at 95% of eluent B to 15 min. After returning to the initial conditions,
equilibration was achieved after 10 min. Chromatographic separation was performed at a 0.4 μL/min
flow rate at 40 ◦C. Injection volume was 0.2 μL. The mass spectrometry detection was performed using
CaptiveSpray (Bruker Daltonics, Bremen, Germany) ionization source at a capillary voltage of 1.3 kV.
Collision induced dissociation (CID)-produced ion mass spectra were recorded in auto-MS/MS mode
with collision energy 43 eV. The precursor ions were isolated with an isolation width of 1 mass unit.

The mass spectrometer was calibrated using the ESI-L Low Concentration Tuning Mix
(Agilent Technologies, Santa Clara, CA, USA). The instrument was operated using the OTOFControl
software (version 4.0, Bruker Daltonics, Bremen, Germany) and data were analyzed using Data
Analysis software (version 4.3, Bruker Daltonics, Bremen, Germany).

4.7.6. NMR Spectroscopy Analysis

The structure of disaccharides was characterized by NMR spectroscopy. Signals in the
NMR spectra of sugars were assigned by two-dimensional correlated spectroscopy (H,H-COSY)
and two-dimensional heteronuclear multiple bond correlation spectroscopy (HSQC) experiments.
One-dimensional 1H-NMR and 13C-NMR, and two-dimensional H,H-COSY and HSQC spectra
were recorded with a Bruker Avance III 500 HD (Bruker BioSpin GmbH, Rheinstetten/Karlsruhe,
Germany) spectrometer in D2O at 50 ◦C with acetone as internal standard (δ = 31.45 and 2.20 ppm for
13C NMR and 1H NMR spectra, respectively). 1H NMR anomer signals of α-pNP-galactopyranose,
β-galactopyranose, melibiose, and bigalactosides, as well as proton signals of the free 4-nitrophenol
ring were analyzed and integrated by the standard software TopSpin 3.2.

The depth of the pNP-α-Gal conversion (HpNPαGal, %) was calculated by

HpNPαGal = {IGal/(IpNPαGal + IGal2pNP + IGal2)} × 100 (1)

where IGal is integrated intensities of all 1H signals of liberated Galα,β, IpNPαGal is the integrated
intensity of 1H proton signals in substrate pNP-α-Gal, and IGal2pNP and IGal2 are the integrated intensity
of 1H proton signals in transglycosylation products.

The depth of melibiose conversion (HMel, %) was calculated by

HMel = (IGal/IMel) × 100 (2)

where IMel is the integrated intensities of signals 1H of initial mixture of melibiose.
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Yield of oligosaccharides in the total reaction mixture (Y, %) was calculated by

Y = {Iproduct / (IGal + IGlc + IGal2 + IGal2pNP)} × 100 (3)

where Iproduct is the integrated intensity of all 1H signals of a particular oligosaccharide.

5. Conclusions

The recombinant and mutated α-PsGal were shown to be expressed as soluble proteins with the
use of pET-40 b (+)-based constructions, and were purified successfully with the His-tag approach.
The wild α-PsGal from the cold-adapted marine bacterium Pseudoalteromonas sp. KMM 701 has the
traits of a cold-active enzyme that catalyzes the hydrolysis and weak transglycosylation reactions.
The combination of TLC, MALDI-MS, and NMR spectroscopy methods to analyze the reaction mixture
sugars allowed us to define the regioselectivity of the transglycosylation reaction, to qualitatively and
quantitatively identify the reaction products obtained under the action of the recombinant analogues of
α-PsGal, and to evaluate the yield of these products. The yield of transglycosylation products ranged
from 6 to 12%. α-PsGal has a narrow acceptor specificity but rather wide regioselectivity. D-glucose,
D-fructose, L-fucose, and D-xylose are not acceptors in the transglycosylation reaction. Together with
the major α(1→6)-links under experimental conditions, the enzyme produced minor (traces) α(1→4)-
or -α(1→3)-links in bigalactosides at the saturating concentrations of melibiose and pNP-α-Gal,
respectively. The point mutation D451A resulted in the completely loss of α-PsGal activity, indicating
crucial significance of the residue A451 in the performance of the α-PsGal-mediated hydrolysis as well
as transglycosylation. The C494N mutation slightly changed the structure, properties, and substrate
specificity of the enzyme. Thus, Pseudoalteromonas KMM 701 α-D-galactosidase of the GH 36 family,
which is important in biomedical technology, demonstrates weak glycosynthase properties in vitro.
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349/s1, Figure S1: MALDI-MS of mixtures of reaction products with: (a) melibiose and pNP-α-Gal as donor
and acceptor, respectively; (b) wild α-PsGal with pNP-α-Gal as substrate; (c) D451A mutant with pNP-α-Gal;
(d) C494N mutant with pNP-α-Gal; and (e) MALDI-MS of cellobiose and melibiose as standards, Figure S2:
Electrospray ionization mass (ESIMS-MS) spectra of the transglycosylation products catalyzed by wild α-PsGal
with melibiose as substrate: (a) ESIMS-MS spectra; (b) fragmentation of m/z 527 ion; (c) fragmentation of m/z
365 ion, Figure S3: ESIMS-MS spectra of the transglycosylation products from pNP-α-Gal catalyzed by wild
α-PsGal: (a) fragmentation of m/z 365 ion; (b) fragmentation of m/z 486 ion, Figure S4: ESIMS-MS spectra of the
transglycosylation products catalyzed by mutant C494N: (a) melibiose as substrate; (b) fragmentation of m/z 365
ion; (c) pNP-α-Gal as substrate; (d) fragmentation of m/z 486 ion; (e) and fragmentation of m/z 347 ion. Figure
S5: Schemes for presumable mechanism of hydrolysis and transglycosylation of substrates melibiose (a) and
pNP-α-Gal (b) with recombinant α-PaGal, Table S1: Ligand Interactions Report.
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Abstract: The bacterium Alteromonas sp. ML52, isolated from deep-sea water, was found to synthesize
an intracellular cold-adapted β-galactosidase. A novel β-galactosidase gene from strain ML52,
encoding 1058 amino acids residues, was cloned and expressed in Escherichia coli. The enzyme
belongs to glycoside hydrolase family 2 and is active as a homotetrameric protein. The recombinant
enzyme had maximum activity at 35 ◦C and pH 8 with a low thermal stability over 30 ◦C. The
enzyme also exhibited a Km of 0.14 mM, a Vmax of 464.7 U/mg and a kcat of 3688.1 S−1 at 35 ◦C with
2-nitrophenyl-β-d-galactopyranoside as a substrate. Hydrolysis of lactose assay, performed using
milk, indicated that over 90% lactose in milk was hydrolyzed after incubation for 5 h at 25 ◦C or 24 h
at 4 ◦C and 10 ◦C, respectively. These properties suggest that recombinant Alteromonas sp. ML52
β-galactosidase is a potential biocatalyst for the lactose-reduced dairy industry.

Keywords: Alteromonas; deep sea; cold-adapted enzyme; β-galactosidase; lactose-free milk

1. Introduction

Beta-galactosidase (EC 3.2.1.23), a glycoside hydrolase enzyme, catalyzes the hydrolysis of terminal
non-reducing β-d-galactose residues into β-d-galactosides and also catalyzes transgalactosylation
reactions [1–3]. Beta-galactosidases exist naturally in many organisms, including microorganisms,
plants and animals [4,5]. Most industrial β-galactosidases are obtained from microorganisms. For
example, the enzymes isolated from bacteria [6] and yeast [7], with neutral optimum pH, were used in
milk products, and fungal [8] enzymes with an acid optimum pH were used in acid whey products.
The main application of β-galactosidase is to hydrolyze lactose in milk in the dairy industry to provide
lactose-free milk for lactose-intolerant consumers [9]. Another application of β-galactosidase is to
transfer lactose and monosaccharide to a series of galacto-oligosaccharides (GOS) which are functional
galactosylated products [10–12]. However, β-galactosidase catalyzed at moderate temperatures may
cause some issues, e.g., increased production costs, wasted energy and producing undesirable microbial
contamination [13]. Cold-adapted β-galactosidases, with low optimum temperatures, could catalyze
hydrolysis or transgalactosylation reactions at refrigerating temperatures (4–10 ◦C), thus potentially
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overcoming these shortcomings. It may be especially beneficial to the dairy industry which could
improve the hydrolysis of lactose at low temperatures.

While a minority of β-galactosidases from fungus are secreted to the extracellular medium,
e.g., an acid β-galactosidase from Aspergillus spp. [14], β-galactosidases are generally intracellular
enzymes in yeast and bacteria. Most reported β-galactosidases are recombinant enzymes derived
from heterologous expression than from a natural source. In recent years, the number of cold-adapted
β-galactosidases were isolated from psychrophilic and psychrotrophic microorganisms obtained
from isothermal cold environments such as polar [15–17], deep-sea [18] and high mountainous
regions [19]. The main source of enzymes has been obtained from bacterial strains such as Arthrobacter
psychrolactophilus strain F2 [20], Arthrobacter sp. 32c [21], Halomonas sp. S62 [22], Paracoccus sp. 32d [23],
Pseudoalteromonas haloplanktis [24] and Rahnella sp. R3 [19]. Only a few cold-adapted β-galactosidases
have been discovered from other sources, including psychrophilic-basidiomycetous yeast Guehomyces
pullulan [25] and Antarctic haloarchaeon Halorubrum lacusprofundi [26]. The β-galactosidase from
Arthrobacter psychrolactophilus strain F2 showed the lowest optimum temperature at 10 ◦C with an
optimum pH of 8.

Based on the specific features of sequence, structure, substrate specificity and reaction mechanism,
β-galactosidases have been classified into GH1, GH2, GH35 and GH42 families [27]. Most reported
microorganism β-galactosidases belong to the GH2 [15,20,23,24,28] and GH42 [19,21,29] families. A
typical GH2 β-galactosidase from E. coli is made up of five sequential domains and forms a functional
tetramer [30]. Most of the characterized cold-adapted β-galactosidases from the GH2 family are
tetrameric enzymes, except for a dimeric enzyme from Paracoccus sp. 32d and a hexameric enzyme
from Arthrobacter sp. C2-2 [31]. Hitherto, three crystal structures of cold-adapted β-galactosidases
have been obtained: GH42 β-galactosidase from Planococcus sp. L4 [32] and two GH2 β-galactosidases
from Antarctic bacteria Arthrobacter sp. C2-2 [31] and Paracoccus sp. 32d [33].

In this study, we report on a gene of β-galactosidase from the marine bacterium Alteromonas sp.
ML52, isolated from a deep-sea sample. This novel cold-adapted β-galactosidase belongs to the GH2
family and was overexpressed and characterized.

2. Results

2.1. Characterization and Identification of Strain ML52

Strain ML52 was isolated from deep-sea water in the Mariana Trench at a depth of 4000 m and
found to produce intracellular β-galactosidase at 4 ◦C. Database searches showed that strain ML52
is related to the genus Alteromonas. As shown in the neighbor-joining tree (Figure 1) [34,35], strain
ML52 formed a monophyletic cluster with Alteromonas addita R10SW13T (99.9% identity), Alteromonas
stellipolaris LMG 21861T (99.8% identity) and Alteromonas naphthalenivorans SN2T (99.3% identity).
Strain ML52 was able to produce β-galactosidase on 2216E X-Gal agar in the presence of either lactose
or glucose (Figure 2), while the expression of β-galactosidase in E. coli containing a lac operon was
repressed by glucose [36].
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Figure 1. Neighbor-joining tree based on 16S rRNA gene sequences showing the phylogenetic position
of strain ML52 and closely related Alteromonas and Pseudoalteromonas species. Bootstrap values (>50%)
were calculated for 1000 replicates. The reference 16S rDNA sequences were collected from EzTaxon-e
server (www.bacterio.net/) and the National Center for Biotechnology Information (NCBI) Database
and aligned using the ClustalX 2.1 program (Conway Institute UCD Dublin, Dublin, Ireland). The
phylogenetic tree was obtained using MEGA 7.0 software (Institute for Genomics and Evolutionary
Medicine, Temple University, Tempe, AZ, USA).

 

Figure 2. Effects of glucose and lactose on the expression of β-galactosidase of strain ML52. E. coli
strain BL21(DE3) was used as a control. A, 2216E X-Gal agar with 2% glucose; B, 2216E X-Gal agar with
2% lactose; C, 2216E X-Gal agar with 2% glucose and lactose.

2.2. Molecular Cloning and Sequence Analysis

Deoxyribonucleic acid sequencing showed that gal consisted of an open reading frame of 3174
bp, encoding 1058 amino acid residues. The theoretical Mw and pI of the enzyme was 118,543 Da
and 4.96, respectively. According to the BLAST results, gal had a highest identity of 99% to a putative
β-galactosidase from Alteromonas addita (WP_062085674.1). At the time of writing, two characterized
β-galactosidase genes from Pseudoalteromonas sp. 22b (AAR92204.1) and Pseudoalteromonas haloplanktis
(CAA10470.1) exhibited the highest sequence identity (65%) to gal. Based on sequence comparisons,
Gal was classified into glycoside hydrolase family 2. Amino acid sequence comparison of Gal and
other characterized GH2 β-galactosidases are shown in Figure 3.
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Figure 3. Sequence alignment of Gal and other GH2 β-galactosidase from different microorganisms.
Identical residues are shaded in black and conserved residues are shaded in gray. The putative
nucleophilic and catalytic amino acids are marked by a red asterisk and the regions relative to the
formation of a tetramer are marked by blue boxes. Protein accession numbers and species are as follows:
AAR92204.1, Pseudoalteromonas sp. 22b; CAA10470.1, Pseudoalteromonas haloplanktis; ABN72582.1, E. coli
K-12; CAD29775.1, Arthrobacter sp. C2-2.

2.3. Expression and Purification of Recombinant Gal

The expression vector pET-24a was used for the expression of the gal gene from strain ML52 in E.
coli BL21 (DE3). The recombinant enzyme with a 6-histidine tag was induced by IPTG and purified by
Ni-NTA chromatography. After purification, approximately 55.2 mg of pure enzyme was obtained
from 1L of induced culture. The apparent molecular weight of recombinant Gal was 126 kDa which
was determined by SDS-PAGE (Figure 4), and which corresponded to the theoretical size. The relative
molecular weight of recombinant Gal, which was determined by gel-filtration chromatography, was
485 kDa (results not shown). Hence recombinant Gal is probably a tetrameric protein, like E. coli
β-galactosidase.
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Figure 4. Twelve percent SDS-PAGE analysis of the purified β-galactosidase. Lane 1, purified
β-galactosidase; lane M, protein marker. The gel was stained with 0.025% Coomassie blue R250.

2.4. Properties of Recombinant Gal

The optimum temperature for recombinant Gal was close to 35 ◦C and the enzyme had 19–30%
activity at 4–10 ◦C (Figure 5A). Recombinant Gal maintained high activity over a pH range of 7 to 8.5
with maximum activity at pH 8. The enzyme was stable from a pH range between 6.5 and 9 (Figure 5B).
Recombinant Gal was stable at temperatures between 4 and 20 ◦C, but its activity reduced rapidly at
30 ◦C and most activity was lost at 50 ◦C following half hour incubation (Figure 5C).

Figure 5. Effect of temperature on activity (A) and stability (C) of recombinant Gal and effect of pH (B)
on activity of recombinant Gal. The optimum activity was set as 100% with specific activities of 434.3
U/mg, or 286 U/mg for the effect of temperature or pH, respectively.
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Results outlining the effects of metal ions and chemicals on recombinant Gal are shown in
Table 1. Reducing agents (DTT and 2-mercaptoethanol) and K+ could stimulated the enzymatic
activity of recombinant Gal. The addition of Ca2+ and urea slightly decreased enzyme activity whereas
Mg2+, Mn2+ and ionic detergent (SDS) had strong inhibitory effects. The presence of chelating agent
(EDTA) and the ions Zn2+, Ni2+, and Cu2+ completely inhibited enzyme activity. Salt tolerance of the
recombinant Gal was also investigated (Figure 6). Recombinant Gal maintained 53% residue activity in
the presence of 1.5 M NaCl and 26% residue activity when NaCl concentration increased to 4 M.

Table 1. Effect of metal ions and chemicals on activity of recombinant Gal.

Ion/Reagent Relative Activity (%)

None 1 100 ± 1.3
K+ 123 ± 0.6

Ca2+ 74.9 ± 5.4
Mg2+ 32.4 ± 1.4
Mn2+ 21.3 ± 0.9
Ba2+ 48.2 ± 2.1
Zn2+ 0.1 ± 0.04
Ni2+ 0.2 ± 0.03
Cu2+ 0
EDTA 0.2 ± 0.02
Urea 89.9 ± 0.3
DTT 116.9 ± 7

2-Mercaptoethanol 108.9 ± 4
SDS 43.5 ± 1

1 The activity of control (no additions) was set as 100% with a specific activity of 386.7 U/mg.

Figure 6. Effects of NaCl on the activity of recombinant Gal. Activity with 0 M NaCl was set as 100%
with a specific activity of 445.3 U/mg.

The substrate specificity of recombinant Gal was investigated using seven chromogenic substrates
(Table 2). The enzyme was specific to two β-d-galactopyranoside substrates, and showed no activity
to other tested substrates. Kinetic parameters of recombinant Gal were determined at optimum
temperature with ONPG (2-Nitrophenyl-β-D-galactopyranoside) and lactose as substrates, as shown
in Table 3.
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Table 2. Substrate specificity of recombinant Gal.

Substrate Relative Activity (%)

2-Nitrophenyl-β-d-galactopyranoside (ONPG) 1 100 ± 4.2
4-Nitrophenyl-β-d-galactopyranoside (PNPG) 12.8 ± 0.5

4-Nitrophenyl-α-d-galactopyranoside 0
2-Nitrophenyl-β-d-glucopyranoside 0
4-Nitrophenyl-β-d-glucopyranoside 0
4-Nitrophenyl-α-d-glucopyranoside 0
4-Nitrophenyl-β-d-xylopyranoside 0

1 The activity of ONPG was set as 100% with a specific activity of 467.2 U/mg.

Table 3. Substrate specificity of recombinant Gal.

Substrate Vmax (U/mg) Km (mM) kcat (S−1) kcat/Km (S−1

mM−1)

ONPG 464.7 0.14 3688.1 26343.6
Lactose 18.5 7.2 146.5 20.3

2.5. Hydrolysis of Lactose in Milk

The hydrolysis of milk lactose by recombinant Gal was determined at 4 ◦C, 10 ◦C and 25 ◦C
(Figure 7 and Figure S1). The conversion rate of lactose in milk reached about 42% during the initial
hour at 25 ◦C and 94% after 5 h incubation. At refrigerating temperatures of 4 ◦C and 10 ◦C, 58% and
64% of lactose was hydrolyzed after 8 h incubation, respectively. A lactose conversion rate of greater
than 90% was reached after 24 h incubation and almost 100% after 48 h.

Figure 7. Hydrolysis of lactose in milk of recombinant Gal.

3. Discussion

A deep-sea bacterium Alteromonas sp. ML52 with β-galactosidase activity was obtained through
plate screening. The β-galactosidase from strain ML52 was considered to be a constitutive enzyme
because its expression was normal without lactose and not repressed by glucose. A novel GH2
β-galactosidase gene gal was cloned from strain ML52. Sequence alignment of Gal and other GH2
β-galactosidases (Figure 2) showed that Gal shares a conserved acid-base activity site and nucleophilic
site typically found in this family of enzyme. Compared with a E. coli β-galactosidase, a mesophilic
enzyme belonging to the GH2 family, the amino acid sequence composition of Gal showed significant
decreases in Arg residues (4.5% versus 6.4%), Arg/Arg+Lys ratio (0.51 versus 0.77) and Pro residues
(4.9% versus 6.1%) which are structural features of psychrophilic enzymes [30]. Skálová et al. [31]
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compared two crystal structures of GH2 β-galactosidases, a tetrameric enzyme from E. coli and
a hexameric enzyme from Arthrobacter sp. C2-2, and suggested that the outstanding loop region
of domain 2, which participates in forming the contacts between subunits of the tetramer along
with domain 3 in E. coli β-galactosidase; however, this kind of complementation does not occur in
Arthrobacter sp. C2-2. The sequences relative to the formation of the tetramer of Gal in domain 2
and domain 3 were similar to that of the E. coli β-galactosidase, which are labeled in Figure 3. This
theoretical prediction was tested by molecular weight determination. Thus, Gal is considered to be a
homotetrameric protein.

Recombinant Gal has an optimum temperature of 35 ◦C and a low thermal stability over 30 ◦C.
Other reported GH2 cold-adapted β-galactosidases possessed optimum temperatures between 10
and 40 ◦C (Table 4). Thus Gal, which was isolated from a deep-sea bacterium, is considered to be
a cold-adapted enzyme. The optimum pH range for enzyme activity and stability was consistent
with bacterial β-galactosidases which are normally active within a neutral pH range of 6 to 8. This
feature indicates that Gal may be a suitable enzyme for lactose hydrolysis in milk (pH 6.5–6.8). The
activating effect of K+ and the inhibitory action of ions Zn2+, Ni2+, Cu2+ to the enzyme activity of
recombinant Gal also occurred in a cold-adapted Pseudoalteromonas sp. 22b β-galactosidase [28], with
the highest sequence identity to Gal. The chelating agent caused a complete inhibition of enzyme
activity, indicating that the catalytic reaction of recombinant Gal may rely on the presence of metal
ions. It was also noted that recombinant Gal preferred substrate ONPG to substrate PNPG. This
phenomenon was also observed in cold-adapted β-galactosidases from Paracoccus sp. 32d [23] and
Arthrobacter psychrolactophilus strain F2 [20], but many cold-adapted β-galactosidases, isolated from
Pseudoalteromonas sp. 22b [28], Arthrobacter sp. 20B [37] and Arthrobacter sp. 32c [21], displayed
higher levels of activity to PNPG. Remarkably, recombinant Gal showed significantly high affinity
and reaction rate to the chromogenic substrate ONPG at optimum temperature compared to other
GH2 cold-adapted β-galactosidases from Arthrobacter psychrolactophilus strain F2, Arthrobacter sp. and
Paracoccus sp. 32d (Table 4). This property is similar to the Pseudoalteromonas sp. 22b β-galactosidase.
For lactose, the natural substrate of β-galactosidase, recombinant Gal showed intermediate substrate
affinity and catalytic efficiency at optimum temperature. The major industry β-galactosidases were
obtained from Aspergillus spp. and Kluyveromyces spp. [1,4,8]. The β-galactosidases from Aspergillus
spp. have an optimum pH at acidic range (2.5–5.4) and are not suitable for hydrolysis of lactose in milk.
The β-galactosidase from Kluyveromyces lactis is one of the most widely used commercial enzymes.
The optimum pH (6.6–7) of K. lactis β-galactosidase is close to milk because the dairy environment is a
natural habitat for this kind of yeast [4]. However, K. lactis β-galactosidase showed higher optimum
temperature (40 ◦C) [38] and lower substrate affinity to both ONPG and lactose (Km, 1.7 mM for ONPG
and 17.3 mM for lactose) [8] compared with recombinant Gal.
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Table 4. Biochemical characteristics of reported GH2 cold-adapted β-galactosidases.

Strain
Optimum ONPG Lactose

References
Temperature

(◦C)
pH Km (mM) kcat (S−1) Km (mM) kcat (S−1)

Alteromonas
sp. ML52 35 8 0.14 3688.1 7.2 146.5 This work

Arthrobacter
psychrolactophilus

strain F2
10 8 2.7 12.7 42.1 3.02 [20]

Arthrobacter
sp. 20B 25 6–8 - - - - [37]

Arthrobacter
sp. C2-2 40 7.5 - - 53.1 1106 [39]

Arthrobacter
sp. 18 7 11.5 5.2 - - [17]

Paracoccus
sp. 32d 40 7.5 1.17 71.81 2.94 43.23 [23]

Pseudoalteromonas
haloplanktis

TAE 79
- 8.5 - 203 2.4 33 [24]

Pseudoalteromonas
sp. 22b 40 6–8 0.28 312 3.3 157 [28]

The results on lactose digestion in milk indicate that recombinant Gal could hydrolyze 100% of
lactose in milk when incubated for 7 h at 25 ◦C and over 90% lactose was hydrolyzed after incubation
for 24 h at 4 ◦C and 10 ◦C. No transglycosylation product was observed by HPLC during the hydrolysis
process. For the Pseudoalteromonas sp. 22b cold-adapted β-galactosidase [28], 90% of lactose was
hydrolyzed after 6 h at 30 ◦C and after 28 h at 15 ◦C. Another cold-adapted β-galactosidase from the
Arthrobacter psychrolactophilus strain F2 [20] was able to hydrolyze approximately 70% of the lactose in
milk at 10 ◦C after 24 h and displayed transglycosylation activity by forming a trisaccharide product
during the reaction.

4. Materials and Methods

4.1. Isolation and Identification of Bacteria

Deep-sea water samples were collected from the Mariana Trench at a depth of 4000 m in September
2016. They were diluted and spread on marine agar 2216E (MA; BD Difco, Franklin Lakes, NJ, USA)
containing 40 μg/mL X-Gal (5-bromo-4-chloro-3-indolyl-β-d-galactopyranoside, Sigma, St. Louis, MO,
USA) and 2% lactose. After incubation at 4 ◦C for 2 weeks, the detectable blue colonies were repeatedly
streaked on MA to obtain pure cultures. The 16S rRNA gene of strain ML52 was amplified by PCR
from genomic DNA. To test the effects of glucose and lactose on the expression of β-galactosidase,
strains were grown on MA containing 40 μg/mL X-gal and 2% glucose or lactose at 25 ◦C for 2 days.

4.2. Molecular Cloning and Sequence Analysis

Based on the DNA sequence of the predicted β-galactosidase gene (Accession number
AMJ93096.1) from Alteromonas addita strain R10SW13 (Accession number CP014322.1) reported in the
NCBI Database, two primers, forward primer-CGGGATCCATGGCAAATGTTGCTCAA and reverse
primer-CCGCTCGAGGCAATTTTCAGCACT (BamHI and XhoI restriction sites are in italics) were
designed. The PCR product was cloned into pMD20-T and sequenced by Tsingke, China. The plasmid
pET-24a and amplified gal gene were then cleaved with the restriction endonucleases BamHI and XhoI
and the fragments were ligated with T4 DNA ligase (NEB), resulting in the plasmid pET-gal. The
nucleotide sequence of gal was translated to an amino acid sequence using the ExPASY-Translate tool.
A multiple alignment between Gal and other GH2 β-galactosidases from bacteria was constructed
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using ClustalW 2 (Conway Institute UCD Dublin, Dublin, Ireland) and GeneDoc 2.7 (Karl B. Nicholas
et al., San Francisco, CA, USA). The theoretical molecular weight (Mw) and isoelectric point (pI) were
calculated using the Compute pI/Mw tool (http://web.expasy.org/compute_pi/).

4.3. Expression and Purification

For expression of recombinant Gal, the plasmid pET-gal was transformed into E. coli BL21 (DE3)
and cultivated at 37 ◦C in lysogeny broth (LB) containing 30 μg/mL kanamycin until the OD600 of the
culture reached 0.6–0.8. Following this step, isopropyl-β-d-thiogalactopyranoside (IPTG) was added to
the culture with a final concentration of 0.2 mM and the culture was further grown at 16 ◦C for 12 h. The
cells were harvested by centrifugation at 8000 rpm for 10 min at 4 ◦C and suspended in a lysis solution
(50 mM sodium phosphate buffer, pH 8). The mixture was then disrupted by sonication and the cell
debris removed by centrifugation at 13,000 rpm for 15 min. The filtered supernatant was applied
to a Ni2+-chelating affinity column (His-TrapTM HP, GE, Madison, WI, USA) which was previously
equilibrated using an equilibration buffer (50 mM sodium phosphate buffer, 20 mM imidazole, 300 mM
NaCl, pH 8) and subsequently eluted using a linear gradient of 20–250 mM imidazole in equilibration
buffer. Enzyme purity was analyzed by SDS-PAGE (GenScript, Nanjing, China). Purified recombinant
Gal was buffer-exchanged to 50 mM sodium phosphate buffer (pH 8) via centrifugal ultrafiltration
(MW cut off 10 kDa, Millipore, Burlington, MA, USA). The protein concentration was determined
using the BCA protein assay kit (Solarbio, Beijing, China) with bovine serum albumin as a standard.

4.4. Estimation of Molecular Weight

The purified enzyme was applied to a gel-filtration column (Superdex 200 HR 10/30, GE Healthcare,
Madison, WI, USA) and eluted using a buffer containing 50 mM sodium phosphate (pH 7) and 150 mM
NaCl. The standard proteins used were thyroglobumin (669 kDa), apoferritin (443 kDa), β-amylase
(200 kDa), alcohol dehydrogenase (150 kDa), bovine serum albumin (66 kDa), and carbonic anhydrase
(29 kDa) purchased from Sigma (St. Louis, MO, USA).

4.5. Beta-Galactosidase Activity Assay

Beta-galactosidase activity was determined in a 100 μL reaction mixture containing a final
concentration of 0.4 ng/μL (0.83 nM) of purified recombinant Gal, 50 mM sodium phosphate buffer
(pH 8) and 5 mM 2-nitrophenyl-β-d-galactopyranoside (ONPG). Each reaction was incubated for 5
min at 35 ◦C and quenched by the addition of 200 μL of 1 M Na2CO3. The absorbance of the released
o-nitrophenol (ONP) was measured at 420 nm and quantified using an ONP standard curve. One unit
(U) of enzyme activity was defined as the amount of enzyme required for the liberation of 1 μmol ONP
per minute under the assay conditions. All assays were carried out in triplicate.

4.6. Effect of Temperature and pH

The optimum temperature of recombinant Gal was evaluated by incubating the reaction mixtures
at different temperatures ranging from 4 ◦C to 60 ◦C. The optimum pH was determined by incubation
in 10 mM Britton–Robinson buffers ranging from pH 6 to 10 (in increments of 0.5 pH units) at optimum
temperature. The thermostability of recombinant Gal was determined by incubating enzymes at
temperatures ranging from 4 ◦C to 50 ◦C for 180 min and the residual enzyme activity was determined
every 30 min under the optimum conditions. The pH stability was determined after incubating the
enzyme in Britton–Robinson buffers ranging from pH 6 to 10 (in increments of 0.5 pH units) at 4 ◦C for
3 h.

4.7. Effect of Metal Ions and Chemicals

The effect of metal ions and chemicals on recombinant Gal activity was determined after incubating
the enzyme in water with 5 mM of KCl, CaCl2, MgCl2, MnCl2, BaCl2, ZnCl2, NiSO4, CuCl2, EDTA, urea,
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DTT, 2-mercaptoethanol or SDS at 4 ◦C for 1 h. The activity of the enzyme when incubated without
any additional reagents was considered to be 100%. For salt stability, 0–4 M NaCl (final concentration)
was added to the reaction mixtures and the activity determined using optimum conditions.

4.8. Determination of Substrate Specificity and Kinetic Parameters

The substrate specificity of the recombinant Gal was estimated using
5 mM (final concentration) ONPG, 4-Nitrophenyl-β-d-galactopyranoside
(PNPG), 4-Nitrophenyl-α-d-galactopyranoside, 2-Nitrophenyl-β-d-glucopyranoside,
4-Nitrophenyl-β-d-glucopyranoside, 4-Nitrophenyl-α-d-glucopyranoside or
4-Nitrophenyl-β-d-xylopyranoside in 50 mM sodium phosphate buffer (pH 8) under the
optimum conditions. For the activity of 4-nitrophenol-derived substrates, the absorbance of the
released 4-nitrophenol (PNP) was measured at 405 nm and quantified using a PNP standard curve.
Kinetic parameters of the recombinant Gal were determined at 35 ◦C and the reaction rate with ONPG
(0.1–5 mM) and lactose (0.2–40 mM) as substrates was determined. The released glucose in the lactose
hydrolysis reaction was measured using a commercial glucose oxidase-peroxidase assay kit (Shanghai
Rongsheng Biotech Co., Ltd., Shanghai, China). One unit (U) of enzyme activity was defined as 1
μmol of glucose released per minute. The values of the kinetic constants were calculated using the
Lineweaver-Burk method.

4.9. Hydrolysis of Lactose in Milk

The hydrolysis of lactose in milk was determined by incubating 100 μg purified Gal in 1 mL of
commercial skim milk (Inner Mongolia Yili Industrial Group Co. Ltd., Hohhot, China) at 4 ◦C, 10
◦C, or 25 ◦C for 48 h. The reaction was terminated by incubating the sample at 60 ◦C for 5 min and
then adding an equal volume of 5% trichloroacetic acid (TCA) to the reaction mixture. The pH of the
reaction mixture was adjusted to neutral pH using 1 M NaOH and centrifuged at 10,000 rpm for 10
min. The supernatant was analyzed by HPLC using the ZORBAX Carbohydrate Analysis Column
(Agilent, Palo Alto, CA, USA), with 75% acetonitrile used as a mobile phase at a flow rate of 1 mL/min
and a Shimadzu Refractive Index Detector (Kyoto, Japan).

4.10. Nucleotide Sequence Accession Numbers

The 16S rRNA gene sequence and β-galactosidase gene (gal) of strain ML52 were deposited in
GenBank under the accession numbers MH916568 and MH925304, respectively.

5. Conclusions

In this study, a new GH2 β-galactosidase (Gal) was successfully cloned, purified and characterized
from the deep-sea bacterium Alteromonas sp. ML52. Recombinant Gal is a cold-adapted enzyme and
was able to efficiently hydrolyze lactose in milk at refrigerating temperature. These characteristics
suggest that Gal could be a potential cold-active biocatalyst and usefully applied to the production of
lactose-free milk in the dairy industry.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/12/469/s1,
Figure S1: HPLC-RID profiles of hydrolysis of lactose in milk at 4 ◦C (A), 10 ◦C (B) and 25 ◦C (C). (1) Glucose; (2)
Galactose; (3) Lactose.
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Abstract: This study evaluated the ability of a dextranase from a marine bacterium Catenovulum
sp. (Cadex) to impede formation of Streptococcus mutans biofilms, a primary pathogen of dental
caries, one of the most common human infectious diseases. Cadex was purified 29.6-fold and had a
specific activity of 2309 U/mg protein and molecular weight of 75 kDa. Cadex showed maximum
activity at pH 8.0 and 40 ◦C and was stable at temperatures under 30 ◦C and at pH ranging from 5.0
to 11.0. A metal ion and chemical dependency study showed that Mn2+ and Sr2+ exerted positive
effects on Cadex, whereas Cu2+, Fe3+, Zn2+, Cd2+, Ni2+, and Co2+ functioned as inhibitors. Several
teeth rinsing product reagents, including carboxybenzene, ethanol, sodium fluoride, and xylitol
were found to have no effects on Cadex activity. A substrate specificity study showed that Cadex
specifically cleaved the α-1,6 glycosidic bond. Thin layer chromatogram and high-performance
liquid chromatography indicated that the main hydrolysis products were isomaltoogligosaccharides.
Crystal violet staining and scanning electron microscopy showed that Cadex impeded the formation
of S. mutans biofilm to some extent. In conclusion, Cadex from a marine bacterium was shown to be
an alkaline and cold-adapted endo-type dextranase suitable for development of a novel marine agent
for the treatment of dental caries.

Keywords: marine agent; Catenovulum; alkaline and cold-adapted dextranase; isomaltoogligosaccharides;
biofilm; dental caries

1. Introduction

Dextranases (α-1,6-D-glucan-6-glucanohydrolase; EC 3.2.1.11) hydrolyze dextran to
oligosaccharides at the α-1,6 glucosidic bond, and are widely used in medical, dental, and
sugar industries. In clinical applications, specific clinical dextran produced by dextranase can be
used as a blood substitute in emergencies [1–3]. In the sugar industry, dextranase has been used to
resolve the poor clarification and throughput that dextran can cause in sugarcane juice [4–7]. It is
worth noting that this enzyme can be used with commercial dextran to directly synthetize isomaltose
and isomaltooligosaccharides which exhibit prebiotic effects [8–10]. A previous report proposed that
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dextranase may be capable of treating dental plaques [2,3,11]. For this reason, the use of dextranase to
treat dental caries has attracted a great deal of attention, particularly with respect to the degradation
of dextran in dental plaques. Bacterial cells form biofilms as a protective barrier from external
conditions, serving as a mechanism for improving survival and dispersion [12,13]. Streptococcus
mutans is the main cause of dental decay in human teeth and key modulator of the development
of cariogenic biofilms [14,15]. Accumulation of this cariogenic bacterium within the biofilm may
lead to the onset of periodontal inflammation. Thus, dislodging the biofilm is the main therapy for
periodontal inflammation.

An alkaline dextranase may be suitable for the treatment of dental caries because alkaline
tooth-rinse products are expected to be more amenable to enamel than acidic products [16]. In addition,
dextranase works efficiently at temperatures of about 37 ◦C and may also contribute to the degradation
of human dental plaques. However, the most common source of dextranase, fungi, produce many
acidic and megathermal dextranases, which catalyze at pH values ranging from pH 5.0 to 6.5 and
temperatures above 50 ◦C, and are unstable under alkaline conditions. Dextranases are seldom capable
of catalysis under both alkaline and moderate-temperature conditions [1]; however, enzymes from
marine microorganisms may be an exception [17–19].

In this study, a dextranase produced by a marine bacterium Catenovulum sp. DP03 (CGMCC
No. 7386) was sequenced and selected for extracellular experiments [20]. This study demonstrated
a method for purifying, characterizing and hydrolyzing products of dextranase from the marine
strain DP03 and analyzed its effects on S. mutans biofilm. The results provide insights into additional
applications for this enzyme.

2. Results

2.1. Purification of Dextranase

A summary of the efficient extraction protocol used to purify Catenovulum sp. DP03 dextranase
(hereafter called Cadex), which included ultrafiltration, ethanol precipitation, ammonium sulfate
precipitation, and ion exchange chromatography (Table 1). The activity of crude dextranase was
77.9 U/mg, and the activity of Cadex sequentially purified by ultrafiltration, ethanol precipitation,
and ammonium sulfate precipitation was 163.5 U/mg, 223.3 U/mg and 341.6 U/mg, respectively.
When ion exchange chromatography was used for purification, Cadex was purified 29.6-fold with a
specific activity of 2309 U/mg protein and a yield of 16.9%. About 5.4% of enzymatic activity was lost
and specific enzyme activity was increased by 48.7% after ultrafiltration. Ethanol precipitation and
ammonium sulfate precipitation were used to remove polysaccharides and proteins. Ion exchange
chromatography was performed to optimize the purification. Ten fractions containing proteins
were eluted from Q-sepharose column, among which only one fraction showed dextranase activity.
A Q-sepharose column with gradient elution of 45% 800 mM NaCl is an efficient method for Cadex
purification. Finally, a homogenetic dextranase was purified. As shown in Figure 1, Cadex appeared
as a single band of an estimated molecular weight of 75 kDa. The isoelectric point (pI) was 5.0.

Table 1. Purification of Cadex.

Purification Step
Total Protein

(mg)
Total Activity

(U)
Specific Activity

(U/mg)
Purification

(-Fold)
Yield (%)

Culture broth 80.6 6314.3 77.9 1 100
30 kDa ultrafiltration 36.5 5973 163.5 2.1 94.6
Alcohol precipitation 20.9 4664.6 223.3 2.9 73.9

Ammonium sulfate precipitation 6.74 2303.9 341.6 4.4 36.5
Ion exchange chromatography 0.46 1069.5 2309 29.6 16.9
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Figure 1. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of Cadex. Lane
Maker: protein marker. Lane 1: purified Cadex.

2.2. Characterization of Dextranase

2.2.1. Effects of pH and Temperature on Dextranase Activity

The optimum pH for maximum Cadex activity was 8.0 within the range of pH 7.0–9.0 (Figure 2a).
The effects of temperature on dextranase activity are shown in Figure 2b. The optimal temperature for
dextranase activity was 40 ◦C within the range of 25–50 ◦C, showing peak relative activity no less than
87%. However, dextranase activity decreased up to 60 ◦C. Cadex also showed 33.8% relative activity
at 0 ◦C.

(a) 

Figure 2. Cont.

169



Mar. Drugs 2018, 16, 51

(b) 

(c) 

Figure 2. (a) Optimum pH and stability curves of Cadex. For each pH, activity was assayed at
40 ◦C and considered relative activity ( ). The pH stability curve (�) represents residual activity after
pre-incubation for 1 h at 25 ◦C. (b) Effects of temperature on the activity. (c) Effects of temperature on
thermal stability of Cadex. Thermal stability: � 30 ◦C, 40 ◦C, 50 ◦C.

2.2.2. Enzymatic Stability

Figure 2a shows that Cadex retained more than 90% activity within a pH range of 5–11 (100%
activity at pH 7.0). Purified Cadex showed thermal stability at 30 ◦C (pH 7.5) for 5 h. Under these
conditions, almost 100% activity was retained. At 40 ◦C, 40% of activity was lost after 5 h of exposure.
Above 50 ◦C, activity rapidly declined to undetectable levels at 1 h (Figure 2c).

2.2.3. Effects of Metal Ions and Reagents on Dextranase Activity

Alkaline proteases from microorganism require a divalent cation such as Ca2+, Mg2+, and Mn2+

or a combination of these cations, for maximum activity [19]. The effects of various metal ions on
Cadex were investigated and the results are shown in Table 2. Enzyme activity was slightly increased
upon exposure to 1 mM and 5 mM MgCl2 or SrCl2, respectively. This is consistent with previous
observations [21,22]. However, enzyme activity was inhibited by exposure to 1 mM CuCl2, FeCl3,
ZnCl2, CdCl2, NiCl2, or CoCl2, and even more so at concentrations of 5 mM, consistent with the results
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from another report [23], although these data conflict with the results reported by Birol et al. [24]. No
apparent effects on dextranase activity were observed after exposure to BaCl2, NH4Cl, CaCl2, KCl, or
LiCl. However, the cations Co2+ and Ca2+ had the opposite effects on dextranase from Chaetomium
erraticum and Arthrobacter oxydans KQ11 [3,10]. The effects of several types of chemical treatments for
dental caries on the activity of Cadex are shown in Table 3. The data indicate that 5% ethanol, 0.1%
carboxybenzene, sodium fluoride and xylitol had no apparent effects on the Cadex activity.

Table 2. Effects of metal ions on Cadex activity.

Reagents Relative Activity (%) (1 mM) Relative Activity (%) (5 mM)

Control 100 ± 1.45 100 ± 0.71
Ba2+ 99.82 ± 0.51 97.73 ± 0.95

NH4
+ 99.91 ± 1.23 77.8 ± 1.8

Ca2+ 97.46 ± 1.1 76.58 ± 2.96
Mg2+ 102.77 ± 2.27 104.47 ± 2.91

K+ 100.62 ± 3.69 91.87 ± 3.47
Cu2+ 1.97 ± 0.85 2.00 ± 1.11
Fe3+ 21.96 ± 1.67 0
Zn2+ 50.10 ± 1.92 2.47
Li+ 99.98 ± 0.4 90.53 ± 0.67

Cd2+ 41.14 ± 1.29 14.55 ± 1.65
Ni2+ 51.39 ± 1.35 21.35 ± 0.7
Co2+ 60.99 ± 2.32 29.00 ± 1.15
Sr2+ 103.75 ± 1.77 106.60 ± 1.89

Table 3. Effects of chemical treatment of dental caries on Cadex activity.

Reagents (w/v) Relative Activity (%)

Control 100 ± 1.15
0.5% sodium lauryl sulfate 7.31 ± 1.39

0.1% sodium fluoride 93.8 ± 1.40
0.1% carboxybenzene 102.2 ± 0.32

0.1% xylitol 100.3 ± 0.50
5% ethanol 105.5 ± 0.70

2.2.4. Substrate Specificity and the Hydrolysis Products of Dextranase

Dextranase activity in the catalyzed hydrolysis of carbohydrates with different glucosidic linkages
was determined and used as an indicator of the substrate specificity of Cadex (Table 4). Dextranase
showed high specificity towards dextrans containing the α-1,6 glucosidic bond. The poor hydrolysis
of soluble starch might indicate that Cadex can only cleave α-1,6 glycosidic bond. Soluble starch was
formed using only a few α-1,6 glucosidic and α-1,4 glucosidic linkages [25]. No activity was detected
in pullulan, which was mainly formed by α-1,4 glucosidic linkages. The same results were observed
with chitin and cellulose, which are formed by β-1,4 glucosidic linkages. First, isomalto-triose (G3),
isomalto-tetraose (G4), isomalto–pentaose (G5) and higher molecular weight maltooligosaccharides
were found to be the products after a 3 h reaction. The hydrolysis products after a 24 h reaction were
glucose (G1), G3, G4, and G5, and G6 was an extra sugar product when the reaction time was extended
to 72 h, as shown by thin-layer chromatography (TLC) (Figure 3).

Second, high-performance liquid chromatography (HPLC) indicated that isomaltooligomers
were the main products released by Cadex regardless of reaction time (Figure 4). Each hydrolyzed
product was quantified by Empower GPC software (Table 5). G1, G2, G3, G4, G5, G6, and G7 were
products of glucose, maltose, isomalto-triose, isomalto-tetraose, isomalto-pentaose, isomalto-hexaose,
and isomalto-heptaose, respectively. The results indicated that a small amount of glucose was detected,
which is similar to most fungal dextranases. They maintained a dynamic equilibrium, which did
not increase with longer reaction times. Moreover, the amounts of maltose, isomalto-triose and
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isomalto-tetraose slightly declined, and an increase in time from 15 min to 5 h did not increase the
yield. However, isomalto-hexaose and isomalto-heptaose accumulated more quickly than the other
sugars as the time increased from 15 min to 5 h. At the same time, the yield of these intermediate high
molecular weight oligomers (15–20%) was significantly higher than that of glucose (about 2%). This
was similar to other reports in which macromolecule isomaltooligomers accumulated in the first period
(6 h), and the other sugars were hydrolyzed to produce other smaller sugars [26]. The isolation of small
amounts of glucose and some intermediate high molecular weight oligomers seemed to be random
rather than through the stepwise hydrolysis of polysaccharide, making Cadex an endo-type dextranase.

Table 4. Substrate specificity of Cadex.

Substrate Main Linkages Relative Activity (%)

Dextran T20 α-1,6 90.42 ± 0.25
Dextran T40 α-1,6 91.29 ± 0.67
Dextran T70 α-1,6 95.65 ± 1.55
Dextran T500 α-1,6 100 ± 1
Soluble starch α-1,4, α-1,6 4.93 ± 1.36

Microcrystalline cellulose β-1,4 0
Chitin β-1,4 0

Pullulan α-1,4 0

Table 5. Content of sugar (%) in hydrolysates after enzymatic hydrolysis of dextran by Cadex.

Time of Hydrolysis
Hydrolysis Productions

G1 G2 G3 G4 G5 G6 G7

15 min 2.02 18.59 12.31 19.22 21.02 12.49 14.36
30 min 1.95 17.75 12.03 19.13 21.01 13.1 15.03

1 h 1.9 17.44 11.69 18.86 20.77 13.71 15.63
3 h 1.94 16.74 11.25 18.57 21.05 14.53 15.92
5 h 1.96 16.24 9.62 17.7 19.9 16.29 18.3

 

Figure 3. Thin-layer chromatogram of the products from Cadex. Symbols: G1 to G7 a series of
authentic sugar standards of glucose, maltose, isomalto-triose, isomalto-tetraose, isomalto-pentaose,
isomalto-hexaose, and isomalto-heptaose, respectively. M is the standard marker, S1 to S3 show the 3 h,
24 h, and 72 h reaction times, respectively.
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Figure 4. The 3% dextran T70 was treated at 40 ◦C and pH 8.0 for different periods with the products
measured by HPLC: (a) the results for standards (G1 to G7 a series of authentic sugar standards
of glucose, maltose, isomalto-triose, isomalto-tetraose, isomalto-pentaose, isomalto-hexaose, and
isomalto-heptaose, respectively); and (b–f) the results for 3% dextran T70 treated for 15 min, 30 min,
1 h, 3 h, and 5 h with Cadex.

Sugars were identified and measured by HPLC. The hydrolysis condition yielded 3% dextran T70
at 40 ◦C and pH 8.0.
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2.3. Effects of Cadex on Biofilm

Table 6 shows the comparison of biofilm inhibitory rates between Penicillium dextranase and
Cadex under various concentrations. It can be clearly seen that both Penicillium dextranase and Cadex
impeded the biofilm formation. The minimum biofilm inhibitory concentration for 90% inhibition
(MBIC90) was calculated when 40 U/mL Penicillium dextranase and 30 U/mL Cadex were added to the
media after which the effects of the dextranases on S. mutans biofilm formation were analyzed. Cadex
was more efficient than Penicillium dextranase in inhibiting S. mutans biofilm formation. Figure 5 shows
the bacterial morphology and biofilm, as observed by scanning electron microscopy (SEM.). In the
blank control group, S. mutans grew well and the biofilm developed smoothly with prolonged time. At
18 h, a thick biofilm with dense cells were seen, with no obvious structural breakdown. In contrast,
biofilm did not form easily when S. mutans was cultured in brain heart infusion (BHI) medium by
adding the MBIC90 of Cadex or Penicillium dextranase. Dextranase impeded biofilm formation and
reduced the number of S. mutans cells that adhered to the glass coverslips. Cadex had inhibitory effects
on S. mutans biofilm formation. A previous report proposed that crude Catenovulum dextranase can
prevent S. mutans from forming biofilms, however, it used crude dextranase and was a preliminary
assessment [20].

Table 6. Biofilm inhibitory rates with different concentrations of dextranase.

Concentration of Penicillium
Dextranase (U/mL)

Biofilm Inhibitory
Rate a (%)

Concentration of
Cadex (U/mL)

Biofilm Inhibitory
Rate a (%)

0 0 0 0
5 27.46 ± 1.28 5 33.31 ± 0.99
10 39.44 ± 1.33 10 52.39 ± 1.21
15 50.2 ± 1.42 15 62.2 ± 0.92
20 63.13 ± 0.89 20 71.3 ± 0.69
25 73.42 ± 1.13 25 85.45 ± 0.70
30 82.16 ± 0.92 30 91.11 ± 0.83
40 89.34 ± 0.93 35 94.21 ± 1.13

a The biofilm inhibitory rate was calculated at an absorbance of 595 (A595) of the crystal violet stained biofilm without
dextranase subtracted from A595 of biofilm with dextranase, and divided by A595 of biofilm without dextranase
multiplied by 100%.

 
Group a-3 h Group b-3 h Group c-3 h 

 
Group a-9 h Group b-9 h Group c-9 h 

Figure 5. Cont.

175



Mar. Drugs 2018, 16, 51

 
Group a-18 h Group b-18 h Group c-18 h 

Figure 5. Electron microscopy of S. mutans biofilm formed on glass coverslips in the presence and
absence of dextranase at different periods: (Group a) blank control, note the equal volume of cell-free
pure water was added to replace dextranase; (Group b) biofilm subjected to 40 U/mL Penicillium
dextranase; and (Group c) biofilm subjected to 35 U/mL Cadex.

3. Discussion

A psychrotolerant dextranase-producing bacterium named Catenovulum sp. DP03 was previously
studied [20]. However, to the best of our knowledge, this is the first report of the purification and
characterization of dextranase from Catenovulum. Purification of crude dextranase by ammonium
sulfate fractionation and Sepharose 6B chromatography, which resulted in a 6.69-fold increase
in specific activity and an 11.27% recovery, was previously reported [23]. This system of the
aforementioned procedure may be used to produce homogenetic dextranase. The process can easily be
scaled up and is cost-effective. The molecular weight of Cadex was about 75 kDa, which resembled
that of dextranase from Sporotrix schencki (79 kDa) [27]. Bacteria producing dextranases generally
have molecular weights ranging from 60 to 114 kDa [28–30]. The smallest dextranase (23 kDa) is from
Lipomyces starkeyi [24], and the largest (175 kDa) is from Streptococcus sobrinus [31].

Endo-type Cadex showed high specificity towards dextrans containing α-1,6 glucosidic bonds.
Moreover, the main hydrolysis products of Cadex were isomaltooligomers [30,32,33]. Dextranase
from Chaetomium [34], Aspergillus [35], Penicillium [36], and Fusarium [37] synthesize comparatively
low amounts of glucose and higher amounts of isomaltooligosaccharides. Isomaltooligosaccharides
can promote the growth and proliferation of Bifidobacteria and Lactobacillus [1,38]. Numerous
isomaltooligosaccharides are prebiotics, which are produced endodextranases and have garnered
much commercial interest [33].

The optimum pH for Cadex activity tends to be alkaline, and recently reported alkalophilic
cases were Streptomyces sp. NK458 and Bacillus subtilis NRC-B233b, which had maximum activities
at pH 9.0 and pH 9.2 [7,39]. Evidence is accumulating that alkali generation plays a major role in
pH homeostasis which may modulate the initiation and progression of dental caries [40]. Therefore,
alkalophilic Cadex may be suitable for the development of novel marine agents for the treatment of
this condition [16]. Cadex had catalytic efficiency at 0 ◦C, similar characteristics to other cold-adapted
enzymes: for example, a cold-adapted ι-carrageenase showed 36.5% relative activity at 10 ◦C [41]
and a cold-adapted β-glucosidase retained more than 60% of its activity at temperatures ranging
from 15 ◦C to 35 ◦C [42]. Cold-adapted enzymes have optimal catalyst temperatures near 30 ◦C and
remain efficient at 0 ◦C. Cadex can be classified as a cold-adapted enzyme according to the system
developed by Margesin and Schinner [43]. The excellent pH stability of Cadex distinguishes it from
other dextranases, which are generally unstable across a broad pH range [1,7,22,27]. It would be easier
to hydrolyze dextran than dextranases in acid/alkaline catalysis conditions. We speculate that Cadex
may be suitable for widespread use. We have classified Cadex as a cold-adapted dextranase, which
may explain its lower thermo-stability than terrestrial dextranases [1]. Nevertheless, in our early
studies, crude Cadex showed greater thermostability than purified dextranase, as it was stable at 45 ◦C,
and its half-life was 10 h (data not shown).

176



Mar. Drugs 2018, 16, 51

The present study proposes that purified Catenovulum dextranase, namely Cadex, is an alkalophilic
and cold-adapted dextranase that is considered to be a novel marine dextranase of dealing with biofilms.
The failure of biofilm formation is attributable to the failure of extracellular polysaccharides to form
efficiently, possibly due to cleavage of the α-1,6 glucosidic linkages in the biofilm that occurs in the
presence of Cadex. The oral Streptococcus biofilm is formed by α-(1,3)-glucan and α-(1,6)-glucan, in
which the α-1,6 glucosidic linkages are degradable by dextranase while the α-1,3 glucosidic linkages
can be cleaved by mutanase [44]. Penicillium dextranase is often used as the standard dextranase in
studies of this enzyme such as studies showing dextran removal during sugar manufacturing [7].
Cadex was a favorable biofilm inhibitor that surpassed the inhibitory ability of Penicillium dextranase at
the same concentration. In addition, common teeth rinsing products, such as carboxybenzene, ethanol,
sodium fluoride, and xylitol, had no negative effects on Cadex activity. Marine organisms are regarded
as a prolific resource of novel bioactive metabolites, including a vast array of macrolides, cyclic peptides,
pigments, polyketides, terpenes, steroids and alkaloids [45]. At the same time, marine enzymes are
important bioactive metabolites which characterized by high salt tolerance, hyperthermostability, and
low ideal temperature tolerance. These beneficial properties make Cadex an attractive candidate for
development as a novel reagent for dental plaque treatment [46,47].

4. Materials and Methods

4.1. Chemicals

Q-Sepharose FF, dextran (T20, T40, T70, and T500), and PhastGel IEF 3-9 were obtained from
GE Healthcare (Uppsala, Sweden). A prestained protein PAGE ruler was obtained from Fermentas
(Waltham, MA, USA). An oligosaccharide kit, an IEF protein mix 3.6–9.3, bovine serum albumin,
crystal violet, (CV), and Coomassie brilliant blue R250 and G250 were purchased from Sigma-Aldrich
(St. Louis, MO, USA). All other reagents were purchased from Sinopharm Chemical Reagent
Corporation (Shanghai, China) and were of the highest analytical grade.

4.2. Crude Dextranase Production

Extracellular dextranase production was performed in medium containing 5 g/L yeast extract,
5 g/L peptone, 10 g/L dextran T20, and 5 g/L NaCl. The pH was adjusted to about 8.0 before
autoclaving. Then, the production medium was inoculated with Catenovulum sp. DP03. After
fermenting at 30 ◦C for 28 h, a cell-free culture broth was obtained by centrifugation for 20 min at
12,000× g and 4 ◦C.

4.3. Purification of Dextranase

First, excess water and other matter were removed from the crude dextranase product by
ultrafiltration (Watson Marlow, Cornwall, UK) using a 30,000 NMWC hollow fiber cartridge (GE
Healthcare) at room temperature. Deionized water was added three times. The crude enzyme was
finally concentrated to one tenth of the original volume of the culture broth. Second, pre-cooled ethanol
(−40 ◦C) was added to the crude enzyme solution slowly and agitated gently for 10 min. An ethanol:
enzyme ratio of 0.6:1.2 (v:v) was found to be optimal. After centrifugation for 15 min at 12,000× g
and 4 ◦C, the precipitate was dissolved in 10 mM Tris-HCl buffer (pH 7.5). Third, ammonium sulfate
precipitation was performed using a magnetic stirrer. The supernatant from ethanol precipitation
was placed in a beaker within an ice tray. Then 25% saturated ammonium sulfate was added to the
solution, which then was allowed to stand at 4 ◦C for 1 h, after which it was centrifuged at 12,000× g
at 4 ◦C for 20 min. The supernatant was collected, and 60% saturated ammonium sulfate was added.
The mixture was allowed to stand for 1 h, and precipitated protein was collected by centrifugation
20 min at 12,000× g and 4 ◦C. Then the pellet was dissolved and dialyzed using 10 mM Tris-HCl buffer
(pH 7.5). Finally, the enzyme sample was loaded onto a Q-Sepharose column (1.6 cm × 10 cm; GE
Healthcare). Chromatographic analysis was conducted by a fast protein liquid chromatography (FPLC;
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Bio-Rad, Hercules, CA, USA) at room temperature. Proteins were eluted with several NaCl gradients
in 10 mM Tris-HCl (pH 7.5) at a flow rate of 0.8 mL/min. Protein content and enzyme activity for
each fraction were monitored. The enzyme-containing fractions were concentrated using ultracel-10k
centrifugal filters (Millipore, Burlington, MA, USA).

4.4. SDS-PAGE and Isoelectric Focusing

SDS-PAGE analysis of dextranase was performed according to Laemmli [48] with minor
modifications. After electrophoresis, the gel was stained with Coomassie brilliant blue R-250. Isoelectric
focusing (IEF) was performed using a Pharmacia PhastGel System (GE Healthcare) on PhastGel IEF
3–9 according to the manufacturer’s instructions. An IEF protein marker (mix 3.6–9.3) was used as the
pI standard.

4.5. Enzyme Assay and Protein Measurement

Enzyme activity was measured using dextran T70 as the substrate (3%, m/v) in 0.1 M Tris-HCl
buffer (pH 8.0) using the 3,5-dinitrosalicylic acid method. Maltose served as the standard. One unit of
dextranase activity was defined as the amount of enzyme capable of hydrolyzing dextran to 1 μM of
reducing sugar in1 min [49]. Protein concentration was measured by the Bradford protein assay [50]
using bovine serum albumin as the standard.

4.6. Enzyme Properties

4.6.1. Effects of pH on Activity and Stability of Cadex

Dextranase activity was measured in buffers of different pH values and containing 3% dextran
T70. To determine the effects of pH on dextranase stability, the enzyme solution was incubated at
25 ◦C for 1 h, and residual activity was measured at the optimum pH. Solutions (50 mM) with different
pH values were used as follows: citrate buffer (pH 4.0–6.0), sodium phosphate buffer (pH 6.0–7.5),
Tris-HCl (pH 7.5–9.0), and NaHCO3-Na2CO3 (pH 9.0–11.0).

4.6.2. Effects of Temperature on Activity and Stability of Cadex

The temperature for the enzymatic reaction was optimized by experimentation at different
temperatures (0–70 ◦C). To assess thermal stability, the enzyme solution was pre-heated at temperatures
of 30 ◦C, 40 ◦C, and 50 ◦C for 0–5 h. Residual enzyme activity was measured at each interval.

4.6.3. Effects of Metal Ions and Chemicals on Cadex Activity

The effects of different solutions containing chloride metal ion salts (final concentrations of 1 mM
and 5 mM) and chemicals on purified Cadex activities were determined. The relative enzyme activity
in the presence of metal ions and chemicals was calculated based on activity in the absence of reagent.

4.6.4. Substrate Specificity

To determine the substrate specificity of Cadex, dextranase activity in the enzymatic hydrolysis
of carbohydrates with various glycosidic linkages was determined using the method described by
Wu. et al. [22]. Dextranase was incubated in 50 mM Tris-HCl (pH 8.0) with various carbohydrates at
40 ◦C for 20 min. Relative activity was expressed in percentage values of the highest activity, which
was set as 100%.

4.6.5. Products of Cadex Hydrolysis

First, Cadex hydrolysis took place in dextran T70 solution, and the products were analyzed by
TLC using a silica gel GF254 plate developed in a chloroform: acetic: acid: water ratio of = 5:7:1 (v:v:v).
An oligosaccharide kit was used as the standard.
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Second, using the optimum dextranase temperature and pH, 3% dextran T70 samples were
digested for different periods (15 min, 30 min, 1 h, 3 h, and 5 h). The products were identified and
analyzed with the Waters 600 and Waters Sugar-Pak1 (300 mm × 7.8 mm; Waters, Milford, MA, USA)
HPLC with a differential refraction detector. The mobile phase was water at 0.4 mL/min, the column
temperature was 85 ◦C and the injection volume was 20 μL. The standard sugars were glucose, maltose,
maltotriose, isomaltotriose, isomaltotetraose, isomaltopentose, and isomaltohexose. For quantification,
the peak areas were determined. Data acquisition and processing were conducted using Empower
GPC software (Waters, Milford, MA, USA).

4.7. Effects of Cadex on Biofilm

4.7.1. Biofilm Mass Assay

The biofilm mass was assayed by CV staining according to the protocol of Cardoso et al. [51]
with some modifications. Briefly, biofilms were grown on a flat bottom sterile 96-well plate (Greiner,
Frickhausen, Germany) in which the cultured medium was removed. To each well, 0.2 mL of 0.2 M
phosphate buffer was added three times to clean the unattached biofilms, which were left to air dry
and fixed for 60 min. Then 0.2 mL of 1% CV was added to each well for 5 min. Following the staining
step, the CV solution was removed and the biofilms were cleaned and dried, after which 0.2 mL of
95% ethyl alcohol was added to re-solubilize the dyed biofilms. The CV solutions were obtained
and transferred to a new 96-well plate and the optical density of the content was measured using a
microtiter plate spectrophotometer (Bio-Rad) at 595 nm.

4.7.2. Effects of Cadex on Biofilm Formation

Base on the biofilm mass assay, MBIC of Streptococcus mutans ATCC 25175 (American Type Culture
Collection (ATCC), Manassas, VA, USA) was measured. The effects of Cadex and a homogenetic purity
dextranase from Penicillium (SA D8144; Sigma) on S. mutans biofilm formation were investigated using
SEM at MBIC90. S. mutans was pre-inoculated in BHI medium without sucrose at 37 ◦C for 15 h. Then,
1 mL of this precultured solution was inoculated into fresh BHI medium with 1% sucrose (20 mL in
100 mL Erlenmeyer-type flask). Sterile glass coverslips were placed in the BHI medium. The media
were co-cultured with S. mutans and incubated with Cadex at 37 ◦C for 3 h, 9 h, and 18 h. An identical
assay with an equal volume of cell-free deionized water served as the blank control. All coverslips
were collected for fixation, and were dehydrated and dried according to the procedure described by
Tao et al. [52]. The coverslips were sputter-coated with gold (JFC-1600, JEOL, Tokyo, Japan) and
viewed by SEM (JSM-6390LA; JEOL).

5. Conclusions

Cadex from the marine bacterium Catenovulum sp. was purified to 29.6-fold homogeneity. It
showed a specific activity of 2309 U/mg protein and a molecular weight of 75 kDa. Its optimum pH
and temperature were 8.0 and 40 ◦C, respectively. The enzyme was stable at temperatures below
30 ◦C and pH values within 5–11. Some mental ions and chemicals might activate Cadex, but others
might inhibit it or leave it unaffected. Cadex was identified as a typical endo-dextranase. The main
hydrolysis products were isomaltoogligosaccharides which may be included as a prebiotic supplement
to promote the growth and proliferation of intestinal flora. Cadex inhibited biofilm formation by
S. mutans. Thus, this alkaline- and cold-adapted dextranase from the marine bacterium Catenovulum
sp. appears to be efficacious under both mesophilic and alkalophilic conditions, thus is a potential
candidate for development into a novel marine oral biofilm removal drug.
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Abstract: Recently, we identified an alginate-assimilating gene cluster in the genome of
Flavobacterium sp. strain UMI-01, a member of Bacteroidetes. Alginate lyase genes and a
4-deoxy-L-erythro-5-hexoseulose uronic acid (DEH) reductase gene in the cluster have
already been characterized; however, 2-keto-3-deoxy-D-gluconate (KDG) kinase and
2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase genes, i.e., flkin and flald, still remained
uncharacterized. The amino acid sequences deduced from flkin and flald showed low identities
with those of corresponding enzymes of Saccharophagus degradans 2-40T, a member of Proteobacteria
(Kim et al., Process Biochem., 2016). This led us to consider that the DEH-assimilating enzymes of
Bacteroidetes species are somewhat deviated from those of Proteobacteria species. Thus, in the present
study, we first assessed the characteristics in the primary structures of KDG kinase and KDG aldolase
of the strain UMI-01, and then investigated the enzymatic properties of recombinant enzymes,
recFlKin and recFlAld, expressed by an Escherichia coli expression system. Multiple-sequence
alignment among KDG kinases and KDG aldolases from several Proteobacteria and Bacteroidetes
species indicated that the strain UMI-01 enzymes showed considerably low sequence identities
(15%–25%) with the Proteobacteria enzymes, while they showed relatively high identities (47%–68%)
with the Bacteroidetes enzymes. Phylogenetic analyses for these enzymes indicated the distant
relationship between the Proteobacteria enzymes and the Bacteroidetes enzymes, i.e., they formed
distinct clusters in the phylogenetic tree. recFlKin and recFlAld produced with the genes flkin and
flald, respectively, were confirmed to show KDG kinase and KDPG aldolase activities. Namely,
recFlKin produced 1.7 mM KDPG in a reaction mixture containing 2.5 mM KDG and 2.5 mM ATP in
a 90-min reaction, while recFlAld produced 1.2 mM pyruvate in the reaction mixture containing
5 mM KDPG at the equilibrium state. An in vitro alginate-metabolizing system constructed from
recFlKin, recFlAld, and previously reported alginate lyases and DEH reductase of the strain UMI-01
could convert alginate to pyruvate and glyceraldehyde-3-phosphate with an efficiency of 38%.

Keywords: alginate degradation; 4-deoxy-L-erythro-5-hexoseulose uronic acid (DEH) metabolism;
Bacteroidetes; Proteobacteria; Flavobacterium; 2-keto-3-deoxy-D-gluconate (KDG) kinase; 2-keto-3-
deoxy-6-phosphogluconate (KDPG) aldolase; alginate-derived products

1. Introduction

Alginate is an acidic heteropolysaccharide comprising two kinds of uronic acid, β-D-mannuronate
and α-L-guluronate [1–3]. This polysaccharide exists as a structural material in cell-wall matrices
of brown algae and biofilms of certain bacteria. Since alginate solution shows high viscosity
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and forms an elastic gel upon chelating Ca2+, it has long been used as viscosifier and gelling
agent in the fields of food and pharmaceutical industries. Alginate oligosaccharides produced
by alginate lyases have also been recognized as functional materials since they exhibit various
biological functions; e.g., promotion of root growth in higher plants [4,5], acceleration of growth
rate of Bifidobacterium sp. [6], and promotion of penicillin production in Penicillium chrysogenum [7].
Anti-oxidant [8], anti-coagulant [9], anti-inflammation [10], and anti-infectious disease [11] are also
bioactivities of alginate oligosaccharides. Recently, 4-deoxy-L-erythro-5-hexoseulose uronic acid (DEH),
an end reaction product of alginate lyases, was proven to be available as a carbon source for ethanol
fermentation by the genetically modified microbes [12–14]. Furthermore, 2-keto-3-deoxyaldonic acids
like 2-keto-3-deoxy-D-gluconate (KDG) and 2-keto-3-deoxy-6-phosphogluconate (KDPG), which are
intermediates in alginate metabolism, have been expected as leading compounds for antibiotics,
antiviral agents, and other drugs and medicines [15]. Thus, such alginate-derived products are
regarded as promising materials in various practical applications.

Alginate-degrading enzymes have been investigated in many organisms such as soil bacteria [16–21],
marine bacteria [22–29], marine gastropods [30–33], and seaweeds [3,34]. Endolytic and exolytic
alginate lyases split glycosyl linkages of alginate via β-elimination mechanism producing unsaturated
oligosaccharides and monosaccharide, where a double bond is introduced between C4 and C5 of
the newly formed non-reducing terminus [35]. Unsaturated monosaccharide, the end product of
alginate lyases, is spontaneously [20] and/or enzymatically [36] converted to an open chain form,
DEH, and further converted to KDG by the NAD(P)H-dependent DEH reductase. The KDG is
phosphorylated to KDPG by KDG kinase and then split to pyruvate and glyceraldehyde-3-phosphate
(GAP) by KDPG aldolase. The alginate-derived pyruvate and GAP are finally metabolized by Kreb’s
cycle. Bacterial alginate lyases have been identified in many species, e.g., Sphingomonas sp. [16,17],
Flavobacterium sp. [26,27], Saccharophagus sp. [22,23], Vibrio sp. [29], and Pseudomonas sp. [20,21].
Sphingomonas sp. strain A1 possesses four kinds of alginate lyases, A1-I–IV, whose sequential action
completely depolymerizes alginate to DEH [16,17]. Flavobacterium sp. strain UMI-01 also possesses
four kinds of alginate lyases, FlAlyA, FlAlyB, FlAlyC and FlAlex, whose cooperative action efficiently
degrades alginate to DEH [27]. Meanwhile, Saccharophagus degradans strain 2-40T possesses two
kinds of alginate lyases, Alg7D and Alg17C, which degrade alginate to unsaturated disaccharide and
DEH [22,23]. The alginate-derived DEH is reduced to KDG by NAD(P)H-dependent DEH reductases
as described above. Recently, this enzyme was identified in Sphingomonas sp. strain A1 [18,19],
Flavobacterium sp. strain UMI-01 [28], S. degradans strain 2-40T [24], Vibrio splendidus 12B01 [13],
and marine gastropod Haliotis discus hannai [37]. The bacterial DEH reductases were classified under
short-chain dehydrogenases/reductases (SDR) superfamily, while the gastropod enzyme was identified
as a member of the aldo-keto reductase (AKR) superfamily. Information about alginate lyases and
DEH reductases has been continuously accumulated; however, KDG kinase and KDPG aldolase have
not been so well investigated.

Under these circumstances, DEH reductase, KDG kinase, and KDPG aldolase were recently
characterized in S. degradans 2-40T, a member of the phylum Proteobacteria [25]. The combined action
of these enzymes could convert DEH to pyruvate and GAP in vitro. On the other hand, we also
found the existence of alginate-assimilating gene cluster in the genome of Flavobacterium sp. strain
UMI-01, a member of the phylum Bacteroidetes [27,28]. The endolytic and exolytic alginate lyase genes,
flalyA and flalyB, and a DEH reductase gene, flred, are located in operon A, and KDG kinase-like
gene flkin (GenBank accession number, BAQ25538) and KDPG aldolase-like gene flald (GenBank
accession number, BAQ25539) are in operon B (Figure 1). The alginate lyases and DEH reductase of
this bacterium have already been characterized [26–28]; however, KDG kinase and KDPG aldolase
have not been identified yet. The amino acid sequences deduced from flkin and flald showed only 19%
and 22% identities, respectively, with those of the corresponding enzymes from S. degradans 2-40T [25].
These low sequence identities suggest that the properties of Flavobacterium (Bacteroidetes) enzymes may
be somewhat different from those of Saccharophagus (Proteobacteria) enzymes. Therefore, in the present
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study, we first characterized the primary structures of KDG kinase and KDPG aldolase, FlKin and
FlAld, of the strain UMI-01 compared with those of other bacterial enzymes. Then, we investigated
enzymatic properties of proteins encoded by flkin and flald using recombinant enzymes, recFlKin and
recFlAld. Furthermore, we constructed an in vitro alginate-metabolizing system using recFlKin and
recFlAld, along with recombinant alginate lyases and DEH reductase of this bacterium to confirm that
this enzyme system can produce pyruvate and GAP from alginate in vitro.

Figure 1. Alginate-assimilating enzyme genes in the genome of Flavobacterium sp. strain UMI-01.
Yellow, alginate-lyase genes; pink, KdgF-like protein gene; white, transcriptional regulator-like
protein genes; gray, membrane transporter-like genes; orange, 4-deoxy-L-erythro-5-hexoseulose
uronic acid (DEH) reductase gene; red, 2-keto-3-deoxy-D-gluconate (KDG) kinase-like gene and
2-keto-3-deoxy-6-phosphogluconate (KDPG) aldolase-like gene. Arrows P1 and P2 and arrows T1 and
T2 indicate predicted promoters and terminators, respectively.

2. Results

2.1. Characteristics in the Primary Structures of FlKin and FlAld

Deduced amino acid sequences of flkin and flald were compared with those of KDG kinases and
KDPG aldolases from several Proteobacteria and Bacteroidetes species. Enzymes from two Archaea
species are also included in the comparison of KDG kinases. FlKin showed considerably low
amino acid identity (15%–26%) with KDG kinases from Proteobacteria species, i.e., Escherichia coli
(GenBank accession number, WP_024175791) [38], Serratia marcescens (GenBank accession number,
ABB04497) [39], and S. degradans 2-40T (GenBank accession number, ABD82535) [25], and archaea, i.e.,
Sulfolobus solfataricus (GenBank accession number, WP_009991690) [40–42] and Thermus thermophiles
(GenBank accession number, WP_011229211) [43] (Figure 2). Meanwhile, the sequence of FlKin showed
relatively high identities (47%–68%) with the enzymes from Bacteroidetes species, i.e., Gramella forsetii
KT0803 (GenBank accession number, CAL66135), Dokdonia sp. MED134 (GenBank accession number,
WP_016501275), and Lacinutrix sp. 5H-3-7-4 (GenBank accession number, AEH01605). However,
substrate-recognition residues of KDG kinase, which were identified in the S. solfataricus enzymes [42],
i.e., Gly34, Tyr90, Tyr106, Arg108, Arg166, Asp258, and Asp294, were entirely conserved in FlKin
as Gly34, Tyr89, Tyr104, Arg106, Arg169, Asp280, and Asp317, respectively. FlAld also showed
low amino acid identity (22%–25%) with KDPG aldolases from Proteobacteria species such as E. coli
(GenBank accession number, WP_000800517) [44,45], Zymomonas mobilis (GenBank accession number,
S18559) [44], Pseudomonas putida (GenBank accession number, WP_016501275) [44,46], and S. degradans
2-40T (GenBank accession number, ABD80644) [25] (Figure 3). Meanwhile, the sequence identities
between FlAld and enzymes from other Bacteroidetes species such as G. forsetii KT0803 (GenBank
accession number, KT0803), Dokdonia sp. MED134 (GenBank accession number, WP_013749799), and
Lacinutrix sp. 5H-3-7-4 (GenBank accession number, AEH01606) were 61%–65%. Catalytic residue
Lys133 and substrate-recognition residues, Glu45, Arg49, Thr73, Pro94 and Phe135 identified in the
E. coli enzyme [45], were conserved in FlAld except for the substitution of Thr73 by Ser. Phylogenetic
analyses for KDG kinases and KDPG aldolases (Figure 4A,B) suggested that the Bacteroidetes enzymes
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are somewhat phylogenetically deviated from the Proteobacteria (and Archaea) enzymes. Therefore, we
decided to examine if FlKin and FlAld of the strain UMI-01 actually possess KDG kinase and KDPG
aldolase activities.

Figure 2. Multiple alignment for amino acid sequences of FlKin and other KDG kinases. Closed
triangles indicate substrate-recognition residues of KDG kinase from Sulfolobus solfataricus [42]. FlKin,
KDG kinase from Flavobacterium sp. strain UMI-01 (GenBank accession number, BAQ25538); Lacin,
KDG kinase-like protein from Lacinutrix sp. 5H-3-7-4 (GenBank accession number, AEH01605); Dokdo,
KDG kinase-like protein from Dokdonia sp. MED134 (GenBank accession number, WP_013749800);
Grame, KDG kinase-like protein from Gramella forsetii KT0803 (GenBank accession number, CAL66135);
Sacch, KDG kinase from Saccharophagus degradans 2-40T (GenBank accession number, ABD82535) [25];
Esche, KDG kinase from Escherichia coli (GenBank accession number, WP_024175791) [38]; Serra, KDG
kinase from Serratia marcescens (GenBank accession number, ABB04497) [39]; Sulfo, KDG kinase from
Sulfolobus solfataricus (GenBank accession number, WP_009991690) [40–42]; Therm, KDG kinase from
Thermus thermophiles (GenBank accession number, WP_011229211) [43].
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Figure 3. Multiple alignment for amino acid sequences of FlAld and other KDPG aldolases. Gray
box and closed triangles indicate catalytic and substrate-recognition residues of KDPG aldolase from
E. coli [44,45], respectively. FlAld, KDPG aldolase from Flavobacterium sp. strain UMI-01 (GenBank
accession number, BAQ25539); Lacin, KDPG aldolase-like protein from Lacinutrix sp. 5H-3-7-4
(GenBank accession number, AEH01606); Dokdo, KDPG aldolase-like protein from Dokdonia sp.
MED134 (GenBank accession number, WP_013749799); Grame, KDPG aldolase-like protein from
G. forsetii KT0803 (GenBank accession number, CAL66136); Sacch, KDPG aldolase from S. degradans
2-40T (GenBank accession number, ABD80644) [25]; Esche, KDPG aldolase from E. coli (GenBank
accession number, WP_000800517) [44,45]; Zymom, KDPG aldolase from Zymomonas mobilis (GenBank
accession number, S18559) [44]; Pseud, KDPG aldolase from Pseudomonas putida (GenBank accession
number, WP_016501275) [44,46].

Figure 4. Phylogenetic trees for KDG kinases and KDPG aldolases. Phylogenetic analyses were carried
out using amino acid sequences of KDG kinases from Proteobacteria, Archaea and Bacteroidetes species
(A) and KDPG aldolases from Proteobacteria and Bacteroidetes species (B). Amino acid sequences of
KDG kinases and KDPG aldolases were retrieved from the draft or complete genome data deposited in
GenBank. Accession numbers for enzyme sequences along with the bacterial species are indicated in
the right of each branch. Bootstrap values above 50% are indicated on the root of branches. Scale bar
indicates 0.20 amino acid substitution.
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2.2. Production of recFlKin and recFlAld, and Their Reaction Products

Coding regions of flkin and flald were amplified by PCR with specific primers listed in Table 1,
cloned into pCold vector and expressed in E. coli BL21 (DE3). The recombinant enzymes were
purified by Ni-NTA affinity chromatography. Molecular masses of recFlKin and recFlAld estimated by
SDS-PAGE were 39 kDa and 26 kDa, respectively (Figure 5). These values were consistent with the
calculated molecular masses of these enzymes, i.e., 39,391 Da and 25,808 Da, which include 8 × Gly +
8 × His-tag [26].

Figure 5. SDS-PAGE for recFlKin and recFlAld. Recombinant enzymes were purified Ni-NTA affinity
chromatography and subjected to 0.1% SDS–10% polyacrylamide-gel electrophoresis. Proteins in the
gel were stained by Coomassie Brilliant Blue R-250. Marker, molecular weight markers (Protein Ladder
Broad Range, New England Biolabs, Ipswich, MA, USA).

Table 1. Primers used for amplification of flkin and flald genes.

Primer Name Nucleotide Sequence

recFlKin-F 5′-AGGTAATACACCATGAAAAAAGTAGTCACTTTTGG-3′
recFlKin-R 5′-CACCTCCACCGGATCCTCTTGAAACTTTTCCTGAAA-3′
recFlAld-F 5′-ATGTAATACACCATGGCTCAATTTTCAAGAATAGA-3′
recFlAld-R 5′-CACCTCCACCGGATCCTTGTTTTAACTCTTTAATGA-3′

The recFlKin was allowed to react with KDG in the presence of ATP. TLC analysis suggested
that the reaction product was KDPG (Figure 6A). Then, the molecular mass of the reaction product
was determined by matrix-assisted laser desorption ionization-time of flight mass spectrometer
(MALDI-TOF) mass spectrometry (Figure 7A,B). The 257 m/z peak was considered to be that of
KDPG (MW = 258), and the 279 m/z peak was considered to be that of a sodium-salt form of KDPG.
These results indicate that the reaction product of recFlKin is KDPG. Thus, we concluded that the
protein encoded by flkin is KDG kinase. Here, it should be noted that the peak intensities of KDPG were
considerably low. This was ascribable to the low ionization level of KDPG. Therefore, we attempted
to improve the signal intensity of KDPG using other matrices, e.g., 2,5-dihydroxybenzoic acid and
α-cyano-4-hydroxycinnamic acid. Unfortunately, signal intensity of KDPG was not improved much.
We still need to investigate the suitable conditions for the detection of KDPG.

Reaction products of recFlAld were also analyzed by TLC (Figure 6B). recFlAld produced two
kinds of reaction products with different mobility on TLC. According to their mobility, they were
regarded as pyruvate and GAP. The staining intensity of pyruvate was significantly low compared
with that of GAP. This difference was ascribable to the difference in the reactivity between pyruvate
and GAP with 2,4-dinitrophenylhydrazine (DNP). Namely, GAP showed much higher reactivity
with DNP than pyruvate. Then, the reaction products of recFlAld were subjected to MALDI-TOF
mass spectrometry. The 87 m/z and 169 m/z peaks corresponding to pyruvate (MW = 88) and GAP
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(MW = 170), respectively, were observed. The peak intensity of GAP was small (Figure 7C,D). This
appeared to be due to the decomposition of GAP during the mass spectrometric analysis. Thus, we
may conclude that recFlAld is the KDPG aldolase that splits KDPG to pyruvate and GAP.

Figure 6. Thin-layer chromatography (TLC) analyses for reaction products of recFlKin and recFlAld.
(A) Reaction products produced by recFlKin. The reaction products were visualized by spraying
10% (v/v) sulfuric acid in ethanol followed by heating at 130 ◦C for 10 min. M, standard
KDPG; (B) Reaction products of recFlAld. The reaction products were visualized with 0.5% (w/v)
2,4-dinitrophenylhydrazine (DNP)–20% (v/v) sulfuric acid. The color was graphically inverted to ease
the recognition of spots. M1, standard pyruvate; M2, standard glyceraldehyde-3-phosphate (GAP).
Stained materials near the original position are GAP oligomers.

Figure 7. Mass spectrometry for reaction products of recFlKin and recFlAld. The reaction products
prepared as in Section 4.10 were subjected to matrix-assisted laser desorption ionization-time of flight
mass spectrometer (MALDI-TOF) mass spectrometry, and analyzed by negative-ion mode. (A,B) KDG
before and after the recFlKin reaction, respectively; (C,D) KDPG before and after the recFlAld reaction,
respectively. Reaction products are indicated with red letters along with molecular masses above
the peaks.

2.3. Enzymatic Properties of recFlKin and recFlAld

We first investigated the kinetic parameter for recFlAld, since recFlAld was necessary for the
KDG kinase assay. In the present study, the kinase activity was assayed by quantifying the pyruvate
produced from KDPG by the action of recFlAld. KDPG-derived pyruvate was determined by the lactate
dehydrogenase (LDH)–NADH system as described in Section 4.6. In the equilibrium state of recFlAld
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reaction, pyruvate concentration reached 1.2 mM. Since the KDPG concentration was originally 5 mM,
that in the equilibrate state was regarded as 3.8 mM. From these values the equilibrium constant
(Keq) and ΔG◦ were calculated to be 3.8 × 10−1 M and +0.57 kcal/mol, respectively. This indicated
that the equilibrium position of KDPG–aldolase reaction is slightly shifted toward the KDPG side.
Next, we determined the reaction rate of recFlAld by the LDH–NADH method. By this method,
the specific activity of recFlAld was estimated to be 57 U/mg at pH 7.4 and 30 ◦C. Coexistence of
LDH–NADH in the reaction mixture could extend the aldolase reaction longer time by decreasing
pyruvate concentration in the reaction equilibrium.

Next, KDG kinase activity of recFlKin was determined by using recFlAld and LDH–NADH.
recFlKin was allowed to react with KDG in the presence of ATP at 30 ◦C and the reaction was
terminated by heating at 100 ◦C for 3 min at the reaction times 1, 15, and 30 min. The KDPG produced
in the reaction mixture was then split to pyruvate and GAP by recFlAld, and the pyruvate was
quantified by the LDH–NADH system. At reaction time 90 min, recFlKin was found to produce
1.7 mM KDPG from 2.5 mM KDG at ~70% efficiency with the specific activity 0.72 U/mg. recFlKin
showed an optimal temperature and pH at around 50 ◦C and 7.0, respectively, and was stable at 40 ◦C
for 30 min.

2.4. Construction of In Vitro Alginate-Metabolizing System Using Recombinant Enzymes

In the present study, we identified flkin and flald in the genome of strain UMI-01 as KDG kinase and
KDPG aldolase gene, respectively. Since alginate lyases and DEH reductase in this strain have already
been characterized [26–28], here we examined if the sequential action of these alginate-degrading and
-assimilating enzymes could convert alginate to pyruvate and GAP in vitro. Namely, recombinant
alginate lyases (recFlAlyA, recFlAlyB, and recFlAlex) [26,27], DEH reductase (recFlRed) [28], KDG
kinase (recFlKin), and KDPG aldolase (recFlAld) were allowed to react alginate in various combinations,
and each reaction product was analyzed by TLC (Figure 8) and quantified by thiobarbituric acid (TBA)
and LDH–NADH methods (Table 2). As shown in Figure 8, alginate was almost completely degraded
to DEH by the simultaneous actions of recFlAlyA, recFlAlyB, and recFlAlex. The DEH was also almost
completely reduced to KDG by recFlRed. Furthermore, a major part of the KDG was converted to
KDPG by recFlKin, and the band of KDPG became faint by the reaction of recFlAld. This indicated
the splitting of KDPG to pyruvate and GAP by the action of recFlAld. Accordingly, the sequential
action of recombinant enzymes was considered to be capable of converting alginate to pyruvate
and GAP in vitro. Then, the yields of intermediates in each reaction step were quantified by TBA
and LDH–NADH methods (Table 2). Concentrations of the unsaturated oligo-alginates, DEH, KDG,
KDPG, and pyruvate (and GAP), were determined to be 4.2 mM, 9.8 mM, 9.8 mM, 8.1 mM, and
3.8 mM, respectively. Since the initial concentration of alginate (0.2% (w/v)) corresponds to 10 mM
monosaccharide, the yields of DEH and KDG were estimated to be ~100%, and the yields of KDPG and
pyruvate were estimated to be ~80% and ~40%, respectively. These results indicated that high-value
intermediates such as KDPG could be produced from alginate with fairly high efficiency by the
recombinant enzymes of the strain UMI-01 in vitro.

Table 2. Quantification of reaction products produced by the recombinant enzymes.

Enzymes Substrates/Products
Concentration

(mM)
Yield
(%)

None Alginate a 10 a -
recFlAlyA Oligoalginates 4.2 ± 0.06 -

recFlAlyA + recFlAlyB + recFlAlex DEH 9.8 ± 0.34 98
recFlAlyA + recFlAlyB + recFlAlex + recFlRed KDG 9.8 ± 1.0 98

recFlAlyA + recFlAlyB + recFlAlex + recFlRed + recFlKin KDPG 8.1 ± 0.54 81
recFlAlyA + recFlAlyB + recFlAlex + recFlRed + recFlKin + recFlAld Pyruvate (and GAP) 3.8 ± 0.33 38

a 0.2% (w/v) sodium alginate theoretically corresponds to 10 mM monosaccharide.
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Figure 8. Construction of in vitro alginate-metabolizing system using recombinant enzymes. Alginate
was allowed to react with recFlAlyA, recFlAlyB, recFlAlex, recFlRed, recFlKin, and recFlAld in various
combinations at 25 ◦C for 12 h. The reaction products were subjected to TLC and detected by staining
with 4.5% TBA. Presence and absence of each enzyme is indicated with ‘+’ and ‘−’, respectively.
Detailed conditions are shown under Section 4.

3. Discussion

3.1. Alginate-Metabolizing Enzymes of Flavobacterium sp. Strain UMI-01

In the present study, flkin and flald in the genome of Flavobacterium sp. strain UMI-01 were
confirmed to be the enzyme genes encoding KDG kinase and KDPG aldolase. The recombinant
enzymes, recFlKin and recFlAld, showed KDG kinase and KDPG aldolase activity although low
sequence identities were shown to the corresponding enzymes from other bacteria and archaea
(Figures 2–4). Consequently, these genes, along with previously reported alginate lyase and DEH
reductase genes were confirmed to be the genes responsible for alginate metabolism of this bacterium.
The alginate-metabolizing pathway of this strain is summarized as in Figure 9. The alginate lyases
degrade polymer alginate to unsaturated monomer (DEH) in the periplasmic space [24,25]. DEH
reductase, KDG kinase and KDPG aldolase convert DEH to pyruvate and GAP in the cytosol.
Therefore, DEH produced in the periplasmic space should be incorporated to the cytosol by certain
transportation system(s). Such DEH transporters in this strain have not been identified yet; however,
sugar permease-like gene sugp and membrane transporter-like genes susc and susd were found in the
operons A and B, respectively (see Figure 1). Thus, the putative permease and transporters are also
indicated in Figure 9. Another problem is how the expressions of alginate-metabolizing genes are
regulated. We recently noticed that expression levels of alginate lyases were significantly low in the
absence of alginate but strongly increased by the addition of alginate to the medium. This indicates
that the expressions of alginate-metabolic enzymes are up-regulated by alginate. We are now searching
regulatory genes for alginate-metabolizing enzyme genes in the UMI-01 strain genome.
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Figure 9. Alginate-metabolic system of Flavobacterium sp. strain UMI-01.

3.2. Properties of recFlKin and recFlAld

KDG kinase and KDPG aldolase are known to be the enzymes included in Entner–Doudoroff
(ED) pathway. This pathway distributes over bacteria and archaea and play important roles in the
metabolisms of glucuronate and glucose. In this pathway, KDG kinase phosphorylates KDG to KDPG,
and KDPG aldolase split KDPG to pyruvate and GAP. Optimal temperature and pH of recFlKin
were 50 ◦C and ~7.0, which were similar to those of KDG kinase from the bacteria S. marcescens [39].
While thermal stability of recFlKin was considerably low compared with the enzymes from archaea
S. tokodaii [47] and S. solfataricus [40], e.g., these enzymes were stable up to 60–70 ◦C. recFlAld acts only
on KDPG unlike archaea aldolases which split both KDG and KDPG [48,49]. Primary structures of
bacterial aldolases showed low identity with those of archaea enzymes. The amino acid sequence of
FlAld showed only 22%–25% identity with respect to Proteobacteria enzymes, while it showed 61%–65%
identity with the Bacteroidetes enzymes. This suggests that somewhat deviated function between
the Proteobacteria enzymes and Bacteroidetes enzymes. However, less different properties were found
in recFlAld. Reverse reaction of bacterial aldolases was shown to be useful for the production of
KDPG from pyruvate and GAP and also various compounds from pyruvate and aldehydes [44]. Our
preliminary experiments also indicated that recFlAld could produce KDPG from pyruvate and GAP
(data not shown, but see Section 2.3). Thus, recFlAld is also considered to be useful for producing
novel compounds from pyruvate and various aldehydes.

3.3. Construction of In Vitro Alginate-Metabolizing System

An in vitro alginate-metabolizing system was successfully constructed from the recombinant
enzymes, recFlAlyA, recFlAlyB, recFlAlex, recFlRed, recFlKin, and recFlAld. Accordingly, various
kinds of intermediates could be produced by this system (Figure 8 and Table 2). Recently,
alginate-assimilating enzymes of S. degradans 2-40T were used for the production of KDG, KDPG,
GAP and pyruvate [24,25]. However, the reaction efficiency of KDG kinase of S. degradans 2-40T

appeared to be lower than that of our system. Namely, the major part of KDG in the reaction mixture
remained to be unphosphorylated in the S. degradans 2-40T system. On the other hand, recFlKin in our
system could convert KDG to KDPG with ~80% efficiency. This difference in the reaction efficiency
between S. degradans enzyme and recFlKin may be derived from the origin of this enzyme, namely,
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from Proteobacteria species or Bacteroidetes species. To confirm this, we have to directly compare the
KDG kinase properties between the enzymes from Proteobacteria and Bacteroidetes in future.

3.4. Production of a High-Value Product KDPG from Alginate

KDPG is a valuable leading compound for novel drugs and medicines. Synthesis of KDPG has
been attempted by several methods [44,48,50]. For example, KDPG was first produced from gluconate
with archaea enzymes [48]. However, this method required high-temperature reaction since the archaea
enzymes are thermophilic. Reverse reaction of KDPG aldolase was also used for the production of
KDPG from pyruvate and GAP [44,50]. However, this method required GAP, a significantly expensive
raw material. On the other hand, we could produce KDPG from a much cheaper material, alginate,
using the enzymes from the strain UMI-01. High recovery of KDPG from alginate (~80%) also indicated
the practical potentiality of this enzyme. Thus, Flavobacterium sp. strain UMI-01 was considered to be a
useful enzyme source for the production of value-added materials from alginate.

4. Experimental Section

4.1. Materials

Sodium alginate (Macrocystis pyrifera origin) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). Alginate-assimilating bacteria, Flavobacterium sp. strain UMI-01, was cultivated at 25 ◦C
in a mineral salt (MS) medium including 1% (w/v) sodium alginate as described in our previous
report [26]. Cell lysate (crude enzyme) of this strain was extracted from cell pellets by freeze and thaw
followed by sonication as described previously [28]. DEH was prepared by the digestion of sodium
alginate with the crude enzyme and purified by SuperQ-650S (Tosoh, Tokyo, Japan) anion-exchange
chromatography [28]. Standard KDG, KDPG, pyruvate, and GAP were purchased from Sigma-Aldrich.
pCold I expression vector was purchased from TaKaRa (Shiga, Japan) and modified to the form that
can add 8 × Gly + 8 × His-tag to the C-terminus of the expressed proteins [26]. E. coli DH5α and BL21
(DE3) were purchased from TaKaRa. Ni-NTA resin was purchased from Qiagen (Hilden, Germany).
A TLC silica gel 60 plate was purchased from Merk KGaA (Darmstadt, Germany). TSKgel DEAE-2SW
(4.6 × 250 mm) and Superdex peptide 10/300 GL were purchased from Tosoh Bioscience LLC (King of
Prussia, PA, USA) and GE Healthcare (Little Chalfont, Buckinghamshire, UK), respectively. Lactate
dehydrogenase (LDH; porcine heart origin) and NADH were purchased from Oriental Yeast Co., LTD.
(Tokyo, Japan). ATP and 9-aminoacridine were purchased from Sigma-Aldrich. Other chemicals were
purchased from Wako Pure Chemical Industries Ltd. (Osaka, Japan).

4.2. Phylogenetic Analysis for KDG Kinases and KDPG Aldolases

Phylogenetic analysis was carried out using the amino acid sequences of KDG kinases or KDPG
aldolases from Proteobacteria, Bacteroidetes and Archaea currently available. Bacteroidetes enzymes used
are from Gramella forsetii KT0803, Lacinutrix sp. 5H-3-7-4, and Dokdonia sp. MED134, which were
reported to be located in the alginolytic gene cluster of each species [51]. These amino acid sequences
were first aligned with the sequences of FlKin or FlAld by the ClustalW program, then aligned
sequences were trimmed with GBlocks. Phylogenetic trees were generated by the maximum likelihood
algorithm on the basis of the LG model implemented in the Molecular Evolutionary Genetics Analysis
version 6.0 (MEGA 6) software. The bootstrap values were calculated from 1000 replicates.

4.3. Cloning, Expression, and Purification of Recombinant FlKin and FlAld

Genomic DNA of strain UMI-01 was prepared with ISOHAIR DNA extraction kit (Nippon Gene,
Tokyo, Japan). Coding regions of flkin and flald, 1023 bp and 669 bp, respectively, were amplified
by PCR using specific primers including restriction sites, NcoI and BamHI, in the 5′-terminal regions
(Table 1). Genomic PCR was performed in a medium containing 10 ng of genomic DNA, 0.2 μM
each primer, and Phusion DNA polymerase (New England Biolabs, Ipswich, MA, USA). The reaction
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medium was preincubated at 95 ◦C for 2 min, and a reaction cycle of 95 ◦C for 10 s, 55 ◦C for 20 s, and
72 ◦C for 60 s was repeated 30 times. The PCR product was ligated to pCold I vector pre-digested by
NcoI and BamHI using In-Fusion cloning system (Clontech Laboratories, Mountain View, CA, USA).
Insertion of the genes in the vector was confirmed by nucleotide sequencing with DNA sequencer
3130xl (Applied Biosystems, Foster, CA, USA). Recombinant enzymes, recFlKin and recFlAld, were
expressed with the pCold I–E. coli BL21 (DE3) system. The transformed BL21 (DE3) was inoculated
to 500 mL of 2× YT medium and cultivated at 37 ◦C for 16 h. Then, the temperature was lowered
to 15 ◦C and isopropyl β-D-1-thiogalactopyranoside was added to make the final concentration of
0.1 mM. After 24-h induction, bacterial cells were harvested by centrifugation at 5000× g for 5 min and
suspended in a buffer containing 10 mM imidazole-HCl (pH 8.0), 0.5 M NaCl, 1% (v/v) TritonX-100,
and 0.01 mg/mL lysozyme. The suspension was sonicated at 20 kHz (30W) for a total of 4 min
(30 s × 8 times with each 1 min interval) and centrifuged at 10,000× g for 10 min. The supernatant
containing recombinant proteins was mixed with 1 mL of Ni-NTA resin and incubated for 30 min on
ice with occasional suspension. The resin was set on a disposal plastic column (1 × 5 cm) and washed
three times with 20 mL of 30 mM imidazole-HCl (pH 8.0)–0.5 M NaCl. The recombinant proteins
adsorbed to the resin were eluted with 250 mM imidazole-HCl (pH 8.0)–0.5 M NaCl and collected as
1 mL fractions. The fractions containing the recombinant proteins were pooled and dialyzed against
20 mM Tris-HCl (pH 7.4)–0.1 M NaCl.

4.4. Preparation of KDG

KDG was prepared from alginate using the crude enzyme of the strain UMI-01 as follows; 0.5%
(w/v) sodium alginate (50 mL) was digested at 30 ◦C with 1 mg/mL of the crude enzyme, which
contains alginate lyases and other metabolic enzymes. NADH was added to the mixture to make
the final concentration 10 mM to reduce DEH with DEH reductase contained in the crude enzyme.
After 12 h, four volumes of −20 ◦C 2-propanol were added to terminate the reaction and the proteins
and NADH precipitated were removed by centrifugation at 10,000× g for 10 min. The supernatant
containing KDG was dried up in a rotary evaporator at 35 ◦C. The dried powder was dissolved in 50 mL
of distilled water and subjected to a TOYOPEARL SuperQ-650S column (2.4 × 22 cm) equilibrated
with distilled water. The absorbed KDG and trace amount of unsaturated disaccharide were separately
eluted by a linear gradient of 0–0.2 M NaCl in distilled water (total 400 mL). Elution of KDG and
unsaturated disaccharide was detected by TBA reaction. In this chromatography, KDG was eluted at
around 80 mM NaCl, while disaccharides were eluted at around 120 mM. Approximately 90 mg of
KDG was obtained from 0.25 g of sodium alginate.

4.5. Preparation of KDPG

KDPG was prepared from the KDG by using recFlKin. Namely, recFlKin was (final concentration
10 μg/mL) was added to the reaction mixture (10 mL) containing 2.5 mM KDG, 2.5 mM ATP, 5 mM
MgCl2, 20 mM Tris-HCl (pH 7.4), 100 mM KCl, and 1 mM dithiothreitol, and incubated at 40 ◦C for
3 h. The mixture was lyophilized, dissolved in 500 μL of distilled water and the supernatant was
subjected to a Superdex peptide 10/300 GL column equilibrated with 0.1 M CH3COONH4. KDPG
and KDG, which eluted together in this chromatography, were lyophilized, dissolved in 1 mL of
distilled water, and subjected to HPLC (Shimadzu Prominence LC-6AD, Tokyo, Japan) equipped by
TSKgel DEAE-2SW (Tosoh). KDG and KDPG were separately eluted at around 150 mM and 320 mM
CH3COONH4 by the linear gradient of 0–0.4 M CH3COONH4. The amount of KDPG was quantified
by the system comprising recFlAld and LDH–NADH using authentic KDPG as a standard. By the
above procedure, 1.2 mg of KDPG was obtained from 4.5 mg of KDG.

4.6. Assay for KDPG Aldolase Activity

KDPG aldolase activity of recFlAld was assayed by the determination of pyruvate using a lactate
dehydrogenase (LDH)–NADH coupling system [50]. Namely, the aldolase reaction was conducted at
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30 ◦C in a reaction mixture containing 5 mM KDPG, 20 mM Tris-HCl (pH 7.4), 100 mM KCl, 1 mM
DTT, and 1 μg/mL recFlAld in the presence of 0.2 mM NADH and 1 unit/mL LDH. The reaction rate
was estimated from the decrease in the Abs 340 nm due to the oxidation of NADH accompanied by the
reduction of pyruvate. One unit (U) of KDPG aldolase activity was defined as the amount of enzyme
that produced 1 μmol of pyruvate per min.

4.7. Assay for KDG Kinase Activity

KDG kinase activity was assayed as follows. The reaction mixture containing 2.5 mM KDG,
2.5 mM ATP, 5 mM MgCl2, 20 mM Tris-HCl (pH 7.4), 100 mM KCl, 1 mM DTT, and 10 μg/mL recFlKin
was incubated at 30 ◦C. At reaction times, 1, 15, and 30 min, an aliquot (160 μL) of the reaction mixture
was taken out and heated at 100 ◦C for 3 min to terminate the reaction. To the mixture, 240 μL of a
buffer containing 84 mM Tris-HCl (pH 7.4), 167 mM KCl, 0.67 mM NADH, 2.5 μg/mL recFlAld, and
1 unit of LDH was added and the pyruvate released was determined by the LDH–NADH system.
One unit (U) of KDG kinase activity was defined as the amount of enzyme that produced 1 μmol of
KDPG per min. Temperature dependence of recFlKin was determined at 10–60 ◦C. Thermal stability
of recFlKin was assessed by measuring the activity remaining after the incubation at 10–50 ◦C for
30 min. pH dependence of recFlKin was determined with reaction mixtures adjusted to pH 4.5–5.3
with 20 mM CH3COONa buffer, pH 5.6–7.3 with 20 mM PIPES-NaOH buffer, pH 7.1–8.8 with 20 mM
Tris-HCl buffer, and pH 9.1–9.7 with 20 mM glycine–NaOH buffer. The activity assay was conducted
three times and the mean value was shown with standard deviation in each figure.

4.8. Construction of In Vitro Alginate-Metabolizing System from Recombinant Enzymes

An in vitro alginate-metabolizing system was constructed using recombinant alginate lyases
(recFlAlyA, recFlAlyB, and recFlAlex) [26,27], recombinant DEH reductase (recFlRed) [28], and
recFlKin and recFlAld prepared in the present study. Alginate-metabolizing reaction was conducted at
25 ◦C in a mixture containing 0.2% (w/v) sodium alginate, 10 mM NADH, 10 mM ATP, 10 mM MgCl2,
20 mM sodium phosphate (pH 7.4), 1 mM DTT, and various combinations of recFlAlyA, recFlAlyB,
recFlAlex, recFlRed, recFlKin, and recFlAld with each final concentration at 10 μg/mL, 10 μg/mL,
10 μg/mL, 2.5 μg/mL, 10 μg/mL, and 1 μg/mL, respectively. After 12-h reaction, unsaturated
oligo-alginates, DEH, and KDG, were analyzed by TLC and TBA reaction [52]. KDPG and pyruvate
concentrations were determined by the LDH–NADH reaction.

4.9. Determination of Unsaturated Sugars

Unsaturated sugars were determined by the TBA method [52]. The sample containing unsaturated
sugars (150 μL) was mixed with 150 μL of 20 mM NaIO4–0.125 M H2SO4 and allowed to react for 1 h
on ice. Then, 100 μL of NaAsO2–0.5 N HCl was added to the mixture and incubated for 10 min at
room temperature. To the mixture, 600 μL of 0.6% (w/v) TBA was added and heated for 10 min at
100 ◦C. The unsaturated sugars were determined by measuring Abs 548 nm, adopting the absorption
coefficient for DEH and KDG, ε = 41 × 103 M−1·cm−1, which we determined in the present study
using KDG and DEH standards.

4.10. Thin-Layer Chromatography

TLC silica gel 60 plate was used for the analysis of the reaction products produced by recFlKin
and recFlAld. The reaction product of recFlKin was prepared with a reaction mixture containing
2.5 mM KDG and 2.5 mM ATP and 200 μg/mL recFlKin. The reaction was carried out at 30 ◦C for
0–15 min and terminated by heating at 100 ◦C for 2 min. Four microliters of each reaction mixture was
applied to a TLC plate. The reaction product was developed with 1-butanol:acetic acid:water = 2:1:1
(v:v:v) and detected by heating at 130 ◦C for 10 min after spraying 10% (w/v) sulfuric acid–90% (w/v)
ethanol. The reaction product of recFlAld was prepared with a reaction mixture containing 5 mM
KDPG and 1 μg/mL recFlAld. After the reaction at 30 ◦C for 0–15 min, six microliters of the reaction
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mixture were applied to TLC plate and developed with the same solvent as described above. The
reaction product on the plate was detected with 0.5% (w/v) 2,5-dinitrophenylhydrazine (DNP)–20%
(v/v) sulfuric acid–60% (v/v) ethanol. In case of unsaturated sugars, they were visualized with 4.5%
(w/v) TBA after the periodic acid treatment.

4.11. Mass Spectrometry

Phosphorylation of KDG by recFlKin was detected by mass spectrometry. The KDG
phosphorylated by recFlKin in the conditions described in Section 4.10 was mixed with 6.7 mg/mL
9-aminoacridine–methanol at 1:3 (v:v). One microliter of the mixture was applied to a sample plate
and air-dried at room temperature. The sample was subjected to a matrix-assisted laser desorption
ionization-time of flight mass spectrometer (MALDI-TOF-MS) (Proteomics Analyzer 4700, Applied
Biosystems, Foster City, CA, USA) and analyzed in a negative-ion mode.

4.12. SDS-PAGE

SDS-PAGE was performed by the method of Porzio and Pearson [53] using 10% polyacrylamide
gel. Proteins in the gel were stained with 0.1% (w/v) Coomassie Brilliant Blue R-250–50% (v/v)
methanol–10% (v/v) acetic acid and the background of the gel was destained with 5% (v/v)
methanol–7% (v/v) acetic acid.

4.13. Determination of Protein Concentration

Protein concentration was determined by the method of Lowry [54] using bovine serum albumin
fraction V as a standard.

5. Conclusions

Enzymes responsible for the metabolism of alginate-derived DEH had not been well characterized
in alginolytic bacteria. In the present study, KDG kinase-like gene flkin and KDPG aldolase-like gene
flald in the genome of Flavobacterium sp. strain UMI-01 were investigated and the activities of the
proteins encoded by these genes were assessed by using recombinant enzymes recFlKin and recFlAld.
Analyses for reaction product of recFlKin and recFlAld indicated that these enzymes were KDG
kinase and KDPG aldolase, respectively. Thus, the alginate metabolism of Flavobacterium sp. strain
UMI-01 was considered to be achieved by the actions of FlKin and FlAld along with alginate lyases
FlAlyA, FlAlyB and FlAlex, and DEH reductase FlRed. An in vitro alginate-metabolizing system was
successfully constructed from the above enzymes. This system could convert alginate to pyruvate
and GAP with 38% efficiency. This result indicates that the UMI-01 enzymes are available for the
production of high-value materials like KDPG from alginate.
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Abstract: Seaweeds are of significant interest in the food, pharmaceutical, and agricultural industries
as they contain several commercially relevant bioactive compounds. Current extraction methods
for macroalgal-derived metabolites are, however, problematic due to the complexity of the algal
cell wall which hinders extraction efficiencies. The use of advanced extraction methods, such
as enzyme-assisted extraction (EAE), which involve the application of commercial algal cell
wall degrading enzymes to hydrolyze the cell wall carbohydrate network, are becoming more
popular. Ascophyllum nodosum samples were collected from the Irish coast and incubated in
artificial seawater for six weeks at three different temperatures (18 ◦C, 25 ◦C, and 30 ◦C) to induce
decay. Microbial communities associated with the intact and decaying macroalga were examined
using Illumina sequencing and culture-dependent approaches, including the novel ichip device.
The bacterial populations associated with the seaweed were observed to change markedly upon
decay. Over 800 bacterial isolates cultured from the macroalga were screened for the production of
algal cell wall polysaccharidases and a range of species which displayed multiple hydrolytic enzyme
activities were identified. Extracts from these enzyme-active bacterial isolates were then used in EAE
of phenolics from Fucus vesiculosus and were shown to be more efficient than commercial enzyme
preparations in their extraction efficiencies.

Keywords: Ascophyllum nodosum; algal cell wall degrading enzymes; enzyme-assisted extraction;
ichip device

1. Introduction

Ascophyllum nodosum (L.) Le Jolis is a brown fucoid which is dominant along the intertidal rocky
shores of the North Atlantic [1]. This brown macroalga is of great economic value as an important
source of diverse bioactive compounds, many with valuable pharmaceutical, biomedical, and
biotechnological potential [2]; which include ascophyllan, laminarin, alginates, and polyphenols [3–5].
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Extracts from A. nodosum have for example been reported to possess potent anticoagulant activity [6],
antitumor activity [7], anti-inflammatory activity [8] together with antiviral activity [9], as well as
possessing the ability to improve rumen function in animals [10]. Seaweed extracts are also known to
help alleviate the consequences of abiotic stress in crops, with extracts from A. nodosum being reported
to act at the transcriptional level in the model plant Arabidopsis thaliana [11] and to also alleviate
drought stress in this plant species [12]. Thus, seaweeds and their useful derivatives have become
subject to extensive research in recent times.

Macroalgal surfaces are well known to provide a suitable substratum for the attachment of
microbial colonizers, including fungi and bacteria, with bacterial densities reaching levels ranging from
102 to 107 cells cm−2 [13]. Organic substances secreted by the macroalga act as an important nutritional
source for these microorganisms [14–16]. Epiphytic bacterial communities are in fact believed to be
essential for normal morphological development in the algal host, with these bacteria producing
chemicals which help to protect the macroalga from potential harmful secondary colonization by
pathogenic microorganisms [17,18]. It is believed that some algal species may contain distinct
associated bacterial communities, related to the composition of the algal surfaces and its exudates [19].
Several environmental and non-environmental factors have been shown to influence the composition
and abundance of such epibacterial communities associated with seaweeds. In addition to seasonal
and temporal variations, the physiological state of the macroalga has also been found to play
a significant role in the structure of algal associated microbial communities. Recent studies on
Cladophora, a filamentous green alga, revealed changes in the diversity and composition of its associated
epibacterial communities during decay, to include species involved in nutrient recycling [20].

Marine bacteria are likely to produce cell-wall degrading enzymes as a mechanism to mobilize
polymers for nutritional purposes when growing in a nutrient limited state, such as growth on
decaying algae. It has been proposed that macroalgal-polysaccharide-degrading (MAPD) bacteria
will increase in numbers on weakened or dead macroalgae, thus contributing to recycling of the algal
biomass [21]. Several algal polysaccharide-degrading bacteria, which were taxonomically assigned
to the Flavobacteria and γ-Proteobacteria classes have recently been isolated from the microflora of
A. nodosum [21]. These bacteria displayed diverse hydrolytic activities and the subsequent functional
screening of plurigenomic libraries from these bacteria resulted in the discovery of a range of novel
hydrolytic enzymes [22]. Thus, it is clear that the diverse and complex bacterial communities associated
with A. nodosum represent a potential source of novel hydrolytic enzymes with biotechnological
applications that could include enzyme-assisted extraction (EAE) strategies and improvements in the
yields of algal components with cosmeceutical, functional food, nutraceutical, and biopharmaceutical
applications [23,24].

While seaweeds are rich in useful polysaccharides and other metabolites [25], extraction of
such algal components can be problematic due to the complexity and rigidity of the algal cell
wall. Brown algal cell walls consist of complex sulfated and branched polysaccharide bound to
proteins and ions that hinder extraction efficiencies of algal-derived metabolites [26]. Chemical and
mechanical processes are currently used for the extraction of bioactive compounds or fractions from
algae; however, problems exist if these compounds are sensitive to extraction techniques which involve
heat or the use of solvents [27]. New improved extraction processes including microwave, ultrasound,
supercritical fluid, pressurized liquid, and particularly the use of enzyme-assisted extraction (EAE)
processes [27], offer ecofriendly, faster, and more efficient alternatives to traditional methods [23,28,29].
Commercial algal cell wall polysaccharidases, such as xylanase, alcalase, viscozyme, neutrase, and
agarase, can be used to hydrolyze algal cell wall carbohydrates and eliminate solubility barriers
for algal bioactive compounds [27,30]. Enzyme-assisted extraction (EAE) has been successfully
employed to produce extracts from the green seaweed Ulva rigida (formerly Ulva armoricana), which
displayed antiviral and antioxidant properties [23]. Carbohydrates and bioactive compounds have
also been extracted from the brown algae Ecklonia radiata and Sargassum muticum, respectively, using
carbohydrate hydrolases and proteases in EAE strategies [31].
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In this study, our approach was to monitor the overall composition and population dynamics
of the microbial communities associated with A. nodosum as it decayed over a six-week period by
incubating the alga in artificial seawater, using culture independent approaches, targeting the 16S
rRNA gene. We also employed culture dependent approaches, including the ichip method [32] to
isolate bacteria from the seaweed during the decay process. While bacteria have previously been
isolated from macroalgae using traditional cultivation methods [21,33], this study presents the first use
of the ichip to cultivate bacteria from decaying seaweed. In this way we hoped to expand the range
of bacterial isolates to include previously uncultured microorganisms. Following isolation, bacterial
strains were screened for their ability to produce a range of algal cell wall degrading polysaccharidases
and were characterized by 16S rRNA DNA sequencing. A range of species from the genus Bacillus,
together with a number of Vibrio species, were isolated, these displayed multiple hydrolytic enzyme
activities including hydroxyethyl cellulase, lichenase, and pectinase activities. Extracts from these
bacteria were then successfully employed in the EAE of phenolics from the seaweed Fucus vesiculosus.

2. Results

2.1. MiSeq Sequencing and Data Processing

The microbial communities of A. nodosum samples were analyzed based on decay period (week 0,
week 2, week 4, and week 6) and incubating temperature (18 ◦C, 25 ◦C, and 30 ◦C) by Illumina MiSeq
sequencing targeting the V3-V4 16S rRNA gene region. A combined total of 8,872,164 raw reads were
obtained which, when quality filtered produced, 1,655,910 reads with an average length of 301 bp, and
were analyzed using the QIIME version 1.9.1 (http://qiime.org/tutorials/illumina_overview_tutorial.
html) workflow [34]. The number of reads obtained after quality filtering and operational taxonomic
units (OTUs) together with species richness and diversity indices of the microbial communities are
shown in Table 1. With respect to the two diversity indices calculated; Shannon and Chao1, sample 4_30
(week 4; 30 ◦C) ranked the highest and sample 6_18 (week 6; 18 ◦C) ranked the lowest in diversity.
In addition, it is noteworthy that up to 4% of the OTUs observed in the undecayed Ascophyllum sample
(T0; week 0) and 41% in the decaying samples were unclassified. These unassigned OTUs are likely to
represent macroalgal associated bacterial populations that are as yet unknown or not present in the
SILVA version 123 database [35] used for taxonomy assignment.

Table 1. Observed OTUs and species richness and diversity estimates of Ascophyllum-associated
metagenomic communities obtained using MiSeq sequencing of the 16S rRNA gene from the intact
seaweed (T0) and each of decaying Ascophyllum nodosum samples collected at three phases of the decay
period (week 2, week 4 and week 6) at 18 ◦C (2_18, 4_18, 6_18), 25 ◦C (2_25, 4_25, 6_25), and at 30 ◦C
(2_30, 4_30, 6_30).

Decay Period Sample
No. of Reads after
Quality Filtering

No. of OTUs (at 97%
Sequence Identity)

Chao1
Richness

Shannon
Index

Week 0
intact seaweed

T0 178,699 1467 2293.5 10.1

Week 2
early decay phase

2_18 123,551 854 2072.1 9.5
2_25 350,135 1476 3327.1 10.2
2_30 138,445 724 1822.7 9.2

Week 4
mid decay phase

4_18 148,904 749 1901.7 9.3
4_25 151,285 1130 2061.6 9.8
4_30 139,737 1633 3490.4 10.4

Week 6
late decay phase

6_18 120,679 443 1148 8.6
6_25 138,659 1202 2884.5 10.0
6_30 165,816 1250 3062.8 10.0
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2.2. Metagenomic Communities Associated with Intact Ascophyllum nodosum

A total of 1467 OTUs were identified among sequence reads derived from the intact undegraded
seaweed (T0) with approximately 96% of the OTUs been classified into one of 19 different phyla,
the major ones being Proteobacteria (24.2%), Planctomycetes (22.5%), Actinobacteria (15.2%),
Verrucomicrobia (15.1%), Cyanobacteria (6.7%), Bacteroidetes (4.8%), and Firmicutes (3.8%) (Figure 1;
T0). The species richness and diversity of the microbial community associated with the macroalga in
its intact state as represented by the number of OTUs and number of bacterial phyla identified is also
reflected by the Chao1 richness and Shannon diversity index calculated (Table 1).

Figure 1. Relative abundances of bacterial phyla associated with intact (T0) and decaying Ascophyllum
nodosum at 2, 4, and 6 weeks of decay at 18 ◦C (2_18, 4_18, 6_18); 2, 4, and 6 weeks of decay at 25 ◦C (2_25,
4_25, 6_25), and 2, 4, and 6 weeks of decay at 30 ◦C (2_30, 4_30, 6_30) obtained from metagenomic 16S
rRNA gene sequencing. The relative distribution of phyla in each group is represented as a percentage.

2.3. Metagenomic Communities Associated with Decaying Ascophyllum nodosum

2.3.1. Population Changes in the Seaweed Decaying at 18 ◦C

Within the first two weeks of the algal decay at 18 ◦C, the bacterial population associated
with the intact seaweed, which was previously characterized by the prevalence of Proteobacteria
(24.2%), Planctomycetes (22.5%) and Verrucomicrobia (15.1%), shifted towards a Proteobacteria-led
population with a relative abundance of over 40% (Figure 1; 18 ◦C). This increase in the prevalence
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of Proteobacteria occurred with a corresponding decline in the relative abundances of some phyla
including Planctomycetes (1.8%) and Verrucomicrobia (4.3%), amongst others. However, in the early
decay period (at week 2), bacteria belonging to the phylum Spirochaetae which were not identified
in the intact seaweed emerged, while other phyla such as Firmicutes, Fusobacteria, Lentisphaerae,
and Gracilibacteria were found to be increasingly abundant, relative to their levels prior to the algal
decay. The composition of the metagenomic communities associated with the decaying seaweed
remained unchanged in the next phase of the algal decay process (at week 4), but changes in the
relative abundances of some phyla occurred. At week 4, increase in the presence of bacterial groups
classified as Bacteroidetes, Spirochaetae, and Lentisphaerae were more apparent while Proteobacteria
levels declined. The bacterial population identified at the end of the decay process (week 6) was less
diverse, with 443 OTUs identified and low diversity indices calculated (Table 1). Metagenomic results
show that a number of bacterial phyla present in the preceding decay phases were not found at week 6.
Some of these bacterial phyla which were not present include Firmicutes, Fusobacteria, Spirochaetae
and Gracilibacteria.

2.3.2. Population Changes in the Seaweed Decaying at 25 ◦C

When compared to the bacterial population associated with fresh Ascophyllum nodosum samples,
the macroalga allowed to decay at 25 ◦C experienced a sharp decrease in the relative abundances
of bacteria belonging to the phyla Planctomycetes, Verrucomicrobia, Firmicutes and Actinobacteria
amongst others in the early decay period. Metagenomic analysis of the 16S rRNA gene sequences
revealed a steady shift in the composition and abundance of the microbial communities associated
with the decaying seaweed. For example, while the phylum Spirochaetae was not identified prior
to decay (T0), bacteria classified as this phylum were identified at week 2 (0.9%) and increased in
relative abundance throughout the decay period from 3.7% at week 4 to approximately 11% at week 6.
Lentisphaerae, which was rarely identified in the undecayed macroalga, was also observed to follow
a similar trend, by increasing in relative abundance as A. nodosum samples decayed at 25 ◦C. Levels
of this phylum increased from 0.8% at week 2 to 3.8% and 4% at the mid and late phases of the
decay period, respectively. Other phyla such as Fusobacteria and Bacteroidetes were observed to
decrease consistently in their prevalence from week 2 to week 6 of the decay process (Figure 1; 25 ◦C).
In general, Ascophyllum nodosum allowed to decay at 25 ◦C was dominated by bacteria recruiting to the
phylum Proteobacteria.

2.3.3. Population Changes in the Seaweed Decaying at 30 ◦C

At 30 ◦C, the decaying macroalga was diversely comprised of bacteria belonging to different
phyla (Figure 1; 30 ◦C). The seaweed-associated metagenomic population changed markedly upon
decay, relative to the microbial communities found in the intact seaweed (described in Section 2.2)
and some of the most notable changes observed occurred in the early decay phase. At week 2,
the relative abundance of bacteria belonging to the phylum Actinobacteria was observed to have
decreased from approximately 15% (found in week 0) to about 1%. This decrease in relative abundance
of Actinobacteria was concurrent with a decline in the prevalence of bacteria belonging to the phyla
Planctomycetes (0.4%) and Verrucomicrobia (0.9%) previously present at approximately 22% and 15%,
respectively, in the intact seaweed. On the other hand, in the early decay phase, other phyla such as
Bacteroidetes, Lentisphaerae, and Firmicutes were observed to increase to more than two-fold in their
relative abundances in the decaying seaweed. The microbial population observed at the mid decay
phase (week 4) did not differ greatly in its composition from the week 2 derived microbial population.
However, the prevalence of Proteobacteria declined (22.4% early phase; 17.1% mid phase) as bacteria
identified as Spirochaetae (5.8% early phase; 10.3% mid phase) and Synergistetes (0.3% early phase;
3.7% mid phase) increased in prevalence. Differences in the bacterial phyla present in the decaying
seaweed became even more evident at the end of the decay period (week 6) when Proteobacteria
regained dominance (43.1%) and the levels of Spirochaetae (0.2%) and Synergistetes (0.1%) declined.
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2.4. Cultivable Surface Microbiota Associated with Intact A. nodosum

The cultivable epibacterial population of intact and decaying A. nodosum samples were assessed
using the maceration cultivation method, which involves cutting the seaweed samples into smaller
fine pieces. A total of 90 bacteria were isolated and taxonomically identified following 16S rDNA
sequence analysis (Table 2) from the intact Ascophyllum nodosum sample (T0) and were found to
consist of bacteria belonging to the phyla Proteobacteria (46%), Bacteroidetes (43%) and Actinobacteria
(11%) (Figure 2a). Members of the phylum Proteobacteria were largely dominated by the class
γ–Proteobacteria (95%), with α-Proteobacteria and β-Proteobacteria being rarely isolated. In the total
isolated bacterial population from the intact seaweed (T0), eleven different genera were identified, the
most abundantly represented being Winogradskyella (41%), Marinobacter (37%), Microbacterium (6%),
and Micrococcus (6%) (Figure S1a; Supplementary information).

Table 2. Number of bacterial isolates cultured from intact (week 0) and decaying Ascopyllum nodosum
samples (week 2, week 4, and week 6), incubated at different temperatures, using the maceration
isolation method and the ichip device.

Week 0 Week 2 Week 4 Week 6 ichip Isolation Incubating Temperature

90

76 63 52 59 18 ◦C
35 47 70 76 25 ◦C
63 67 53 89 30 ◦C

2.5. Cultivable Surface Microbiota Found on Decaying A. nodosum

The cultivable surface-attached microbiota of the intact seaweed differed greatly from the bacterial
populations found on Ascophyllum samples allowed to decay at 18 ◦C, 25 ◦C, and 30 ◦C for six weeks
(Figure 2). At the phylum level, while Proteobacteria maintained an overall dominance with over 70%
relative abundance in the bacterial population associated with both the intact and decaying seaweed,
members of the phylum Firmicutes which were not identified in the intact seaweed were present
during the algal decay. Bacteria belonging to the phylum Bacteroidetes, which were prevalent in the
intact macroalga (43%), represented only 3% of the total cultivable surface microbiota population in
the decaying seaweed.

Similar bacterial phyla were present in the bacterial communities associated with the decaying
seaweed in the three incubation flasks (18 ◦C, 25 ◦C, and 30 ◦C). However, distinct differences in
the composition of the associated microbial populations found at the different decay periods and
temperature are more evident at the genus level (Figure S1; Supplementary information). In the early
decay phase, the bacterial population isolated from the macroalga decaying at 18 ◦C consisted of
Proteobacteria (88%), Firmicutes (5%), Bacteroidetes (4%), and Actinobacteria (3%) (Figure 2b) and
was diversely comprised of members of the genera; Paracoccus (71%), Celeribacter (7%), Psychrobacter
(8%), Bacillus (5%), Formosa (4%), Microbacterium (3%), Cobetia (1%), and Citricella (1%) (Figure S1b;
Supplementary information). Much lower diversity was observed in the bacterial communities isolated
at week 2 from the 25 ◦C and 30 ◦C incubation flasks, with only members of the phyla Proteobacteria
and Firmicutes being identified.

In the mid decay period (week 4), the genus Celeribacter dominated the bacterial population
with a relative abundance of 95% and 100% in the 18 ◦C and 30 ◦C derived bacterial populations,
respectively, while the 25 ◦C derived population at week 4 was comprised of more genera including
Paenisporosarcina (51%), Bacillus (30%), Celeribacter (13%), Paenibacillus (2%) Vibrio (2%), and Sporosarcina
(2%) (Figure S1c; Supplementary information).

Members of the bacterial phyla Proteobacteria (54%), Bacteroidetes (27%), and Firmicutes (19%)
were identified in the bacterial population cultured at the end of the decay process (week 6) from
the 18 ◦C incubation flask. These phyla were also present at 72%, 7%, and 21% relative abundances,
respectively, in the 30 ◦C bacterial population (Figure 2d). In week 6, eleven distinct genera were
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identified at 18 ◦C, the most abundantly represented being Paracoccus, Algoriphagus, Celeribacter, Bacillus,
and Primorskyibacter and four genera including Celeribacter, Bacillus, Pseudozobellia, and Paracoccus
being observed in the 30 ◦C microbial community. The bacterial community associated with the
seaweed decaying at 25 ◦C in the late decay phase differed from the bacterial communities isolated
from the 18 ◦C and 30 ◦C microbial populations in this phase, with Proteobacteria (96%) dominating
the dataset and three genera; Celeribacter, Bacillus and Roseobacter being isolated at 25 ◦C. Phylogenetic
trees representing the bacteria cultured from both intact and decaying Ascophyllum nodosum samples
using the maceration method are shown in Figures S2–S5 (Supplementary information).

Figure 2. Relative abundances of bacterial phyla associated with the cultivable surface microbiota of
(a) intact Ascophyllum nodosum and decaying Ascophyllum nodosum at 2, 4, and 6 weeks of decay at
(b) 18 ◦C; 2_18, 4_18, 6_18, (c) 25 ◦C; 2_25, 4_25, 6_25, (d) 30 ◦C; 2_30, 4_30, 6_30 which were obtained
by maceration culture isolation method and (e) obtained by ichip culture isolation method. 16S rRNA
gene sequences were obtained from the bacterial isolates and taxonomic analyses were performed.
The relative distribution of phyla in each group is represented as a percentage.

2.6. ichip Bacterial Isolation Method Applied to Decaying A. nodosum

In a bid to further analyze the cultivable bacteria present and potentially expand upon the
range of bacterial isolates, the ichip device was also employed on the decaying seaweed samples.
At week 4 of the decay period, the ichip device loaded with a cell–agar suspension prepared from
the decaying seaweed was inoculated into each flask containing the alga which were decomposing at
18 ◦C, 25 ◦C, and 30 ◦C; with bacteria being recovered from the device following a further 2 weeks
of incubation. A total of 224 bacteria (59 isolates from 18 ◦C, 76 and 89 isolates from 25 ◦C and
30 ◦C, respectively; Table 2) were isolated and taxonomically identified using 16S rRNA gene
sequences. Taxonomic analysis of the cultivable microbial communities revealed the presence of
three representative phyla—Proteobacteria, Actinobacteria, and Firmicutes—across the three different
temperature groups. Proteobacteria dominated at the phylum level in the three datasets, comprising
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93%, 92%, and 100% in the 18 ◦C, 25 ◦C, and 30 ◦C bacterial culture populations, respectively
(Figure 2e). Low relative abundances of Actinobacteria and Firmicutes were observed in the 18 ◦C
and 25 ◦C populations, with both phyla not being identified in the 30 ◦C bacterial population.
The majority of bacterial isolates cultured from the 18 ◦C and 25 ◦C samples, which belong to the
phylum Proteobacteria; were further classified as α–Proteobacteria, with only 9–11% recruiting to
γ-Proteobacteria. In contrast, γ-Proteobacteria were found to dominate the microbial community
isolated from the seaweed incubated at 30 ◦C, with a relative abundance of 98%. Thirteen distinct
genera, including Celeribacter, Paracoccus, Vibrio and Marinobacterium were present in the total bacterial
population isolated using the ichip device (Figure S1e; Supplementary information). The genus
Celeribacter was present across all temperatures, at very high relative abundances in the 18 ◦C and
25 ◦C samples (64% and 83%, respectively) but at a much lower relative abundance at 30 ◦C (2%).
In contrast, Enterobacter, which dominated at 30 ◦C, was not found to be present in either of the 18 ◦C
or 25 ◦C derived microbial populations. The phylogenetic tree representing the bacteria cultured from
decaying Ascophyllum nodosum samples using the ichip in situ cultivation method is shown in Figure
S6 (Supplementary information).

2.7. Enzymatic Activities of A. nodosum Cultivable Surface Microbiota

2.7.1. Intact Ascophyllum nodosum Isolated Using the Maceration Method

Over 800 bacterial isolates cultured from intact (T0) and decaying Ascophyllum nodosum samples
using both the maceration and ichip isolation methods (Table 2) were screened for enzyme activity
in plate assays containing hydroxyethyl cellulose, pectin, and lichenin as substrates. The cultivable
surface microbiota community associated with the seaweed in its intact state was found not to produce
any of the algal cell wall degrading enzymes examined under the conditions employed in this study,
with none of the bacterial isolates testing positive on any of the plate assays used.

2.7.2. Decaying Ascophyllum nodosum Isolated Using the Maceration Method

The microbial population associated with the decaying seaweed isolated using the maceration
method consisted of a total of 51 isolates (approximately 7%) with hydrolytic activity against at least
one of the tested substrates (Table S1, Supplementary information). Of these enzyme active bacterial
isolates, 65% belonged to the microbial community cultured from the decaying seaweed at week 2,
another 10% belonged to the week 4 bacterial population, while 25% were cultured from week 6
and the majority of these MAPD bacteria were found to degrade lichenin (Table S1; Supplementary
information). Bacteria belonging to the genus Bacillus (10%) represented one of the less abundant
genera in the total microbial community associated with the decaying seaweed. However, among the
bacteria cultured from the decaying seaweed using the maceration method, these Bacillus species were
found to be the only producers of the algal cell wall polysaccharidases tested for in this study.

2.7.3. Decaying Ascophyllum nodosum Isolated Using the ichip Method

Approximately 5% of the ichip-derived microbial communities screened were identified as being
positive for one or more of HE-cellulose, lichenin, and pectin degrading activities. None of the bacterial
isolates from 30 ◦C displayed MAPD activity under the conditions tested in this study while less
than 3% of the 25 ◦C derived population tested positive and 15% from the 18 ◦C bacterial population
were enzyme active. All the enzyme active bacterial isolates cultured from 18 ◦C were identified
as belonging to the Vibrio genus. These isolates were found to produce pectin degrading enzymes
(Table S1; Supplementary information).

2.8. Enzyme-Assisted Extraction (EAE) of Total Phenolics from F. vesiculosus

We then compared the ability of an enzymatic bacterial supernatant (EBS) generated from the
three isolates IC18_D7 (DSM 107285), IC18_D5 and ANT0_A6 (DSM 107318) with ≥98% 16S rRNA
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gene sequence similarity to Vibrio anguillarum X0906, Vibrio oceanisediminis S37, and Winogradskyella sp.
MGE_SAT_697, respectively, which we had selected as the best enzyme producers from our group of
enzyme-active strains to perform enzyme-assisted extraction of phenolics from Fucus vesiculosus, and to
compare their performance to commercially available enzyme preparations. Bacterial isolates IC18_D7
and IC18_D5 were shown to produce pectin degrading enzymes. ANT0_A6 had previously been
shown to produce good levels of amylase activity (data not shown). Results obtained from the EAE of
the total phenolic compounds from F. vesiculosus, performed with or without commercial enzymes
conducted at 50 ◦C, and with or without the enzymatic bacterial supernatants (EBS) conducted at
28 ◦C, are shown in Figure 3. The total phenolic content (TPC) of F. vesiculosus obtained by exhaustive
solid-liquid extraction had previously been reported as 68.6 ± 8.3 mg PE.g−1 DWB [36]. This content
was thus considered as a reference value for TPC, corresponding to a yield of extraction of 100%.
Although the highest TPC values were obtained using commercial enzymes, compared to the control
(50 ◦C), the increase was only significant when xylanase was used on the larger biomass particles
i.e., 0.5 < Ps < 2.5 mm (p = 0.021). This TPC value of 35.6 ± 2.0 mg PE.g−1 DWB, obtained using
xylanase, was equivalent to an extraction yield of 52%. Using the enzymatic bacterial supernatants
(EBS), the TPC values increased significantly for both particle sizes (p < 0.01), compared to the
control (28 ◦C), reaching up to 44.8 ± 1.8 mg PE.g−1 DWB (Ps < 0.5 mm) and 40.3 ± 1.7 mg PE.g−1

DWB (0.5 < Ps < 2.5 mm), respectively. These TPC values correspond to extraction yields of 65% and
59%, respectively. The extraction yields were therefore increased by 10% using xylanase, while they
increased by 11–13% using EBS, compared to their respective controls. Moreover, an increase in
extraction temperature (control 28 ◦C vs control 50 ◦C) appeared to have an overall negative effect on
the extraction yield for phenolics. These results indicate that cell-wall degrading enzyme preparations
produced by the three bacterial isolates from A. nodosum, applied at 28 ◦C were more efficient than
the commercial protease, cellulase and xylanase preparations in the extraction of total phenolics from
F. vesiculosus.

Figure 3. Enzymatic-assisted extraction of total phenolics from Fucus vesiculosus with commercial
enzymes conducted at 50 ◦C, and with enzymatic bacterial supernatants (EBS) conducted at 28 ◦C.
Control experiments without the addition of either commercial enzymes or EBS were conducted at
50 ◦C and 28 ◦C, respectively, under the same conditions. This experiment was undertaken using two
different particle sizes (Ps) of ground biomass i.e., Ps < 0.5 mm, and 0.5 < Ps < 2.5 mm. Total phenolic
content (TPC) is expressed as milligram of phloroglucinol equivalents (PE) per gram of dry weight
biomass (mg PE.g−1 DWB). A one-way ANOVA was performed to assess significant differences
(p < 0.05) between commercial enzymes and control (50 ◦C), results are arranged in increasing order:
a < b; while a t-test was performed to determine significance differences (p < 0.05) between EBS and
control (28 ◦C), asterisk (*) indicates a difference between both treatments.
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3. Discussion

Macroalgal bioactive compounds are used in products to stimulate animal health or as functional
food ingredients [28,37,38]. Phlorotannins exclusive to brown algae in high amounts (15% DW) have
been shown to possess antidiabetic [39], antioxidant [40], and antiproliferative [41] effects. In addition,
seaweed extracts are commonly used as biostimulants in agriculture [42] and have been proposed as a
viable alternative protein crop for use in diets for monogastric livestock [43].

Seaweeds are well known to be associated with a diverse range of bacteria which colonize
their nutrient-rich surfaces [13,21,22]. These bacteria are known to be a very good source of
specific polysaccharidases, including pectinases, alginate lyases, carrageenanases, fucoidanases, and
laminarinases [44] with several biotechnological applications. Some of these algal cell-wall degrading
enzymes are produced to help mobilize polymers for nutritional purposes, for example, when growing
in a nutrient limited state such as algal decay, and contribute to algal biomass recycling [20,21].
Thus, we reasoned that if A. nodosum was allowed to decay under controlled conditions at different
temperatures, it should result not only in changes in the overall composition and dynamics of
the bacterial communities present, but also in the isolation of bacteria that produce algal cell wall
polysaccharidases, given the nutrient limited state to which they had been exposed, that might have
potential application in EAE strategies.

The structure of the surface-attached bacterial population associated with intact and decaying
A. nodosum incubated at 18 ◦C, 25 ◦C, and 30 ◦C was investigated in this study using both culture
independent and culture dependent (traditional maceration and the in-situ cultivation based ichip
device) approaches. The use of a next-generation sequencing approach (Illumina MiSeq) supplemented
the 16rRNA gene-based approach employed on the cultured bacterial isolates. Given that the NGS
approach circumvents the difficulties associated with the cultivation of bacteria from environmental
samples and allows the identification of both cultivable and non-cultivable bacterial populations, it
is not surprising that some phyla observed in the metagenomic communities of the macroalga were
not identified in the total cultivable bacterial population. In particular, considering the isolation agar
(SYP-SW) and the culture condition (72 h at 28 ◦C) employed in this study, it is highly unlikely that
most phyla, including Planctomycetes, Spirochaetae, and Verrucomicrobia, which were found in the
NGS dataset, would be recovered. These bacterial phyla would require a more targeted isolation
strategy to be identified using various plate-based cultivation methods [45–48].

The ichip device, which has previously been reported to increase the microbial diversity
of cultured bacterial isolates [49–51], was applied to potentially expand the range of bacterial
isolates identified to include previously uncultured species. While the composition of the microbial
communities derived from the ichip device did not differ greatly from the bacterial populations
identified using the traditional approach (Figure 2), we recovered four potentially novel strains
(IC25_B4, IC25_B12, IC25_C8, and IC25_G4) with 97% or less identity to their closest BLAST relative
using the device. These bacterial isolates are currently being further characterized. The ichip device
also resulted in the isolation of two strains (IC18_D5 and IC18_D7) identified as belonging to the Vibrio
genus, extracts from which were subsequently utilized in the EAE of phenolics from Fucus vesiculosus
and were found to be more efficient in the extraction process than current commercially available
enzymes (Figure 3). This further demonstrates the utility of the ichip device as an important method
to not only capture previously uncultivable bacteria, but also to recover bacteria with potential
biotechnological applications [49,50].

Phylum-level analysis revealed that the structure of both the cultivable and metagenomic
microbial communities found on the intact seaweed differed from that of the decaying macroalga,
suggesting that the decay process plays a role in altering the algal associated microbial populations.
However, these results should be interpreted with caution as our experiments were not conducted
in replicates. Similar differences in the microbial community profiles associated with healthy and
weakened bleached macroalgae have also been previously reported [52]. Although a causal link
between such differences and the host condition has not been clearly established, it is known that
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host stress, such as bleaching and decay-related disruptions to the composition and abundance of
its associated microbial consortium, can have detrimental effects on the host, causing diseases; for
example, due to interferences with the seaweed–bacteria interactions that support algal development
and host defense [18,53]. Chun et al. [20] suggest that microcosms which emerge as a result of the algal
decay process may explain the differences in the bacterial populations associated with healthy and
decaying algae. Decaying Cladophora samples have, for example, been shown to produce low oxygen
and pH environments with increased ammonium-nitrogen levels. Subsequently, structural shifts in
the microbial community towards bacterial groups better suited to thrive under such conditions were
observed [20]. While the succession of oxygen concentration, pH and nutrient levels during the decay
period was not monitored in this study, the structural shifts observed in the microbial communities
with decay may be attributed to changes in the composition of the closed microcosm within the
shake flasks.

Screening the cultivable surface microbiota of both the intact and decaying seaweed for the
production of algal cell wall polysaccharide degrading enzymes revealed a number of MAPD bacteria.
Bacteria belonging to the genus Bacillus which represented the major producers (>80%) of these
hydrolytic enzymes were not identified in the bacterial population associated with A. nodosum in its
healthy state but represented up to 10% of the surface microbiota communities isolated during the
algal decay (Figure S1; Supplementary information). This marked difference in the composition
and abundance of the microbial communities associated with the seaweed during its different
physiological states (intact and decaying), mainly characterized by the emergence in the members
of the enzymatically active Bacillus and Vibrio groups supports the hypothesis that nutrient limiting
conditions such as algal decay is likely to promote the proliferation of MAPD producing bacteria [21].
However, while the number of MAPD isolates was not observed to steadily increase during decay as
might be expected due to the weakened state of the seaweed, the few enzymatically active strains that
we did identify during decay, such as the Bacillus and Vibrio species were efficient producers of the
MAPD enzymes for which we tested (Table S1; Supplementary information).

Microorganisms are well-known to exhibit mutualism such that one or more individuals within a
microbial population can gain from the collective characteristics expressed by its neighbors without
expressing the trait itself [14,54,55]. Such phenotypically deficient bacteria may however possess the
metabolic capability necessary to utilize nutrients provided by other members of the community [55].
A lack in the increase in the expected numbers of MAPD bacteria that we observed during the decay
experiments may thus be explained by the efficiency of the less abundant enzymatically active strains
who may be compensating for the inactivity of the dominant species by creating a pool of available
nutrients thereby supporting the overall bacterial consortia present within the microcosm in the growth
flasks, to which no nutrients had been added.

Finally, we assessed the ability of enzymatic bacterial supernatant (EBS) from a selected group of
enzyme-active strains; IC18_D7, IC18_D5 and ANT0_A6 with similarity to Vibrio anguillarum X0906,
Vibrio oceanisediminis S37, and Winogradskyella sp. MGE_SAT_697, respectively, in the enzyme-assisted
extraction of phenolics from Fucus vesiculosus. These enzyme preparations were shown to increase total
phenolic content (TPC) extraction yields from Fucus vesiculosus by 11–13%, to levels which were greater
than the extraction yields obtained using a commercially available xylanase (10%) (Figure 3). To our
knowledge, this is the first study to report the application of macroalgal-derived bacterial culture
extracellular supernatants in the enzyme-assisted extraction of phenolics from Fucus vesiculosus. Thus,
it is clear that bacterial populations associated with A. nodosum are a good source of algal cell wall
polysaccharide degrading enzymes with potential utility in EAE strategies. The isolation of macroalgal
associated bacteria is frequently reported in the literature [20,21], with isolates being developed for
use in various biotechnological applications, such as novel carrageenanases from Flavobacteria and
γ-Proteobacteria isolated from Ascophyllum nodosum [21] and from Pseudoalteromonas porphyrae isolated
from decayed seaweed [56] for potential biomedical and food applications, together with alginate
lyase from Zobellia galactanivorans for biomass degradation [57]. Our study further demonstrates the
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potential utility of algal derived bacteria and their potential contribution to EAE based strategies aimed
at the production of seaweed extracts for similar types of biotechnological applications.

4. Materials and Methods

4.1. Sampling

Ascophyllum nodosum samples were obtained in the intertidal zone at Rinville in Galway Bay,
Ireland at 53◦14′40′ ′ North, 8◦58′2′ ′ West in late January, 2016. Approximately 2 kg of seaweed was
sampled and packaged in sterile air-tight plastic bags and stored on dry ice at the sampling location.
Ascophyllum samples were subsequently stored briefly at 4 ◦C in the laboratory before further analyses.

4.2. Experimental Design

Three sets of approximately 450 g of the seaweed were suspended in separate 950 mL sterile
artificial seawater (3.33% w/v synthetic seawater salts Instant Ocean, Aquarium Systems, in distilled
water), with each 2 L flask incubated at a different temperature (18 ◦C, 25 ◦C, and 30 ◦C) on a shaking
platform at 125 rpm for a six-week period. The incubation flasks were single replicates (n = 1) per
temperature treatment. Three separate ichip devices were subsequently inoculated four weeks after the
initial incubation into each of the flasks under sterile conditions in a laminar flow hood (BioAir Safeflow
1.2—EuroClone, Pero, Italy), as previously described [32], and removed at the end of the decay period.
To inoculate each ichip device, 1 mL suspension from the incubation flask containing the seaweed
decaying at one of the three temperatures (18 ◦C, 25 ◦C, and 30 ◦C), with an estimated microbial density
of 1.0 × 1012 cells mL−1 was diluted appropriately in sterile artificial seawater (3.33% w/v synthetic
seawater salts Instant Ocean, Aquarium Systems, in distilled water) to attain an average of one cell
per through-put hole in the iChip central plate (i.e., one cell per μL of inoculum) and suspended in
molten 0.5% agar (Sigma Aldrich, Munich, Germany) solution. The cell-agar suspension was poured
over the ichip central plate to allow cells that were immobilized within the suspension to be trapped in
the small throughput holes on the device as the agar solidified. The device was then assembled and
placed in the flask containing the decaying seaweed for another two weeks. Approximately 10 g of the
fresh intact macroalga (T0) was collected before incubation into the artificial seawater and 10 g of the
decaying seaweed was collected from each incubating flask at two-week intervals (weeks 2, 4, and 6)
during the decay period. All Ascophyllum samples were stored at −20 ◦C for further analyses.

4.3. 16S rRNA Gene Amplicon Library Preparation and MiSeq Sequencing

Metagenomic DNA was extracted from approximately 0.5 g of the intact seaweed (T0) and
0.5 g each of decaying Ascophyllum nodosum samples collected at three phases of the decay period
(week 2, week 4 and week 6) at 18 ◦C (2_18, 4_18, 6_18), 25 ◦C (2_25, 4_25, 6_25), and at 30 ◦C
(2_30, 4_30, 6_30) as previously described [58]. PCR amplicon libraries were generated using forward
(5′ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGCCTACGGGNGGCWGCAG-3′) and reverse
(GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGACTACHVGGGTATCTAATCC-3′) primers
complementary to the V3-V4 16S rRNA gene region [59] with ligated Illumina adapter overhang
sequences in italic text. This primer pair was identified as the most promising pair required for a good
representation of bacterial diversity and has been successfully applied in a number of studies on a wide
range of environments [59–62]. PCR amplification was performed under the following conditions:
98 ◦C for 30 s, followed by 30 cycles of denaturation (98 ◦C for 10 s), primer annealing (57 ◦C for 30 s),
primer extension (72 ◦C for 30 s), and 72 ◦C for 5 min. PCR amplicons were purified using Agencourt
AMPure XP beads (Beckman Coulter) according to the manufacturer’s instructions and a subsequent
reduced-cycle (8 cycles) reaction was performed to further attach unique dual eight-base Nextera XT
multiplexing indices and sequencing adapters under similar cycling conditions. Index PCR products
were purified using Agencourt AMPure XP beads (Beckman Coulter; Fisher Scientific, Dublin, Ireland)
according to the manufacturer’s instructions. All PCR reactions from each sample were performed
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in triplicates to minimize bias, replicate amplicons were pooled together and sequenced using the
Illumina MiSeq platform by Macrogen (Seoul, Korea).

Scythe (v0.994 BETA) [63] and Sickle [64] programs were used to quality trim raw reads and
remove adapter sequences. This service was provided by Macrogen Inc (Seoul, Korea) as part
of a next generation sequencing package. Trimmed paired end reads were merged (using the
join_paired_reads.py script with the fastq-join method [65] ) in QIIME version 1.9.1 (QIIME.org) [34]
and processed using standard QIIME version 1.9.1 protocols (http://qiime.org/tutorials/illumina_
overview_tutorial.html). Briefly, a further quality step was applied by excluding reads with a Phred
score less than 20 using the split_libraries_fastq.py QIIME script. The USEARCH algorithm [66] was
used to remove chimeras and assign sequences to OTUs based on the SILVA database (version
123) (Max Plank Institute, Bremen, Germany) [35] at a threshold of 97% identity. Singletons
were identified and filtered from the OTU table and the OTU table was CSS (cumulative sum
scaling) normalized [67]. The taxonomy identified from the dataset was then represented through
bar plots. Species diversity and richness within samples were calculated using alpha and beta
diversity analyses (Chao1, Good’s coverage, Shannon indices and principle coordinates analysis)
using QIIME (version 1.9.1) (http://qiime.org/tutorials/illumina_overview_tutorial.html) scripts
(alpha_diversity.py and beta_diversity_through_plots.py) [34].

4.4. Bacterial Isolation from Intact and Decaying A. nodosum Using Maceration Method

Surface-attached bacteria were isolated from the intact (T0) and decaying seaweed samples
collected at weeks 2, 4 and 6 of the decay period, each at three different temperatures (18 ◦C, 25 ◦C,
and 30 ◦C) using the maceration method adapted from [68]. Briefly, approximately 0.5 g of the
algal sample was cut into small pieces of about 1 cm2 and suspended in 1 mL of sterile artificial
seawater (3.33% w/v synthetic seawater salts Instant Ocean, Aquarium Systems, in distilled water) [69].
Serial dilutions of the suspension were plated on SYP-SW agar plates which consisted of soluble
starch (Sigma Aldrich, Munich, Germany) 10 g L−1; yeast extract (Sigma Aldrich, Germany) 4 g L−1;
peptone (Merck, Germany) 2 g L−1; Instant Ocean (Aquarium Systems) 33.3 g L−1; agar (Sigma Aldrich,
Germany) 15 g L−1 and incubated at 28 ◦C for 72 h. The culture isolation procedure was conducted
aseptically in a laminar flow hood (BioAir Safeflow 1.2—EuroClone, Pero, Italy). Individual colonies
were selected and further streaked to isolate pure cultures which were grown at 28 ◦C overnight in
SYP-SW medium and maintained in glycerol (20% w/v) stocks at −80 ◦C.

4.5. Bacterial Isolation from Decaying A. nodosum Using ichip Device

Three separate ichip devices were inoculated into each of the incubating flasks (18 ◦C, 25 ◦C,
and 30 ◦C) at week 4 of the decay period and were removed at the end of the decay period (week 6).
Macroalgal-associated bacteria from decaying A. nodosum were recovered from small throughput holes
on the central plate of each ichip device and plated directly onto 96-well plates containing SYP-SW
agar and incubated at 28 ◦C for 72 h. Individual colonies were selected and further streaked to isolate
pure cultures which were grown at 28 ◦C overnight in SYP-SW medium and maintained in glycerol
(20% w/v) stocks at −80 ◦C.

4.6. Taxonomic Identification of A. nodosum Cultivable Surface Microbiota Populations

Bacterial isolates recovered from both intact and decaying A. nodosum samples using both the
traditional maceration method and the ichip method were taxonomically identified using 16S rRNA
gene sequencing. Genomic DNA was extracted from the bacterial isolates grown overnight at 28 ◦C in
SYP-SW medium using a modified Tris-EDTA boiling DNA extraction method [70]. Bacterial 16S rRNA
PCR amplification was performed with the universal forward (8F; 5′-AGAGTTTGATCCTGGCTCAG-3′

or 27F; 5′-AGAGTTTGATCMTGGCTCAG-3′) and reverse (1492R; 5′-GGTTACCTTGTTACGACTT-3′)
primers [71,72] under the following conditions: initial denaturation (95 ◦C for 30 s), followed by
35 cycles of denaturation (95 ◦C for 1 min), primer annealing (55 ◦C for 1 min), primer extension
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(72 ◦C for 1 min) and a final primer extension step (72 ◦C for 5 min). PCR products were analyzed by
gel electrophoresis on a 1% agarose gel and purified using a QIAquick PCR Purification Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s instructions.

Sanger sequencing was performed on the amplified PCR products by GATC Biotech, (Konstanz,
Germany) and Macrogen (Amsterdam, The Netherlands). Low quality 5’ and 3’ sequence ends
were trimmed using FinchTV (http://www.geospiza.com/finchtv) depending on the data set.
The BLAST program (NCBI) (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used to compare trimmed
sequences against the GenBank database and closest relatives to the bacterial isolates were identified.
16S rRNA gene sequences were checked for chimeras using USEARCH algorithm [66] and the
data sets were de-replicated using the Fastgroup database [73] and Avalanche NextGen Workbench
version 2.30 (http://www.visualbioinformatics.com/html/)(bioinformatics.org) with a 99% cut-off
value. Sequence alignment and phylogenetic tree construction were performed with MEGA
(version 7) (Penn State University, PA, USA) [74]. The evolutionary history was inferred using the
Neighbor-joining method [75].

4.7. Enzyme Screens

Bacterial isolates obtained from both intact A. nodosum and the decaying seaweed, using both the
maceration method and the ichip device, were screened for the production of macroalgal cell wall
degrading enzymes including pectinase, hydroxyethyl cellulase, and enzymes involved in lichenin
degradation. Bacterial isolates were grown at 28 ◦C for 72 h on LB gellan gum (Sigma Aldrich, Munich,
Germany) plates supplemented with the appropriate substrate, at a concentration of 0.2% (w/v) for
pectin (Sigma Aldrich, Germany), 0.5% (w/v) for hydroxyethyl cellulose (Sigma Aldrich, Germany)
and 0.05% (w/v) for lichenin (Megazyme). Enzymatic activities on lichenin and HE-cellulose were
indicated by a surrounding zone of clearance upon flooding with Congo red solution (0.1% w/v
Congo red in 20% v/v ethanol) for 30 min and wash with 1M NaCl for 5 min [76,77] while pectin
supplemented plates were flooded with Lugol’s iodine solution [78].

4.8. Enzyme-Assisted Extraction

Entire specimens of Fucus vesiculosus (2–3 kg fresh weight) were collected at low tide on 6 July
2016 at Finavarra, Co., Clare, Ireland (53◦08′59′′ North–9◦08′09′′ West). In the laboratory, on the day of
collection, algal biomass was cleaned of epiphytes and rinsed in distilled water to remove excess salt.
Samples were patted dry with tissue paper and stored at −20 ◦C. Then, the biomass was freeze-dried in
a Labconco Freezone® freeze-dryer system (Labconco Corporation, Kansas City, MO 64132-2696, USA).
Dried biomass was ground using a coffee-grinder and sieved to produce two types of powder, Ps < 0.5
mm and 0.5 < Ps < 2.5 mm), prior to subsequent enzymatic-assisted extraction (EAE) of total phenolic
compounds. Three commercially available enzymes; cellulase (from Aspergillus sp., Sigma Aldrich,
≥1000 U/g), xylanase (from Trichoderma sp., Megazyme, 2.86 U/mL) and protease (from Bacillus
licheniniformis, Sigma Aldrich, ≥2.4 U/g) were used for the hydrolysis of the seaweed. The potential
of three bacterial strains (IC18_D7, IC18_D5 and ANT0_A6 with ≥ 98% sequence similarity to Vibrio
anguillarum X0906, Vibrio oceanisediminis S37 and Winogradskyella sp. MGE_SAT_697, respectively)
isolated from A. nodosum and shown to be producers of algal cell wall degrading enzymes in this
study was also tested. Bacterial isolates were grown overnight at 28 ◦C in SYP-SW medium and
equal volumes of supernatants from the overnight cultures obtained by centrifugation at 4300× g for
10 min were used. Three sets of approximately 4 g dry weight of the crushed algae was incubated at
50 ◦C for 24 h on a shaking platform (185 rpm) with sodium acetate buffer (100 mL; 0.1 M; pH 5.2),
each with 100 μL of one of the three commercial enzymes. Another set of the algal biomass was
also incubated at 28 ◦C with a mixture of culture supernatants obtained from the bacterial isolates
(enzymatic bacterial supernatants, EBS) to a final volume of 100 μL. All experiments were performed
in triplicate and control experiments without the addition of either commercial enzymes or culture
supernatants (EBS) were also conducted under the same conditions. The hydrolysate mixture from
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each experimental set was centrifuged at 4300× g for 10 min at 4 ◦C to eliminate the algal debris from
the extract. The different extracts produced were freeze dried, weighed, and stored at −80 ◦C until
further analysis for total phenolics.

4.9. Determination of Total Phenolic Content (TPC)

The total phenolic content (TPC) of the F. vesiculosus crude extracts was determined using a
slightly modified version of the Folin–Ciocalteu assay [79] as described by [80]. A known amount
of crude extract was re-suspended in methanol to a concentration of 1 mg.mL−1. 100 μL of each
crude extract was placed in a 1.5 mL Eppendorf tube along with 100 μL of methanol, 100 μL of
Folin–Ciocalteu reagent (2N) and 700 μL of 20% sodium carbonate, to a final volume of 1 mL.
Samples were vortexed and immediately afterwards placed in darkness to incubate for 20 min
at room temperature. Samples were then centrifuged at 4300× g for 3 min before measuring the
absorbance of the supernatant at 735 nm using a Cary UV50 Spectrophotometer and CaryWIN
software (Varian Inc., Palo Alto, CA 94304, USA). A sample treated according to the same protocol,
but where 100 μL methanol instead of 100 μL of crude extract (1 mg·mL−1) was added, was used as a
blank. Phloroglucinol was used as the external standard and a calibration curve was performed by
serial dilution of a 2 mg mL−1 stock solution (10, 20, 50, 80, 120, 160 μg mL−1). Total phenolic content
(TPC) was expressed as milligram of phloroglucinol equivalents (PE) per gram of dry weight extract
(mg PE g−1 DWE) or per gram of dry weight biomass (mg PE g−1 DWB) [36]. TPC quantification was
performed in triplicate for each crude extract. The yield of extraction was calculated after exhaustive
solid-liquid extraction (i.e., three successive extraction) of the total phenolics of 50 mg of F. vesiculosus
freeze-dried ground biomass (Ps < 0.5 mm) using 80% methanol.

4.10. Accession Numbers

The metagenomic sequencing data (raw reads) was deposited in the European Nucleotide Archive
(ENA) under the accession numbers ERR2608102 -ERR2608111. The 16S rRNA gene sequences for the
bacterial isolates were deposited in GenBank under the accession numbers KY224981–KY225289,
KY327837, KY327838, MG693225–MG693716, MG760723–MG760725, and MK480287–MK480325.
Bacterial isolates IC18_D7 and ANT0_A6 with enzymatic activities and applicability in EAE approach
were deposited in DSMZ culture collection bank under the accession numbers DSM 107285 and DSM
107318, respectively.

4.11. Statistical Analysis

Prior to performing statistical analyses on data obtained by enzyme-assisted extraction (EAE) of
total phenolics from F. vesiculosus, tests of normality were carried out with the Kolmogorov–Smirnov
test for normal distributions and Levene’s test for homogeneity of variance. A one-way ANOVA
and post hoc Tukey’s pairwise test was performed to assess significant differences (p < 0.05) between
commercial enzymes and control (50 ◦C); and a t-test was applied to assess significance differences
(p < 0.05) between EBS and control (28 ◦C). All data treatments and statistical analyses were performed
using IBM SPSS Statistics V22.0 (IBM Corporation, Armonk, NY, USA).

5. Conclusions

In conclusion, we have demonstrated, using both metagenomic and culture based approaches,
that changes occur in the composition and abundance of A. nodosum-associated epibiotic communities
which are both time and temperature dependent and that the microflora of A. nodosum is composed of
diverse and complex bacterial communities which produce a wide range of hydrolytic enzymes, some
of which may be useful in future EAE based strategies in the agricultural, food, cosmeceutical, and
pharmaceutical sectors.
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at genus classification level, Figures S2–S6; Phylogenetic trees of intact and decaying A. nodosum associated
microbial communities.
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Abstract: Partially acetylated chitosan oligosaccharides (COS), which consists of N-acetylglucosamine
(GlcNAc) and glucosamine (GlcN) residues, is a structurally complex biopolymer with a variety of
biological activities. Therefore, it is challenging to elucidate acetylation patterns and the molecular
structure-function relationship of COS. Herein, the detailed deacetylation pattern of chitin deacetylase
from Saccharomyces cerevisiae, ScCDA2, was studied. Which solves the randomization of acetylation
patterns during COS produced by chemical. ScCDA2 also exhibits about 8% and 20% deacetylation
activity on crystalline chitin and colloid chitin, respectively. Besides, a method for separating and
detecting partially acetylated chitosan oligosaccharides by high performance liquid chromatography
and electrospray ionization mass spectrometry (HPLC-ESI-MS) system has been developed, which is
fast and convenient, and can be monitored online. Mass spectrometry sequencing revealed that
ScCDA2 produced COS with specific acetylation patterns of DAAA, ADAA, AADA, DDAA, DADA,
ADDA and DDDA, respectively. ScCDA2 does not deacetylate the GlcNAc unit that is closest to the
reducing end of the oligomer furthermore ScCDA2 has a multiple-attack deacetylation mechanism
on chitin oligosaccharides. This specific mode of action significantly enriches the existing limited
library of chitin deacetylase deacetylation patterns. This fully defined COS may be used in the study
of COS structure and function.

Keywords: chitin deacetylase; deacetylation patterns; chitooligosaccharides; separating; detecting

1. Introduction

Chitin, which consists of β-1,4-linked N-acetyl-D-glucosamine residues, is the main component
of crustacean shells, such as shrimp, crab and shellfish [1,2]. Chitin, a renewable raw material
whose annual production is about 1011 tons, is the second most abundant natural biopolymer after
cellulose [3,4]. As a new type of functional material, chitin has attracted wide attention in various
fields [5]. However, it is insoluble in water and most organic solvents, this property severely restricts
its development and application [3]. On the other hand, chitosan, the deacetylation product of chitin,
is soluble in dilute acid solution and has been widely used in agriculture, biomedicine, environmental
science and other fields, as a plant inducer, biodegradable hydrogel and sewage treatment agent in
antitumor drugs and in other green products [2,6–10]. Chitooligosaccharide (COS), the hydrolytic
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product of chitosan, has broader biological activities, such as immunological, antitumor, antioxidant
and antibacterial activity [11–13]. Due to its water-soluble ability and broad biological activity, COS
has attracted more attention than chitosan. The biological activity of COS are believed to be strongly
dependent on the degree of polymerization (DP), the degree of acetylation (DA) and the pattern of
acetylation (PA) [14]. Vander et al. reported that COS with different degrees of deacetylation is involved
in the induction of phenylalanine ammonia lyase and peroxidase activities, both of which must be
activated for lignin biosynthesis [15]. It has previously been observed that the specific recognition
of the N-acetyl moiety allows AtCERKl to distinguish chitin and chitosan, which then activate plant
immune receptors and elicit a plant immune response [16].

In order to investigate the specific biological activity of COS in a particular acetylation pattern,
COS with a completely known structure is required. However, chitosan and COS produced by chemical
methods usually exhibit a randomized pattern of acetylation, making them difficult to control and
predict their biological activity [17]. Moreover, chitosan produced by chemical methods requires high
energy consumption and causes environmental pollution [1]. In contrast, chitin deacetylase (CDA,
E.C. 3.5.1.41) is able to hydrolyse the N-acetamido groups of N-acetyl-D-glucosamine residues in
chitin, chitin oligosaccharides, chitosan and chitosan oligosaccharides under mild conditions by a
specific mode of action. Previous studies have identified CDAs from bacteria, fungi and insects,
such as Bacillus thuringiensis [18], Bacillus amyloliquefaciens [19], Colletotrichum gloeosporioides [20]
Mucor rouxii [21] Aspergillus nidulans [22] Saccharomyces cerevisiae [23] Bombyx mori [24], Drosophila
melanogaster [25], Encephalitozoon cuniculi [26], Mamestra configurata [27]. Although some CDAs have
been reported, the deacetylation patterns of deacetylases are poorly understood. CDA from different
sources can modify their substrates in different ways: Some being specific for a single position [28],
others show showing multiple-attack [29,30]. In addition, COS with specific deacetylation patterns
can be produced by enzymatic deacetylation of chitin oligomers, but the diversity is limited by the
available CDA.

Two genes encoding chitin deacetylases (CDA1 and CDA2) have been identified in
Saccharomyces cerevisiae in previous reports. And these genes have been proved to be involved in the
formation of the ascospores wall of Saccharomyces cerevisiae [31]. However, it is very interesting that the
deletion of each gene will result in activity decrease of CDA, and the functions of the two genes cannot
be replaced by each other [31]. Therefore, the deacetylation mechanisms of these two different chitin
deacetylases may be different. However, detailed deacetylation mechanisms of chitin deacetylase from
Saccharomyces cerevisiae have not been reported so far.

In this study, the chitin deacetylase (CDA2) from Saccharomyces cerevisiae (ScCDA2) with a specific
mode of action has been characterized and a fast, convenient and online monitoring method has
been developed that can be used to separate and detect partially acetylated chitosan oligosaccharides.
Mass spectrometry sequencing showed that ScCDA2 can hydrolyze N-acetamido groups rather than
the reducing ends of chitin oligosaccharides, producing fully defined chitosan oligosaccharides by
a multiple attack mode of action. Furthermore, ScCDA2 is able to remove about 8% and 20% of the
acetyl groups from crystalline chitin and colloidal chitin.

2. Results and Discussion

2.1. Bioinformatic Analysis and Expression of ScCDA2

CDA belongs to the carbohydrate esterase family 4 (CE4) according to the classification of
the CAZY database (www.cazy.org) [32]. The presence of divalent metal ions, such as Zn2+,
Ca2+ and Co2+, have been proved to increase the catalytic activity and stability of the CDAs [30].
The Colletotrichum lindemuthianum’s CDA crystal structure indicates that there is a zinc-binding triad
(His-His-Asp) around Zn2+ [33].

The sequence of ScCDA2 aligned with deacetylase sequences from marine Arthrobacter (ArCE4A,
34%) [34], Streptomyces lividans (SlCE4, 33%) [35] and Streptococcus pneumoniae (SpPgdA, 29%) [36]
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(Figure 1) [37]. The structure-based sequence alignments of ArCE4A, SlCE4 and SpPgdA showed
different levels of sequence identities according to their source from different genera and enabled
identification the key residues that may contribute to catalysis function, including active site residues
(Asp102, His250) and zinc-binding residues (Asp103, His149, His153) (Figure 1). Asp103, His149 and
His153 form a zinc-binding triplet (His-His-Asp) around Zn2+, which is similar to chitin deacetylase
from Colletotrichum lindemuthianum [33], although the CDA sequence from C. lindemuthianum only has
a 30% similarity to ScCDA2. The full-length open reading frame encoding the N-acetylglucosamine
deacetylase sequence from Saccharomyces cerevisiae was successfully cloned and transformed into
Pichia pastoris X-33 for highly efficient secretion expression (Figure 2). The molecular weight of
ScCDA2, which was digested by N-glycosidase F (PNGase F), decreased by about 10 kDa. PNGase F
is an amidase working by cleaving between the innermost GlcNAc and asparagine residues of high
mannose, hybrid, and complex oligosaccharides from N-linked glycoproteins and glycopeptides.
This results in a deaminated protein or peptide and a free glycan [38,39]. Therefore, there are
N-glycosylation post-translational modifications in ScCDA2. Glycosylation is one of the most common
post-translational modifications of proteins in fungi. It plays an important role in protein activity,
thermal stability, proteolytic resistance, folding and secretion [40]. Mass spectrometry showed that
ScCDA2 have N-glycosylation post-translational modification at positions Asn 181, Asn 199 and Asn
203 (Figure S5).

Figure 1. Structure-based on sequence alignments between four chitin deacetylases (CDAs).
The sequence of chitin deacetylase from Saccharomyces cerevisiae (ScCDA2) was aligned with
ArCE4A sequences from a marine Arthrobacter species (PDB ID: 5LFZ), the SlCE4 sequence from
Streptomyces lividans (PDB ID: 2CC0) and the SpPgdA sequence from Streptococcus pneumoniae (PDB ID:
2C1G). The conserved motifs are highlighted by a red background and the catalytic amino acids are
marked with a yellow triangle. Amino acids capable of forming coordinate bonds with Zn2+ are
marked with blue triangles. The symbol above the sequence represents the secondary structure, helices
represent α-helices, and the arrow represents the beta fold.
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Figure 2. Analysis of molecular weight of ScCDA2 protein by 12% SDS-PAGE. (A) ScCDA2 crude
enzyme; (B) purified ScCDA210 μM, 5 μM, 2.5 μM and 1.0 μM, marked as lanes 1, 2, 3 and 4,
respectively; (C) PNGase F digestion confirmed that the enzyme is glycoprotein. Lane 1, ScCDA2

before being digested by PNGase F; lane 2, PNGase F; lane 3, ScCDA2 has been digested by PNGase F.

2.2. Homology Modeling and Substrate Binding Specificity of ScCDA2

The crystal structures of several CDAs have already been determined, while CDA/substrate
complex structure determination is less well defined and the interaction between the enzyme and
the substrate is poorly understood. To study the characteristics of ScCDA2 and chitin molecule
interactions, we performed molecular docking to understand the binding mechanism of ScCDA2.
Homology modelling of ScCDA2 (Figure 3A) revealed that the secondary structure consists of a
conserved (α/β)8 folded barrel structure and six loops. The model was further evaluated for protein
geometry by SAVES. Evaluation report shows that 97.3% residues in additional allowed regions and
85.57% of the residues have averaged 3D-1D score ≥0.2, and the quality factor is 91.2214, indicating
that the structure quality was acceptable (Figure S1). The docking results (Figure 3B) show that chitin
lies in the substrate-binding pocket which is surrounded by six loops, His250, Asp102, Asp103, His149
and His153. Asp103, His149 and His153 form a coordinate bond with Zn2+, and the metal ion serves
as a Lewis acid to assist the water affinity attack on the carbon atom on the amide bond. The adjacent
His250 and Asp102 play a catalytic role through protonation, and the common action of these amino
acids leads to the cleaving of the acetyl group. In addition, the structural superposition of ArCE4A
(PDB ID: 5LFZ), SLCE4 (PDB ID: 2CC0), SpPgdA (PDB ID: 2C1G) and model of ScCDA2 reveal that
there are six conserved loop domains in ScCDA2 (Figure 3C).
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Figure 3. Catalytic binding mode resulting from homologous modelling and molecular docking.
(A) The stereo view of the overall structure of ScCDA2 (B) Highlights the binding pocket of ScCDA2

docked with GlcNAc. The pink sticks represent a catalytic amino acid, and the blue sticks represent
the amino acid that forms a coordinate bond with Zn2+. The substrate GlcNAc is represented by a
yellow stick. (C) Conservative loops were found through multiple structure superposition. The model
of ScCDA2 was superposed with an ArCE4A structure from a marine Arthrobacter species (PDB ID:
5LFZ), a CE4 carbohydrate esterase structure from Streptomyces lividans (PDB ID: 2CC0) and an SpPgdA
structure from Streptococcus pneumoniae (PDB ID: 2C1G). The conservative loops also have been marked.

2.3. Biochemical Characterization of ScCDA2

The investigation of substrate specificity could provide important information for the potential
applications of deacetylase. Using a coupled enzyme assay measure the amount of acetate released
has been reported to be successfully applied to quantitatively determine the deacetylation activity of a
recombinant chitin deacetylase [14]. When determining activity and substrate specific, interestedly,
ScCDA2 was observed that it is able to remove about 8% and 20% of the acetyl groups from crystalline
chitin, alpha-chitin and beta-chitin (Figure 4). In addition, An (A = GlcNAc; n = 1, 2, 3, 4, 5 or 6) as
substrates also have been measured (Figure S3). To promote the application of ScCDA2 in industry,
more detailed physical and chemical properties characterization of CDA is essential. The optimal
PH and metal ions of ScCDA2 are pH = 8.0 and 50 ◦C when A4 was used as a substrate (Figure S4).
When Co2+ is present, ScCDA2 exhibits the maximum activity on A4. Despite the existence of a
conserved zinc-binding triad in the ScCDA2, biochemical data (Figure S4C) and structure-based on
sequence alignments (Figure 1) indicate that ScCDA2 as a metal-dependent metalloenzyme with a
Co2+ dependence greater than Zn2+. The peptidoglycan deacetylase from Streptococcus pneumoniae
also shows that the peptidoglycan deacetylase is more metal-dependent on Co2+ than Zn2+. Besides,
the reported structures of two distinct acetylxylan esterases of CE4 from Streptomyces lividans and
Clostridium thermocellum, in native and complex forms, show that the enzymes are sugar-specific and
metal ion-dependent and possess a single metal (Zn2+) center however with a chemical preference for
Co2+ [35].
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Figure 4. ScCDA2 substrate specificity on chitin. ScCDA2 activity on colloidal chitin, alpha-chitin and
beta-chitin. 0.5 mg/mL substrates were incubated with 0. 75 μM ScCDA2 at 37 ◦C for 30 min. The data
represent the mean SD values of the results from three independent experiments.

Most of the reported CDAs show only minimal activity or no activity on chitin in vitro.
For example, CDA from Cyclobacterium marinum has been reported to be able to convert
acetylglucosamine to glucosamine only with the cooperation of chitinase [17]. However, ScCDA2 can
release up to 20.33% of acetyl groups from colloid chitin, as well as 9.16% and 7.29% of acetyl groups
from insoluble alpha-chitin and Betabeta-chitin (Figure 4). Previous reported CDAs have no activity
or low activity on insoluble chitin, which may be due to poor accessibility of chitin substrates [41].
However, the charge distribution on the surface of ScCDA2 indicates that ScCDA2 has an excessive
negative charge in the region that interacts with the longer substrate, which may lead to enhanced
substrate accessibility of ScCDA2 to chitin (Figure S2).

2.4. Isolation and Identification of Partially Acetylated Chitooligosaccharides

Due to its special biological activity, partially acetylated chitosan oligosaccharides have
attracted wide interest, and these potential activities are significantly correlated with the degree
of polymerization and degree of acetylation of chitooligosaccharides [14,42]. However, the method
of preparing and isolating high-purity chitooligosaccharides is time consuming and labor intensive,
which severely limits the large-scale production of partially acetylated chitooligosaccharides [43].
Much research into the separation of chitosan oligosaccharides has so far limited to the separation and
identification of chitosan oligosaccharides of different degrees of polymerization [44–46]. As far as we
know, the method for isolation and identification of partially acetylated chitosan oligosaccharides with
a degree of polymerization of four has not been reported.

We have separated and identified the partially acetylated chitosan oligosaccharides with a degree
of polymerization of 4. Chitin oligomers were deacetylated with recombinant ScCDA2 to form partially
acetylated chitosan oligosaccharides. Three different partially acetylated chitosan oligosaccharides
(A1D3, A2D2, A1D3) were obtained. These partially acetylated chitosan oligosaccharides were
separated and detected by HPLC-ESI-MS (Figure 5).
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Figure 5. HPLC-ESI-MS analysis of chitin tetramer (A4) treated with ScCDA2. (A) The target peak of
the UHPLC-ESI chromatogram began to appear after 14 min, and the deacetylation peak was mainly
concentrated between 20 and 26 min. (B) The m/z ratio in the MS spectrum corresponds to the mass of
the substrate (A4; m/z 853.24), its mono-deacetylated products A3D1 (m/z 811.25), A2D2 (m/z 768.62)
and A1D3 (m/z 727.13).

2.5. Partially Acetylated Chitooligosaccharides Production Processes

Exploring the partially acetylated chitooligosaccharides production process (simultaneously or in
some order) is important to aid in understanding the action mode of CDA deacetylation. Therefore,
the effects of enzyme concentration on the production process of partially acetylated COS have also
been determined. As is shown in Figure 6, partially acetylated chitosan oligosaccharides (A1D3, A2D2,
A1D3) are gradually produced according to the degree of deacetylation. With the amount of enzymes
in the system increases, the types of enzyme reaction products gradually increase. From almost
no product generation, to the production of the A3D1 and A2D2, the final substrate is completely
consumed at the same time producing A1D3.
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Figure 6. Partially acetylated chitooligosaccharides production processes. To explore the production
processes of partially acetylated chitooligosaccharides 0.25 μM, 0.5 μM, 0.75 μM and 1 μm
enzymes were incubated with A4 in 20 mM Tris-Cl buffer (pH 8.0) for 30 min. Then determined
by MALDI-TOF-MS.

2.6. Specific Mode of Action of ScCDA2 on A4

The partially acetylated chitooligosaccharide derivatized with a reducing amine showed molecular
weights of 1005.96 Da (A3D1), 963.82 Da (A2D2) and 921.80 Da (A1D3) in MALDI-TOF mass
spectrometry (Figure 7).

 

Figure 7. Analysis of partially acetylated COS by reductive amine derivatization with mass
spectrometry. The reaction product generated after ScCDA2 treatment (GlcNAc)4 was labelled
with AMAC and analyzed by MALDI-TOF-MS. (A). MS1 spectrum of A3D1 labelled with AMAC
(m/z 1005.96). (B). MS1 spectrum of A2D2 labelled with AMAC m/z 963.82). (C). MS1 spectrum of
A1D3 labelled with AMAC (m/z 921.80).

Then, by applying MALDI-TOF-MS analysis in MS2 mode, we were able to identify and
analyze ScCDA2’s partially acetylated products and determine specific acetylation pattern of partially
acetylated chitooligosaccharides. As is shown in Figure 8, the A4 is first deacetylated to DAAA,
ADAA and AADA (Figure 8A), followed by further deacetylation products to the intermediate product
DDAA, DADA and ADDA (Figure 8B). Finally, the end product DDDA was obtained, due to the
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third deacetylation (Figure 8C). Therefore, deacetylation occurred mainly at the non-reducing end,
and the acetyl at the reducing end was always present. No matter how we prolonged the reaction
time or increased the concentration of the enzyme, the acetyl group at the reducing end could not be
removed. After comparing the intermediate and end products generated by the deacetylation of the
chitin tetramer, we found that the deacetylation occurred at any position except for the reducing
end, indicating that ScCDA2 has a multiple attack mechanism like ClCDA and SpPgdA [33,36].
However, ScCDA2 cannot deacetylate at the reducing end to form completely deacetylated COS
(DDDD). Therefore, the deacetylation pattern of ScCDA2 is significantly different from the reported
CDA derived from C. lindemuthianum, Mucor rouxii, Aspergillus nidulans, Vibrio cholera, Puccinia graminis,
etc [14,29,30,41,47]. A “subsite-capping model” has been proposed to explain the differentiation of the
deacetylation process and product patterns of CDA [30]. This subsite-capping model states that the
position and dynamics of loops play an important role in substrate preference and regioselectivity of
deacetylation. So, the difference in the deacetylation mode of ScCDA2 may be due to the loop length,
position and dynamic effects [47].

Figure 8. MALDI-TOF-MS2 determines the acetylation pattern of partially acetylated COS. (A) The MS2

spectrum of A3D1 labelled with AMAC and the resulting ion fragments: A-amac, DA-amac, AA-amac,
ADA-amac, DAA-amac, AAA-amac (m/z 438.15, 599.19, 641.20, 802.23, 844.24); so, the acetylation
pattern of A3D1 is DAAA, ADAA and AADA. (B) MS2 spectrum of A2D2 labelled with AMAC
and the resulting ion fragments: A-amac, DDA, DAD, ADD, DA-amac, AA-amac and ADA-amac,
(m/z 438.16, 548.19, 599.22, 641.22, 802.29); so, the acetylation pattern of A2D2 is DDAA, ADDA and
DADA. (C) MS2 spectrum of A1D3 labelled with AMAC, resulting in ion fragmentation of A-amac,
DA-amac and DDA-amac (m/z 438.16, 599.21, 760.25); so, the acetylation pattern of A1D3 is DDDA.
(D) The deacetylation process of ScCDA2 when A4 is used as a substrate.
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3. Materials and Methods

3.1. Materials

Escherichia coli TOP10, plasmid pPICZαA, T4 DNA ligase and DNA polymerase were purchased
from Takara Biotechnology (Dalian). Pichia pastoris X-33 was stored in our laboratory. Beta-chitin was
purchased from Sigma (St. Louis, MO, USA). Alpha-chitin was purchased from Seikagaku
(Tokyo, Japan) [33]. Colloidal chitin was prepared according to the previously reported method [48].
AMAC, chitin oligosaccharides (GlcNAc) n (n = 2–6, dimers to hexamers (A2 to A6; A, GlcNAc))
were purchased from Sigma-Aldrich (Munich, Germany). Unless otherwise noted, all reagents
were analytical grade. Acetate release was measured using an acetate kit from R-Biopharm
(Darmstadt, Germany) [14].

3.2. Cloning, Expression and Purification of ScCDA2

The cda2 gene from Saccharomyces cerevisiae S288c (GenBank: NP_013411.1) was amplified with
upstream primer ScCDA2-F:(5′-CATGCCATGGGAAGCTAATAGGGAAGATTTA-3′) and downstream
primer: ScCDA2-R (5′-CCGCTCGAGGGACAAGAATTCTTTTATGTAATC-3′). The target gene was
digested and then ligated into a pPICZαA expression vector containing the N-terminal hexa histidine
fusion tag coding region.

The cda2 gene was recombined into a Pichia pastoris X-33 chromosome. Then the recombinant
Pichia pastoris X-33 was induced by 0.5% methanol for 4 days, and methanol was added in batches every
24 h. The culture supernatant was collected by centrifugation at 8000× g, 4 ◦C for 20 min. The crude enzyme
from the supernatant was concentrated using a 10 kDa ultrafiltration membrane. Then, the concentrated
supernatant was purified by Ni-NTA Sepharose excel column (GE Healthcare). The pre-equilibrated buffer
was subjected to Ni-NTA with buffer containing 20 mM PBS, pH 7.4, 300 mM NaCl and then washed with
50 mM PBS, pH 7.4, 300 mM NaCl, 20 mM imidazole. Finally, the target protein, eluted with 20 mM PBS,
pH 7.4, 300 mM NaCl, 250 mM imidazole was obtained. Protein concentration was determined by using
the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific).

3.3. ScCDA2 Activity Assay and Biochemistry Properties

The purified ScCDA2 was studied to determine its enzymatic properties and deacetylation
patterns. The colloidal chitin (water-soluble chitin), colloidal chitin and chitin oligomers dimers to
hexamers (A2 to A6) were used as substrates [14]. The reaction mixture for ScCDA2 enzyme activity
assay containing 20 mM Tris-HCl buffer (pH8.0), including 1 mM CoCl2, 0.5 mg/mL substrate and
0.75 μM purified soluble protein (ScCDA2) or distilled water as a control was incubated at 37 ◦C for
30 min. The reaction was terminated by the addition of 10 μL 5% formic acid [14]. Determination of
CDA activity by measuring the amount of acetate released by a coupled enzyme assay using an acetate
assay kit [14]. The total reaction volume of the coupled enzyme reaction was 266 μL, which was
measured spectrophotometrically at 340 nm [14].

In order to determine the optimum pH of ScCDA2, protein in different buffers (final concentration
20 mM) was incubated at 37 ◦C for 30 min at the pH range of 4.0 to 10.0, in either sodium citrate
disodium hydrogen phosphate buffer (pH 3.0–5.0), sodium phosphate dibasic sodium dihydrogen
phosphate buffer (pH 6.0–7.0), Tris-HCl buffer (pH 8.0) or sodium carbonate sodium bicarbonate
buffer (pH 9.0–10.0). The optimum temperature was determined in the 20 mM Tris-HCl buffer, at the
optimum pH of 8.0, and each protein solution was incubated at 37 ◦C, 50 ◦C and 65 ◦C for 60 min.
Subsequently, the remaining enzyme activity was measured using standard activity assays. The effects
of different metal ions on enzyme activity were verified by adding 1 mM of different metal ion solutions
(NaCl, NH4Cl, BaCl2, CoCl2, MnCl2, ZnCl2, CuCl2, MgCl2 and FeCl3) to the reaction mixtures [17].
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3.4. Identification of ScCDA2 Products by MALDI-TOF-MS

To determine the effect of different enzyme concentrations on the enzyme reaction products,
four concentration gradients (0.25 μM, 0.5 μM, 0.75 μM, 1 μM) were prepared under 20 mM pH = 8.0
Tris-HCl. MS spectra were obtained using an Ultraflex™ ToF/ToF mass spectrometer (Bruker Daltonik
GmbH, Bremen, Germany) to analyze the degree of acetylation, as previously described [49].

3.5. Preparation of Partially Acetylated COS

To analysis the deacetylation pattern of ScCDA2, 20 mM Tris-HCl buffer (pH8.0), including 1 mM
CoCl2, 0.5 mg/mL substrate and 0.75 μM purified soluble protein (ScCDA2) was incubated at 37 ◦C
for 30 min. Then, 50 μL of the sample was injected into an X-Amide (4.6 mm × 250 mm) column for
separation. The column was eluted with 0.3% formic acid and 50 mM ammonium formate buffer
at a flow rate of 2 mL/min. The separated sample was analyzed by electrospray ionization mass
spectrometry (ESI-MS).

3.6. Acetylation Pattern Analysis of COS

Reductive amine derivatisation of partially acetylated COS was performed as previously
described [50]. In brief, 0.5 mg of the partially acetylated product was dissolved in 10 μL of 0.1 mol/L
solution of 2-aminoacridone (AMAC) in acetic acid/DMSO (v/v, 3/17) and stirred manually for
30 s; then 10 μL of 1 M sodium cyanoborohydride solution was added and stirred for a further 30 s.
The mixture was heated at 90 ◦C for 30 min, cooled to −20 ◦C and then completely freeze-dried.
The dried sample was dissolved in 200 μL of methanol/water (v/v, 50/50) solution and sufficiently
centrifuged at 12,000× g, 4 ◦C for 10 min. Then the supernatant was immediately analyzed by mass
spectrometry or stored at −20 ◦C for one month. The method of mass spectrometry to detect the results
of reductive amine derivatization was the same as the method of mass spectrometry detection of the
enzyme reaction product mentioned previously [51]. MS2 spectra were used to analyze the acetylation
pattern of COS [52].

3.7. Homology Modelling and Molecular Docking

YASARA software (version 14.12.2) was used to build the homology model of ScCDA2 with
three crystal structures (PDB ID: 5LFZ, 2CC0 and 2C1G) as templates, the similarity between
ScCDA2 and templates is 34%, 33%, 29%, respectively [53], which are highly homologous to
ScCDA2, based on BLAST results using. The 3D structural model was visualized using VMD
software (version 1.9.3, University of Illinois; Urbana–Champaign, IL, USA) [54]. The model
was further evaluated for protein geometry by SAVES (http://services.mbi.ucla.edu/SAVES/),
PROCHECK, ERRAT and VERIFY3D [55]. The chitin molecule structure was acquired from the
zinc database (http://zinc.docking.org/). Molecular docking was performed using LeDock software
(http://www.lephar.com/) with default parameters [56]. The dimensions of the binding box were set
as 10 Å around the active site. The docking center was set at the Zn2+. The number of binding poses
of the ligand was 100. Finally, the docking pose that fulfilled the catalytic criteria was chosen as the
initial conformation for analysis.

4. Conclusions

In this study, we firstly report the detailed deacetylation patterns of chitin deacetylase from
Saccharomyces cerevisiae (ScCDA2). Fully defined chitooligosaccharides (DAAA, ADAA, AADA,
DDAA, DADA, ADDA and DDDA) have been produced by ScCDA2 through multiple attack
catalytic mechanisms. In addition, a fast, convenient and online monitoring method has been
developed that can be used to separate and detect partially acetylated chitosan oligosaccharides.
Enzymatic production of fully defined chitooligosaccharides and on-line monitoring and separation
chitooligosaccharides, which solves the time-consuming and labor-intensive problem of isolating high
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purity chitooligosaccharides. This bio-enzymatic application could avoid the use of irritating chemicals
and allows the production of functional chitosan and COS from crustacean waste chitin.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/2/
74/s1, Figure S1: The model was further evaluated for protein geometry by SAVES (A comprehensive
measurement website for the quality of a protein structure). 97.3% Residues in additional allowed regions
and 85.57% of the residues have averaged 3D-1D score ≥ 0.2, and the quality factor is 91.2214. Figure S2:
Compare deacetylase charge distribution. These pictures show the surface charge distributions of chitin
deacetylase from Saccharomyces cerevisiae (ScCDA2) and chitin deacetylase from Aspergillus Nidulans (AnCDA,
PDB ID: 2Y8U) calculated using ABPS (The Adaptive Poisson-Boltzmann Solver to generate electrostatic surface
displayed) in VMD. Red represents a negative charge and blue represents a positive charge. Figure S3: ScCDA2
substrate specificity on chitin oligomers. 0.5 mg/mL chitin oligomers as substrates were incubated with 0. 75 μM
ScCDA2 at 37 ◦C for 30 min. The data represents the mean SD values of the results from three independent
experiments. Figure S4: Effects of pH, temperature and metal ion on enzyme activity. (A) The optimum pH
was determined by incubating the 0.75 μM ScCDA2 with A4 chitin oligomer (0.5 mg/mL) for 60 min at pH 3–11
in universal buffer. (B) To obtain the optimal temperature, the enzyme (075 μmol) was incubated for 60 min at
different temperatures in 50 mM Tris-HCl buffer (pH 8.0) containing chitin oligomer mixture (0.5 mg/mL) as
a substrate. (C) Relative activity with different metal cations. Proteins were incubated with 1 mm metallized
cations, and activity was determined in 50 mM Tris-HCl buffer (pH 8.0) using 0.5 mg/mL A4 as a substrate.
Figure S5: Spectra of N-glycosylation of ScCDA2. Mass spectrometry showed that ScCDA2 have N-glycosylation
post-translational modification at Asn 181, Asn 199 and Asn 203.
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Abstract: Chitooligosaccharides (CHOS) have gained increasing attention because of their important
biological activities. Enhancing the efficiency of CHOS production essentially requires screening
of novel chitosanase with unique characteristics. Therefore, a rapid and efficient one-step affinity
purification procedure plays important roles in screening native chitosanases. In this study, we report
the design and synthesis of affinity resin for efficient purification of native chitosanases without any
tags, using chitodisaccharides (CHDS) as an affinity ligand, to couple with Sepharose 6B via a spacer,
cyanuric chloride. Based on the CHDS-modified affinity resin, a one-step affinity purification method
was developed and optimized, and then applied to purify three typical glycoside hydrolase (GH)
families: 46, 75, and 80 chitosanase. The three purified chitosanases were homogeneous with purities
of greater than 95% and bioactivity recovery of more than 40%. Moreover, we also developed a rapid
and efficient affinity purification procedure, in which tag-free chitosanase could be directly purified
from supernatant of bacterial culture. The purified chitosanases samples using such a procedure
had apparent homogeneity, with more than 90% purity and 10–50% yield. The novel purification
methods established in this work can be applied to purify native chitosanases in various scales,
such as laboratory and industrial scales.

Keywords: chitosanases; adsorption analysis; affinity purification

1. Introduction

Chitosan, a natural cationic polysaccharide, has key roles in many biological processes,
such as artificial skin, absorbable surgical sutures, and wound healing accelerators [1]. Chitosanase
(EC 3.2.1.132) catalyzes the hydrolysis of β-1,4-linked glycosidic bond in the chitosan chain,
releasing chitooligosaccharides (CHOS) as products [2]. In recent years, CHOS have increasingly
gained more attention because of their important biological activities, such as anti-tumor [3,4],
immuno-enhancing [5], anti-fungi [6], anti-bacterial [7], and anti-diabetic effect [8]. These activities are
dependent on chemical structures and molecular sizes of the oligosaccharides [9].

It has been identified that chitosanases can be isolated from various organisms, including
fungi, plants, and bacteria [10,11]. Based on the classification in Carbohydrate-Active enZYmes
(CAZy) databases [12] (http://www.cazy.org), chitosanases are included into seven different glycoside
hydrolase (GH) families: 3, 5, 7, 8, 46, 75, and 80. Currently, most known chitosanases belong to GH
family 46, which comprise only chitosanases. Thus far, several chitosanases from different organisms
have been identified [13–16]. According to the sequence alignments, chitosanases are classified into
seven GH families: 3, 5, 7, 8, 46, 75, and 80 [11]. Among which, chitosanases, which belong to GH
family 46, have been fully characterized, and several crystal structures of chitosanases have been
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determined (PDB codes: 1CHK, 1QGI, and 2D05). The catalytic mechanism of chitosanases from GH
family 46 has been elucidated; it was identified to follow an “inverting” catalytic mechanism [12–14].
The 3-D crystal structure of chitosanase-substrate complex (CsnOU01) shows that the −2, −1,
and +1 subsites of chitosanase from GH family 46 play a predominant role for the formation of
hydrogen bond intermediate during substrate binding and catalysis [12,13]. Because chitosanases
with special characteristics have potential applications in industry and biotechnology, a rapid and
efficient purification method that can be used to purify chitosanases, from which their biochemical
characteristics are determined, from different microorganisms is essential. According to the literature,
the purification protocols of native chitosanases generally involve ultrafiltration, ammonium sulfate
precipitation, salting out, hydrophobic interaction chromatography, ion-exchange chromatography, or
gel filtration chromatography [13–16]. These traditional methods not only require a large number of
steps, but are also time-consuming and difficult to scale up. Biomimetic affinity chromatography is
potentially the most selective method in protein purification [17,18]. This technique requires lower
number of steps, while resulting in higher yields, so can be considered economical. Therefore, it can be
beneficial to develop a rapid and efficient one-step affinity purification protocol for chitosanase.

Affinity purification of enzymes often design affinity ligands that function as substrate analogues
or specific inhibitors [16,18,19]. In this study, CHOS-based resin was synthesized by coupling
chitosan-disaccharide (CHDS) to epoxy-activated Sepharose 6B using cyanuric chloride as a spacer.
The resin was then used in the development of one-step affinity purification of chitosanases, in which
three typical enzymes, GH families 46, 75, and 80, were purified. The developed purification protocol
was highly efficient and resulted in high purity enzymes (more than 95% purity). The method was
also applied to directly purify chitosanase from bacterial culture medium.

2. Results and Discussion

2.1. Design and Synthesis of CHOS-based Affinity Resin

Reversible inhibitor or substrate analogue are commonly used for the design of biomimetic
affinity ligands of enzymes, due to the mild and efficient affinity values [17]. Chitooligosaccharides
(CHOS) are natural cationic saccharides, while the catalytic domain of chitosanases is rich in acidic
amino acids [12,13]; the acid-base interactions between the two molecules can provide affinity force
during affinity purification. Immobilization of a ligand onto epoxy-activated resin can be achieved
via nucleophilic groups (often is primary amine) presented in the ligand [14,19–22]. Because CHOS
contains an amine group at the C-2 position of the sugar ring, we thus focused our efforts on the
design of CHOS-based affinity resin for purification of chitosanase. The natural properties of affinity
resins—in other words the selection of affinity ligands and spacers—have an important impact on
the results of biomimetic affinity purification [19]. As reported previously, the final degradation
products of the endo-type chitosanase are CHDS and chitotrisaccharide (CHTS), whereas that of the
exo-type chitosanase is glucosamine [11]. To obtain affinity resin with optimal ligands, two types
of CHOS-based ligands, CHDS-based and CHTS-based, were compared, and glucosamine was also
chosen as a contrasted affinity ligand. The scheme for the synthesis protocol of CHDS-based Sepharose
6B is shown in Figure 1. The CHTS-based resin and glucosamine-based resin were synthesized from
CHTS or glucosamine at the same concentration as that of CHDS (Figure 2A,B). The ninhydrin test
was applied to examine the density of the free amino group (Table 1), and the linkage of cyanuric
chloride to the amino groups. Purple color indicated the presence of free amino groups, and color
disappearance indicated that cyanuric chloride had been linked to the amino groups. Through the
change of purple color, almost all of the free amino groups linked to the cyanuric chloride. A ninhydrin
test was also used to determine the coupling efficiencies and yields for CHDS, which showed an
extra free amino group. About 16.8 μmol/ml free amino group was determined by ninhydrin test.
The yields of the final affinity product were about 80.3%.
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Figure 1. Synthesis protocol and scheme of the CHDS ligand coupled with active Sepharose 6B via
cyanuric chloride spacer. Reagents and conditions: (a) epichlorohydrin, DMSO, NaOH aqueous
solution, 2.5 h; (b) 35% saturated ammonia, overnight; (c) cyanuric chloride, 50% acetone, pH 7–8;
(d), CHDS, sodium carbonate, 24 h.

Table 1. Ligand densities, desorption constant (Kd) and theoretical maximum absorption (Qmax)
analysis of the affinity media.

Ligands Spacer Arms
Ligand Density

(μmol/mL)
Kd (μg/mL) Qmax (mg/g)

Glucoamine Cyanuric chloride 20.9 88.5 10.6
CHTS a Cyanuric chloride 20.9 20.7 24.7
CHDS b Cyanuric chloride 20.9 16.4 30.9
CHDS 5-atom spacer 41.8 24.2 24.4
CHDS 10-atom spacer 27.8 38.8 20.8

a CHTS represents chitosan trisaccharides; b CHDS represents chitosan disaccharides.

In this study, the typical GH family 46 chitosanase, CsnOU01, was chosen as the target protein in
the determination of equilibrium adsorption of different affinity resins (Figure 3). The densities of free
amino groups were determined by the ninhydrin test before the addition of the affinity ligand, giving
equal ligand densities (Table 1). To find the optimal affinity ligand, control resins were synthesized
from CHTS or glucosamine according to the method described above (Figure 2A,B). Equilibrium
adsorption studies were performed to characterize the affinity value of CsnOU01 and these three
affinity media (Figure 3A). The adsorption constant for CHDS-based resin was 16.4 μg/mL, which was
notably lower than that for CHTS-based resin (20.7 μg/mL) and glucosamine-based resin (88.5 μg/mL).
Additionally, the theoretical maximum absorption (Qmax) for the CHDS-based resin was significantly
higher than that for other two types of resins (Table 1), indicating that the affinity of CHDS-based
resin is high. Therefore, CHDS was chosen as the affinity ligand for further design and synthesis of
affinity resins.
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Figure 2. Schemes of four Sepharose 6B resins with different ligand and spacer. (A) Glucosamine
ligand via cyanuric chloride spacer. (B) CHTS ligand via cyanuric chloride spacer. (C) CHDS ligand
via 5-atom spacer arm. (D) CHDS ligand via 10-atom spacer arm.

To find the optimal spacer arm length, cyclic arm (cyanuric chloride) and linear arms (5-atom
length and 10-atom length) were compared. Cyanuric chloride (2,4,6-trichloro-1,3,5-triazine) is a
compound containing s-triazine (C3N3) ring, which can exert higher strength for ligand stabilization;
it is widely used in the synthesis of affinity resin [23]. Figure 2C,D showed the corresponding scheme
for the synthesis of resins, with spacers of 5-atom and 10-atom lengths, are shown in Figure 2C,D.
According to the adsorption analysis (Figure 3B), CHDS ligand with cyclic spacer arm exhibited the
highest desorption value (Kd, 16.4 μg/mL; Qmax, 30.9 mg/g), with an epoxy content (20.9 μmol/mL)
lower than the content of 5-atom linear spacer and 10-atom linear spacer (Table 1). Therefore, cyanuric
chloride was chosen as the optimal spacer arm. These observations indicate that in addition to CHDS
ligand, the cyanuric chloride spacer arm is also important for the binding to chitosanase. Thus, in the
larger scale of resin synthesis and chitosanases purification, CHDS was used as a ligand to couple with
Sepharose 6B affinity resin through a spacer arm cyanuric chloride.
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Figure 3. Adsorption analyses of GH family 46 enzyme CsnOU01. (A) Adsorption analysis of affinity
resins with different ligands via cyanuric chloride as a spacer arm. (B) Adsorption analysis of affinity
resins with CHDS as affinity ligand via different spacer arms. (1) Equilibrium adsorption of enzyme
and affinity resin. (2) Plot describing the equilibrium of the absorption on the resin and the enzyme
concentration in the liquid phase.

2.2. Affinity Purification of Chitosanases from Different GH Families

Three chitosanases (CsnOU01, Csn, and ChoA) from GH families 46, 75, and 80, respectively,
were expressed in E. coli BL21(DE3) through pET-22b(+) system, with or without 6×His tag.
After centrifugation at 12,000 rpm for 10 min, the supernatant containing strains without 6×His
tag was loaded onto a 10 mL pre-equilibrated column and then washed with washing buffer (0.1 M
Tris-HCl buffer, pH 8.0) until the eluate exhibited no detectable absorbance at 280 nm. Thereafter,
the enzymes were purified by the established one-step purification using CHDS-based Sepharose
6B resin.

We tested different loading and elution conditions to optimize the yield of chitosanases
(Supplementary Table S1). Chitosanases are stable at a pH range of 4.0–8.0, and Qmax values are
usually determined at pH 8.0 with Tris-HCl buffer; therefore, 0.1 M Tris-HCl, pH 8.0 was used as
the loading buffer. In previous elution process, non-target proteins were depleted by 0.1 M Tris-HCl,
pH 8.0 containing 100 mM NaCl, in which the target protein was not eluted. In optimization of elution
pH, elution buffers containing acetic acid buffers with different pH, ranging from 4.0–6.0, were used
in the elution of chitosanases, and the results were compared (low pH buffers are known to favor
the disruption of H-bond between chitosanases and affinity-based resin, especially for the substrate
analogue-based resin). The highest protein yield was obtained at pH 5.4; 0.1 M acetic acid buffer,
pH 5.4 was thus chosen as the elution buffer. In addition, the elution buffer was supplemented with
0.8 M NaCl to further deteriorate the affinity between the enzyme and the resin.

The established one-step purification method took a total time of as low as 10 min at the flow rate
of 3 mL/min. With this simple and efficient affinity chromatography, CsnOU01 was purified with
purities of ~98 and 98.7% according to SDS-PAGE (Figure 4(A-1)) and HPLC analysis (Figure 4(B-1)),
respectively. The purification yielded CsnOU01 of 5.4 folds with the specific activity of 356.8 U/mg,
and the molecular mass of the purified CsnOU01 was determined to be ~28 kDa, which was in good
agreement with the theoretical molecular mass [24,25]. The bioactivity yield as a result of this affinity
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purification method was about 64.1% (Table 2). To determine whether or not the synthesized affinity
resin has affinity for chitosanases from other GH families, Csn from GH family 75 [26] and ChoA from
GH family 80 [13] were purified using the synthesized resin. As shown in Table 2, CHDS-based resin
could efficiently purify the two chitosanases, with bioactivity recoveries of 45.2% and 40.8% for Csn
and ChoA, respectively. The analysis by SDS-PAGE (Figure 4(A-2,A-3)) and HPLC using size-exclusion
chromatography (Figure 4(B-2,B-3)) showed that both enzymes had purities of more than 95%.

Figure 4. Purity analysis of purified chitosanases. (A) SDS-PAGE analysis of purified enzymes. Lane M,
molecular mass standard protein marker. (A-1) the purified CsnOU01. (A-2) the purified Csn. (A-3)
the purified ChoA. (B) HPLC analysis of the purified CsnOU01 (1), Csn (2), and ChoA (3) on a TSK
3000 SW column.

The traditional purification protocol towards CsnOU01, Csn, and ChoA was developed and
shown in Supplementary Table S2. Here, we compared CHDS-based affinity protocol with the
traditional methods, reporting in Table 2 all the different purification steps, activity yields, and specific
activities of pure enzyme. The traditional protocol with multiple steps is expensive and leads to low
recoveries. The specific activity of enzymes purified by the CHDS-based protocol and the traditional
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purification protocol is similar. However, the purity of CHDS-based affinity purification is higher than
the traditional methods.

As a contrast, Ni-NTA Sepharose 6B resin was also used to purify the three recombinant
chitosanases containing 6×His-tag, by immobilized metal affinity chromatography (IMAC). Even if the
IMAC protocol led to an activity recovery higher than the CHDS-based affinity protocol, the specific
activities are lower (Table 2). Because of all the obvious advantages of the CHDS-based affinity
protocol, including one-step chromatography, no use of toxic imidazole, higher purity, and shorter
times, this approach has the potential to be used for industrial applications of high purity chitosanase.

Table 2. Comparison of traditional, CHDS-based, and immobilized metal affinity chromatography
(IMAC)affinity purification methods for three different chitosanases.

Enzymes Purification Method Activity Recovery (%) Protein Purity (%) Specific Activity (U/mg)

CsnOU01 (GH46)
CHDS-based protocol a 64.1 97.8 356.8
Traditional protocol c 28.2 94.5 358.5

IMAC protocol b 71.8 95.6 306.7

Csn
(GH75)

CHDS-based protocol 45.2 96.3 664.6
Traditional protocol d 10.5 93.2 682.7

IMAC protocol 60.7 96.4 592.3

ChoA
(GH80)

CHDS-based protocol 40.8 97.1 851.4
Traditional protocol e 9.2 89.6 847.6

IMAC protocol 63.4 90.3 727.8
a In the CHDS-based affinity purification protocol, enzymes without 6× his-tag were purified by CHDS-based
medium; b in the Ni-NTA affinity purification protocol, enzymes with 6×his-tag were purified by Ni-NTA medium;
c in the traditional protocol, CsnOU01 without 6×his-tag was purified by five steps, including ultrafiltration,
ammonium sulfate precipitation, desalting, anion-exchange, and gel-filtration chromatography; d the traditional
purification protocol of Csn was composed of three steps, including ammonium sulfate precipitation, desalting,
and anion-exchange chromatography; e the traditional purification protocol of ChoA was composed of six
steps, including ammonium sulfate precipitation, hydrophobic chromatography, desalting, anion-exchange
chromatography, and two steps of gel-filtration chromatography.

2.3. Direct Purification of Chitosanases from Bacterial Culture Medium

In order to establish a rapid purification protocol for native chitosanase, nine bacterial strains with
high chitosanase activity (more than 50 U/mL) were chosen as target strains in the affinity purification
of chitosanase using the established CHDS-based materials. After bacterial culture was centrifuged at
10,000× g for 15 min, the supernatant was loaded onto 10 mL pre-equilibrated column and washed
with washing buffer (0.1 M Tris-HCl buffer with 100 mM NaCl, pH 8.0) until the eluate showed no
detectable absorbance at 280 nm. After that, the target protein was eluted with elution buffer (0.1 M
acetic acid buffer, pH 5.6, 0.8 M NaCl). As shown in Figure 5, CHDS-based resin was able to purify
chitosanases (with certain homogeneity) from culture medium.

 

Figure 5. SDS-PAGE analysis of purified chitosanases direct from bacterial supernatant.
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The activity recovery and purity of the purified enzymes were shown in Table 3. The purified
chitosanase samples using such procedure had apparent homogeneity with more than 90% purity
and 10–50% yield. Different strains showed different activity recoveries. This result may be caused
by multi-factors. In this study, our affinity purification condition was only used for rapidly screening
chitosanases. The optimal purification protocol toward the special enzyme needs further optimization.
After characterizing these purified enzymes, the chitosanase from Serratia sp. QD07 showed high
thermo-tolerant property and suitability for industrial usage (data not shown). The characterization
data of this thermo-tolerant enzyme will be reported in the next paper.

Table 3. Affinity purification of chitosanases direct from bacterial supernatant.

Number Bacterium Activity Recovery (%) Protein Purity (%)

1 Bacillus sp. QD08 49.2 95.4
2 Bacillus sp. QD102 40.6 96.2
3 Bacillus sp. QD72 41.1 98.1
4 Paenibacillus sp. QD03 10.5 92.2
5 Mitsuaria sp. QD129 10.7 90.5
6 Mitsuaria sp. QD130 39.5 96.7
7 Renibacterium sp. QD52 20.3 90.1
8 Serratia sp. QD07 12.7 97.8
9 Flavobacterium sp. QD28 11.6 91.9

Chitosanases that have special characteristics can potentially be applied in biotechnology industry
and other fields. As has been described in the literature, the purification of native chitosanases (without
His-tag) usually involves ultrafiltration, ammonium acetate precipitation, salting out, ion-exchange
chromatography, and hydrophobic interaction chromatography [13–16]. These conventional methods
usually involve a large number of steps, which are time-consuming and difficult to scale up. As far
as we know, biomimetic affinity chromatography specially designed for native chitosanase has not
been established. In this study, we developed the rapid and efficient affinity purification procedure,
in which native chitosanase could be directly purified from supernatant of bacterial culture. The novel
purification methods established in this work can be applied to screen and purify chitosanases, both in
laboratory and industrial scales.

3. Materials and Methods

3.1. Materials

Chitosan, with degree of deacetylation (DDA) ≥ 95%, was purchased from Aladdin, China.
To obtain chitodisaccharide (CHDS) and chitotrisaccharide (CHTS), chitosan (0.1%) was degraded
by GH family 46 chitosanase CsnOU01 at a final enzyme concentration at 20 mg/mL for 6 h. CHDS
and CHTS were purified from the degradation products of chitosan using a Biogel P-2 column (GE
Healthcare, Madison, WI, USA). Briefly, 100 mg degradation product of CHDS and CHTS was loaded
into the Biogel P-2 column (1.6 × 130 mm), using 0.2 M ammonium acid carbonate as mobile phase.
The flow rate was 1 mL/min. Then, the effluent was collected every 1 min and the sugar content
was determined by phenol sulfate method. Finally, oligosaccharides were collected and identified by
TLC. Sigma-Aldrich (St. Louis, MO, USA) provided cyanuric chloride (2,4,6-trichloro-1,3,5-triazine)
and glucosamine. Beijing Weishibohui Chromatography Technology Co., China, provided activated
Sepharose 6B with two different spacer arm lengths (5-atom and 10-atom). Sinopharm Chemical
Reagent (Shanghai, China) provided other analytical grade reagents.

3.2. Synthesis of Affinity Resins

CHDS-based affinity resins were synthesized according to our previous published method [20,21,27].
The synthesis scheme is shown in Figure 1. Originally, activated amino-sepharose resins were formed
by modifying Sepharose 6B (100 g) using epichlorohydrin (Figure 1a). Briefly, Sepharose 6B (100 g) was
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first thoroughly washed with distilled water at a 10:1 ratio. After being drained and aired, Sepharose
6B was suspended in 50 mL activating solution (0.8 M NaOH aqueous solution, containing 25% DMSO
and 10 mL epichlorohydrin) for 2 h at 40 ◦C. To form aminated Sepharose 6B, activated Sepharose
6B was suspended in 350 mL of distilled water and 35% saturated ammonia was added (150 mL) for
mixing. The mixture was incubated for 6 h at 30 ◦C on a rotary shaker (Figure 1b). After that, cyanuric
chloride (2,4,6-trichloro-1,3,5-triazine) was linked as a scaffold for the amino groups. The mixture was
shaken in ice-salt bath, then 8 g of cyanuric chloride (44 mmol from Sigma-Aldrich; St. Louis, MO,
USA), dissolved in 350 mL acetone, was slowly added (Figure 1c). About 100 mL NaOH aqueous
solution (1 M) was slowly added to maintain the neutral pH. To clear away free cyanuric chloride,
50% (v/v) acetone was utilized to wash the resins. The ninhydrin test was applied to examine the
density of free amino groups and the linkage of cyanuric chloride to the amino groups, according to the
previously described procedure [18,20,21]. Briefly, a small aliquot of gel was smeared on filter paper,
sprayed with ninhydrin solution (0.2%, w/v, in acetone), and heated briefly with a hair dryer. Purple
color indicated the presence of free amino groups and color disappearance indicated that cyanuric
chloride had been linked to the amino groups. Subsequently, dichlorotriazinylated Sepharose 6B resins
were added with two-fold molar excess of CHDS dissolved in 2 M sodium carbonate and stirred for
24 h at room temperature (Figure 1d). The coupling efficiencies and yields for the CHDS ligands were
also determined by ninhydrin test. Control resins were synthesized from chitotrisaccharide (CHTS) or
glucosamine, according to the method described above (Figure 2A,B). Control resins with 5-atom or
10-atom spacer arms were also synthesized from CHDS-modified Sepharose 6B resins, according to
the previously published method [21]. The schemes are shown in Figure 2C,D.

3.3. Expression and Purification of Three Typical Chitosanase

Currently, GH families 46, 75, and 80 comprise only chitosanases in the CAZy database [10,11,28].
Genes encoding three typical chitosanases, including CsnOU01 from GH family 46 (Genbank number
ABM91442), Csn from GH family 75 (Genbank number AFG33049), and ChoA from GH family
80 (Genbank number BAA32084) were cloned into the pET22b (containing 6×His tag) vector and
expressed in Escherichia coli BL21(DE3). The genes were optimized for E. coli and synthesized by BGI
(Qingdao, China). The DNA fragment was digested to introduce Nco I and Xho I sites, then ligated
into the Nco I and Xho I sites of plasmid pET22b. The recombinant plasmid was transferred into
E. coli BL21 (DE3). Cells were cultured in LB medium containing 30 μg/mL ampicillin at 37 ◦C,
until the OD600 reached 0.6. Afterwards, the expression of the target gene was induced by 0.1 mM
isopropyl-β-thiogalactoside (IPTG) at 20 ◦C and 100 rpm for 18 h. These chitosanases with 6 his-tags
were purified using a Ni-NTA Sepharose 6B column (GE Healthcare, Madison, WI, USA) at an AKTA
avant 150 platform. After centrifugation for 10 min at 12,000 rpm, the supernatant was loaded into
10 mL equilibrated affinity column and washed with washing buffer (0.1 M Tris–HCl buffer, pH 7.6)
until the elute exhibited no detectable absorbance at 280 nm. Then, the elution buffer 1 (0.02 M Tris-HCl,
pH 7.6, with 10 mM imidazole) was used to deplete the impure protein. The target protein was eluted
by elution buffer 2 (0.02 M Tris-HCl, pH 7.6, with 150 mM imidazole). The flow rate of the mobile
phase was 3.0 mL/min. The concentrations of each elution peak were assayed by the Bradford method,
using BSA as a standard. Chitosanses without 6 his-tag were purified by the traditional method and
CHDS-based method, as shown in Section 3.5. Molecular weight and purity of the enzymes were
confirmed by SDS-PAGE or HPLC with size-exclusion chromatography.

3.4. Calculation of Desorption Constant of Chitosanase

The characterization of the interactions between chitosanases and affinity resins was carried
out using equilibrium adsorption study. Scatchard analysis model was used for analysis of the
desorption constant (Kd) and the theoretical maximum adsorption capacity (Qmax) of different affinity
resins [22,29]. Various concentrations of enzymes (10 mL, 0.1–0.9 mg/mL in 20 mM Tris-HCl buffer,
pH 8.0) were combined with 5 g of each type of resin to reach the adsorption equilibrium in a shaken

245



Mar. Drugs 2019, 17, 68

condition. Mixed culture was subsequently centrifuged at 1500× g for 5 min at 4 ◦C. Afterward,
the residual activity of chitosanase and protein concentration in the supernatants was measured and
analyzed according to the following Equation:

Q =
Qmax[C ∗]
Kd + [C ∗] (1)

where Q represents the amount of chitosanase adsorbed to the affinity resin (mg/g wet resin), Qmax

represents the theoretical maximum absorption of chitosanase to the affinity resin (mg/g wet resin),
[C*] represents the protein concentration of chitosanase in the mixed solution (mg/mL), and Kd
represents the desorption constant. Scatchard plot represents one of the linearized forms of Equation (1).
Equation (1) could be transformed into the following Equation (2):

Q
[C ∗] =

Q
Kd

+
Qmax

Kd
(2)

According to the Scatchard model, a plot of Q/[C*] against Q should yield a straight line. The batch
adsorption of CsnOU01 towards the affinity medium showed that the respective correlation coefficient
R2 ranged from 0.921 to 0.991. These results indicate that the data fit well with the model.

3.5. Affinity Purification of Chitosanases Using CHDS-Based Resin

The synthesized CHDS-based affinity resins were pre-equilibrated with sample loading buffer
(0.1 M Tris-HCl buffer, pH 8.0). Before sample was loaded, the supernatant of expression strains
were centrifugated at 10,000× g for 10 min to remove the impurity. Approximately 100 mL samples
were loaded onto 10 mL column with synthesized resins. Next, the column was washed with 30 mL
washing buffer (0.1 M Tris-HCl buffer with 100 mM NaCl, pH 8.0). Elution buffers (0.1 M acetic acid
buffer, pH 5.6, 0.8 M NaCl) were used for eluting the target proteins. The flow rate was 5.0 mL/min.
As a control, the traditional purification protocols of three different chitosanses were also developed.
The traditional purification protocol of CsnOU01 (GH46) was composed of five steps, including
ultrafiltration with a Millipore Amicon® Ultra-10 kDa in 15 mL filter, 60% saturation ammonium
sulfate precipitation in an ice-bath and still stirring for more than 2 h, desalting with a 5 mL desalting
column (GE Healthcare, Madison, WI, USA), DEAE anion-exchange chromatography, and superdex
75 gel-filtration chromatography. The traditional purification protocol of Csn (GH75) was composed of
three steps, including 60% saturation ammonium sulfate precipitation in an ice-bath and still stirring
for more than 2 h, desalting with a 5 mL desalting column (GE Healthcare, Madison, WI, USA),
and DEAE anion-exchange chromatography. The traditional purification protocol of ChoA (GH80)
was composed of six steps, including 40% saturation ammonium sulfate precipitation in an ice-bath
and still stirring for more than 2 h, phenyl hydrophobic chromatography (GE Healthcare, Madison, WI,
USA), desalting with a 5 mL desalting column, DEAE anion-exchange chromatography, Superdex 75
gel-filtration chromatography, and Superdex 200 gel-filtration chromatography. Protein concentrations
of elution peaks were determined by Bradford assay. The purified enzymes were analyzed by 10%
SDS-PAGE and HPLC with size-exclusion chromatography.

3.6. Direct Affinity Purification of Chitosanases from Marine Bacteria

In our previous study, sixty-two strains of marine bacteria with chitosan degradation ability
were isolated. Among these, twenty-three strains produced chitosanase, nine of which showed high
chitosanase activity (>50 U/mL). In this study, the nine bacterial strains with high chitosanase activity
were chosen as target strains in affinity purification of chitosanase using the CHDS-based resins.
The bacteria were cultured in a medium (containing 30 g/L NaCl, 3 g/L MgSO4·7H2O, 0.2 g/L CaCl2,
0.1 g/L KCl, 0.02 g/L FeSO4, 1.5 g/L Na2HPO4, 1 g/L NaH2PO4, and 2 g/L chitosan) at 25 ◦C for
48 h on a rotary shaker (speed, 150 rpm). After that, cultures were centrifuged at 10,000× g for 15 min
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to remove strains. Approximately 500 mL of supernatants was loaded onto a 10 mL pre-equilibrated
column. Washing buffers (0.1 M Tris-HCl buffer with 100 mM NaCl, pH 8.0) were used to remove the
uncombined proteins. After that, elution buffers (0.1 M acetic acid buffer, pH 5.6, 0.8 M NaCl) were
used for eluting the target protein. The flow rate was 5.0 mL/min.

3.7. Assay of Enzyme Activity

The 3,5-dinitrosalicylic acid (DNS) method was used for assay of the enzyme activity of
chitosanase. Briefly, 100 μL of enzyme was mixed with 900 μL of chitosan substrate (0.3% w/v,
prepared in 50 mM sodium acetate buffer, pH 6.5). Reaction solution was incubated at 40 ◦C in a water
bath for 10 min. Immediately, 750 μL of DNS solution was added into the reaction solution. After that,
the mixtures were heating at 100 ◦C for 10 min. The reaction mixture was cooled down and then
centrifuged at 10,000 × g for 2 min to remove the remaining insoluble chitosan. The reducing sugars
in the supernatant were analyzed at 520 nm. Each reaction was carried out in triplicate; standard
deviation were calculated and used for analysis. D-glucosamine was used as standard. One unit of
enzyme activity was defined as the amount of enzyme that releases 1 μmol D-glucosamine-equivalent
reducing sugars per minute under the assay conditions.

3.8. Analysis of Protein Purity

Protein purity was determined by SDS-PAGE analysis. The purity of the purified chitosanase
was estimated based on the intensity of the protein band using Gelpro Analyzer 3.2, a commonly
used gel imaging analysis system. HPLC analysis was conducted using Agilent 1260, equipped with
a TSK3000SW column (Tosoh Co., Tokyo, Japan), wherein protein was monitored by absorbance at
280 nm [27]. The mobile phase was 0.1 M PBS, pH 6.7, 0.1 M Na2SO4, 0.05% NaN3. The flow rate was
0.6 mL/min.

4. Conclusions

In this study, a highly efficient affinity resin designed for chitosanase purification was synthesized
and characterized. Among other purification protocols, the synthesized resins using CHDS to couple
with Sepharose 6B resin via cyanuric chloride spacer were used in the direct purification of native
chitosanase without any tags from bacterial culture. This protocol has several significant advantages,
for instance, higher purity, fewer steps, and better activity recovery. Coupled with accessible reagents,
efficacy, and time-saving procedures, this efficient affinity purification protocol can be a potentially
important tool for screening native chitosanases that possible have unique characteristics.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/1/68/s1,
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Abstract: Fucoidans from brown macroalgae have beneficial biomedical properties but their use
as pharma products requires homogenous oligomeric products. In this study, the action of five
recombinant microbial fucoidan degrading enzymes were evaluated on fucoidans from brown
macroalgae: Sargassum mcclurei, Fucus evanescens, Fucus vesiculosus, Turbinaria ornata, Saccharina
cichorioides, and Undaria pinnatifida. The enzymes included three endo-fucoidanases (EC 3.2.1.-GH
107), FcnA2, Fda1, and Fda2, and two unclassified endo-fucoglucuronomannan lyases, FdlA and
FdlB. The oligosaccharide product profiles were assessed by carbohydrate-polyacrylamide gel
electrophoresis and size exclusion chromatography. The recombinant enzymes FcnA2, Fda1, and Fda2
were unstable but were stabilised by truncation of the C-terminal end (removing up to 40% of the
enzyme sequence). All five enzymes catalysed degradation of fucoidans containing α(1→4)-linked
L-fucosyls. Fda2 also degraded S. cichorioides and U. pinnatifida fucoidans that have α(1→3)-linked
L-fucosyls in their backbone. In the stabilised form, Fda1 also cleaved α(1→3) bonds. For the first
time, we also show that several enzymes catalyse degradation of S. mcclurei galactofucan-fucoidan,
known to contain α(1→4) and α(1→3) linked L-fucosyls and galactosyl-β(1→3) bonds in the
backbone. These data enhance our understanding of fucoidan degrading enzymes and their
substrate preferences and may assist development of enzyme-assisted production of defined
fuco-oligosaccharides from fucoidan substrates.

Keywords: fucoidan; endo-fucoidanase; galactofucan; molecular stabilisation; Sargassum mcclurei;
Turbinaria ornata

1. Introduction

Fucoidan polysaccharides are a family of sulphated, fucose-rich polysaccharides uniquely
produced by brown marine macroalgae (seaweeds) and certain marine invertebrates, such as sea

Mar. Drugs 2018, 16, 422; doi:10.3390/md16110422 www.mdpi.com/journal/marinedrugs251
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cucumbers [1,2]. In general, fucoidans, also known as fucose-containing sulphated polysaccharides
(FCSPs), consist of a backbone of α-L fucosyl residues linked together by (1→3) and/or
(1→4)-glycoside bonds. The bonds are organised in stretches of α(1→3) or of alternating α(1→3)- and
α(1→4)-glycoside linkages, depending on the macroalgal origin of the fucoidan, i.e., the species, age,
geographical origin, and collection time (season) [3]. The L-fucosyl residues may be sulphated (−SO3

−)
at position C2 and/or C4 (rarely at C3). Some fucoidans have fucose, galactose, glucuronic acid or
other mono- and oligosaccharides as short branches [1,4,5]. Galactofucans are the most structurally
diverse group of fucoidans that have been characterised from brown algae to date. The galactofucans
have galactose residues in their backbone or in their branches; the position and number of these
galactose residues depend on the type of algae [6,7].

The structural diversity of fucoidans or FCSPs is very high as both the sulphatation pattern and
the backbone bond pattern of α(1→3) and α(1→4)-glycosidic bonds vary significantly depending on
the fucoidan source. The fucoidan from Fucus vesiculosus, which is available commercially, is known to
be made up of a backbone of repeating disaccharide units of α(1→3)- and α(1→4)-linked sulphated
L-fucosyl residues (C2, C2/C3, C2/C4, C4 sulphatation) [8–10] (Figure 1). Fucoidan from Fucus
evanescens has a similar L-fucosyl backbone of alternating α(1→4) and α(1→3) L-fucosyls with sulphate
substitution at C2. An additional sulphate may occupy position 4 in some of the α(1→3)-linked fucosyls,
and the remaining hydroxyl groups may be randomly acetylated [1] (Figure 1). In contrast, the bonds in
the backbone of the fucoidan from Undaria pinnatifida and Saccharina cichorioides are exclusively α(1→3).
The backbone U. pinnatifida fucoidan is moreover assumed to be rich in 2,4-disulphate substituted
fucosyl residues and to contain some β(1→4)-linked galactosyl residues as branches [11] (Figure 1).
Some fucoidans have even more complex backbone structures as is the case, e.g., for fucoidan from the
brown macroalgae Sargassum mcclurei and Turbinaria ornata commonly found along the Pacific Ocean
coastline of Vietnam. The S. mcclurei fucoidan is essentially a sulphated galactofucan polysaccharide
having both α(1→3) and α(1→4) linked fucosyl residues, as well as galactosyl-β(1→3) links to fucosyl,
and α(1→6) linkages from fucosyl to galactosyl in the reducing end of the backbone (Figure 1).
The fucosyl residues in S. mcclurei fucoidan are moreover differentially sulphated at C2 and/or at
C4 and some of the galactosyl moieties are sulphated at C6 [12] (Figure 1). Fucoidan extracted from
T. ornata collected at Nha-Trang bay, Vietnam, also seems to be a galactofucan. The backbone of
T. ornata fucoidan has thus been proposed to consist of α(1→3)-linked L-fucosyls with galactosyl
branches (Fuc:Gal ≈ 3:1) and has been found to have a high sulphate content of about 25% with
sulphate attached mostly at C2, and to a lesser extent at C4, of both the fucosyl and the galactosyl
residues [13,14] (Figure 1). The biological function of fucoidans in brown macroalgae is uncertain,
but fucoidans have long been known to exert beneficial biological activities including anti-tumorigenic,
immune-modulatory, anti-inflammatory, anti-coagulant and anti-thrombotic effects, as demonstrated
in vitro and in vivo [14–16]. Fucoidan from S. mcclurei, including the unique galactofucan structural
moieties with sulphated α(1→3) L-fucosyl and α(1→4) linked galactosyl residues, have for example
been shown to inhibit colony formation of DLD-1 human colon cancer cells in vitro [12], and crude,
sulphated fucoidan products extracted from F. vesiculosus and Sargassum spp. are known to cause
growth inhibition and apoptosis of melanoma B16 cells in vitro and to enhance the activity of natural
killer cells in vivo in mice resulting in the specific lysis of YAC-1 cells (a murine T-lymphoma cell
line sensitive to natural killer cells) [15]. However, the high molecular weight, irregular structure,
and viscosity of fucoidans are an obstacle for providing homogeneous preparations for soluble and
concentrate pharmaceutical use. One approach to solve this problem is to use enzymes that can
depolymerise the fucoidans providing a preparation that is easier to handle and also with potentially
bioactive properties.
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Figure 1. Representative fucoidan structures of brown macroalgae Fucus evanescens, Fucus vesiculosus,
Sargassum mcclurei, Turbinaria ornata, Saccharina cichorioides, and Undaria pinnatifida: (A) main chain of
S. cichorioides composed of α(1→3)-L-fucosyls; (B) main chain of U. pinnatifida fucoidan also composed
of α(1→3)-L-fucosyls; (B’) branches of U. pinnatifida fucoidan [11]; (C) main chain of F. evanescens [1]
and F. vesiculosus fucoidan [8–10], both composed of α(1→3)- and α(1→4)-linked L-fucosyls; (D) main
chain of T. ornata fucoidan composed of α(1→3)-L-fucosyls [13,14]; (D’) branches of T. ornata of
α(1→3)-L-fucosyls or of β(1→4)galactosyls and mixed fucosyl-galactosyls; (E) main chain of S. mcclurei
fucoidan made up of mainly α(1→3)-L-fucosyls [12]; and (E’) branches or inserts in the main chain of
S. mcclurei fucoidan. In all fucoidan structures: R1: −H or −SO3

−; R2: −H, −SO3
− or H3COC−; R3:

SO3
−, H3COC− or branches; and R4: SO3

− or branches.
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About 20 microorganisms, mainly marine bacteria, have been described that produce
fucoidanases [17–21]. In addition, a few fucoidanases have been found in marine molluscs [22,23].
In 2006, the gene encoding a fucoidanase from the marine bacterium Mariniflexile fucanivorans SW5T
was cloned and the recombinant enzyme named FcnA. A C-terminal truncated version of FcnA named
FcnA2 was previously reported to exert endo α(1→4) action on fucoidan from Pelvetia canaliculata
(a type of fucoidan encompassing both α(1→4) and α(1→3) fucosyl-linkages in the backbone) [24].
In 2002, the genes encoding for two endo-fucoidanases referred to as Fda1 and Fda2, from the marine
bacterium Alteromonas sp. SN-1009 were sequenced and their use for degradation of sulphated fucoidan
originating from the brown seaweed Kjellmaniella crassifolia (now called Saccharina sculpera) were
patented [25]. In the patent, these enzymes were reported to catalyse cleavage of α(1→3)-glycosidic
bonds in the K. crassifolia (S. sculpera) fucoidan [25]. FcnA, Fda1, and Fda2 all belong to the new
glycoside hydrolase family GH107 in CAZy [26]. In 2017, two endo-fucoidanases, FFA1 and FFA2,
from the marine bacterium Formosa algae (KMM 3553T) were characterised and also suggested to belong
to GH family 107 [27,28]. The FFA2 enzyme was proposed to be a poly[(1→4)-α-L-fucoside-2-sulphate]
glycano hydrolase [27]. Already in 2003 Sakai et al. reported the finding of a new type of extracellular
endo-fucoidan-lyase activity from “Fucobacter marina” SA-0082, or more correctly Flavobacterium sp.
SA-0082, which acted on sulphated fucoglucurono-mannan from K. crassifolia (S. sculpera) [29,30].
By sequence analyses, it was found that this lyase activity was apparently encoded by two separate
coding regions. Recombinant expression of these two putative fucoidan degrading enzymes, referred
to as FdlA and FdlB, respectively, showed that the two enzymes had about 56% amino acid sequence
identity and both were claimed to act as (glucurono-) fucoidan lyases on K. crassifolia (S. sculpera)
fucoidan [25].

The objective of this work was to compare the catalytic properties, notably the substrate
degradation patterns, on different fucoidans of the three GH107 endo-fucoidanases (EC 3.2.1.-)
referred to as FcnA2, Fda1, and Fda2, and the two enzymes previously reported to be endo-
fucoglucuronomannan-lyases, referred to as FdlA and FdlB. The action of the enzymes on different
fucoidan substrate structures was compared by assessing oligomer product profiles resulting after
treatment with recombinantly produced enzymes on fucoidans originating from six different types of
brown seaweeds: Sargassum mcclurei, Turbinaria ornata, Fucus evanescens, Fucus vesiculosus, Saccharina
cichorioides, and Undaria pinnatifida. We also report stabilisation of the recombinantly produced enzymes
by targeted gene truncation resulting in deletion of large parts of the C-terminal end of several of
the enzymes.

2. Results

2.1. Recombinant Enzyme Expression

The enzymes FcnA2, FdlA and FdlB expressed well and the purified enzymes gave the expected
band sizes as assessed by Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
(Figure 2A). The expression of recombinant Fda1 was high, but the protein remained in the cell debris
after sonication (Figure S1). Several culture conditions for enzyme expression (temperature, medium,
and isopropyl β-D-1-thiogalactopyranoside (IPTG) concentration) were tested to obtain a soluble
enzyme, but without success. Fda2 expressed well, but migrated slower in the SDS-PAGE gel than
expected (94 kDa). At present, the data do not allow any firm conclusions to be drawn regarding
the cause of this retarded migration of the Fda2 protein, but high hydrophobicity and high levels
of charged amino acids may cause anomalous SDS-PAGE migration as compared to the soluble,
commercial protein standards [31]. For the enzymes FcnA2 and Fda2 more than one band was visible
in both the SDS-PAGE gel and in the Western blot (Figure 2), suggesting spontaneous degradation
rather than impurities from other proteins. This observation agrees with previously published data
for recombinantly expressed FcnA2 reporting “co-elution” with other proteins, which could not be
separated by anion exchange or SEC [24]. For the Fda2 enzyme, use of protease inhibitors such as
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PMSF (36978) from Thermo Fisher Scientific (Waltham, MA, USA) and a protease inhibitor cocktail
(P8849) from Sigma-Aldrich (Steinheim, Germany) during purification did not improve stability,
corroborating that the degradation likely occurred during expression in E. coli cells or during the
subsequent purification.

Figure 2. Purified recombinantly expressed fucoidan-modifying enzymes. (A) SDS-PAGE, and (B)
Western blot of purified FcnA2, FdlA, FdlB, and Fda2. (St) is the protein plus molecular weight marker.
The expected molecular weights of the recombinant enzymes FcnA2, FdlA, FdlB, and Fda2 were 87,
75, 76, and 94 kDa, respectively. The multiple bands seen for FcnA2 and Fda2, notably in the Western
blot, indicate partial degradation of the proteins. Expression of recombinant Fda1 resulted in insoluble
enzyme material which is not shown in this figure.

2.2. Substrate Specificity of the Recombinant Fucoidan-Degrading Enzymes

The six different fucoidan samples were treated with the purified enzymes FcnA2, Fda2, FdlA,
and FdlB and the treatments produced different carbohydrate-polyacrylamide gel electrophoresis
(C-PAGE) patterns with the six fucoidan samples (the expression of recombinant Fda1 resulted in
insoluble enzymes, which is why there are no data for Fda1). The reactions were run for 24 h to ascertain
maximal substrate degradation. Preliminary data using higher enzyme dosage or longer reaction time
did not show higher extent of degradation except of the S. mcclurei fucoidan that gave more visible
bands in the C-PAGE after a 48 h reaction (these data are discussed further below). Hence, the data
obtained by C-PAGE showed both the selectivity and the maximal extent of fucoidan degradation
obtainable for each set of enzyme and substrate. This means that it is presumed that the unreacted
higher molecular weight polysaccharides do not contain structural units, i.e., backbone-stretches,
linkages, substitutions or branches, attackable by the particular enzyme examined. The positive
control standard (St) was the hydrolysate from the enzymatic reaction of the Formosa algae FFA2
on F. evanescens fucoidan, where the lowest band corresponds to a tetra-saccharide of (1→4)- and
(1→3)-linked α-L-fucosyls with each fucosyl residue sulphated at C2 [27] (Figure 3). The data
obtained by C-PAGE indicated more extensive degradation of the fucoidan substrates from Sargassum
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mcclurei (1), Fucus vesiculosus (2), and Fucus evanescens (3) than of substrates predominantly having
α(1→3) glycoside bonds in their backbone structures, originating from Turbinaria ornate (4), Saccharina
cichorioides (5), and Undaria pinnatifida (6), respectively (Figure 3). In general, the data obtained show
that each enzyme produced differently sized sulphated oligomers in the C-PAGE chromatograms,
suggesting that the different enzymes target different linkages and/or differently sulphated fucosyl
residues. The results also suggest that all the enzymes were endo-acting as the enzymatic action left
behind relatively high molecular weight fractions.

Figure 3. C-PAGE analysis of fucoidan degradation using purified enzymes: (A) substrate control
with no enzyme; and (B–E) enzymatic products from reaction of FcnA2, Fda2, FdlA, and FdlB on
different fucoidans, respectively (expression of recombinant Fda1 resulted in insoluble enzymes, which
is why there are no data for Fda1): (1) Sargassum mcclurei; (2) Fucus vesiculosus; (3) Fucus evanescens;
(4) Turbinaria ornata; (5) Saccharina cichorioides; and (6) Undaria pinnatifida. The extent of degradation is
indicated with: (+++) highest, (++) medium, (+) lowest and (+) is positive activity resulting in a high
molecular smear, while (−) is no activity. The standard (St) is the product profile of FFA2 treatment
of fucoidan from F. evanescens. The lowest band (**) of the St is a tetra-saccharide of (1→4)- and
(1→3)-linked α-L-fucosyls sulphated at every C2 with an approximate mass of 972 Da [27]. (*) indicates
an enzymatic fucoidan degradation product of either lower mass or higher charge than the lowest St
band (**) compound. The reaction time was 24 h.

2.3. FcnA2 Catalyses Cleavage of α(1→4) Fucosyl Bonds in Sulphated Fucoidan Backbones

The recombinantly expressed FcnA2 enzyme exerted highest activity on the fucoidan from
F. evanescens, and the degradation of this substrate was much more profound than on F. vesiculosus,
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even though both substrates have similar alternating α(1→3) and α(1→4) glycoside bonds in the
backbone. The degradation of fucoidan from F. evanescens was in agreement with previous data
showing that FcnA2 is able to degrade fucoidan from Pelvetia canaliculata [24]. The fucoidans from
F. evanescens and P. canaliculata presumably have less if any C2, C4 disulphates in the “−1” position
of the α(1→4)-L-fucosyl linkage compared to the fucoidan substrate from F. vesiculosus, which likely
contains more fucosyl residues with C2/C4 and even some with C2/C3 disulphatation than the
F. evanescens fucoidan. The lesser degree of C2/C4 and C2/C3 disulphatation might be the reason
for the F. evanescens fucoidan being more degraded than the F. vesiculosus fucoidan (Figure 3). Hence,
FcnA2 most likely catalyses cleavage of (1→4)-α-glycosidic bonds between the −1 fucosyl residues
having the sulphate group at C2, but not at both C2, C4. However, detailed structural elucidation
of the fucoidan products and modelling of the substrate accommodation in the enzyme’s active site
are warranted to substantiate this hypothesis. The differences in the degradation of fucoidan from
F. evanescens and F. vesiculosus thus indicate that differences in the sulphatation pattern or in other
types of substitutions on the substrate backbones may influence the action of FcnA2 on these two
Fucus sp. derived fucoidans. The data suggest that the presumed presence in F. vesiculosus of fucosyl
residues with disulphate at C2, C4 (on either the −1 or +1 position of the α(1→4) glycoside bond) may
retard the enzymatic action of FcnA2.

The smallest oligomers released from F. evanescens by FcnA2 also differed from those released
by the FFA2 treatment of fucoidan from F. evanescens in the standard (st) (Figure 3). FFA2 catalyses
the cleavage of (1→4)-α-glycosidic bonds in the F. evanescens fucoidan within the structural fragment
[→3)-α-L-Fucp2S-(1→4)-α-L-Fucp2S-(1→]n but not in the fragment [→3)-α-L-Fucp2S,4S-(1→4)-α-L-
Fucp2S-(1→]n. The difference in the oligomers released suggests that the sulphatation preferences
of the FFA2 and FcnA2 may differ, which invites to further elucidation of the enzyme structures and
detailed analyses and modelling of enzyme-substrate interactions. FcnA2 also catalysed degradation of
the sulphated galacto-fucan fucoidan from S. mcclurei resulting in production of several low molecular
weight bands in the C-PAGE (Figure 3B). The partial degradation is in agreement with the enzyme
attacking α(1→4) linked (sulphated) L-fucosyl residues. Nevertheless, this enzymatic degradation
of S. mcclurei fucoidan is a novel finding, as enzymatic modification of the S. mcclurei fucoidan has
not previously been reported. The apparent lack of action of FcnA2 on the fucoidan from T. ornata,
S. cichorioides, and U. pinnatifida suggests that FcnA2 does not catalyse cleavage of α(1→3) bonds
between fucosyl residues, whereas the activity on the other three substrates supports the hypothesis
that the enzyme attacks α(1→4) bonds between L-fucosyl residues as previously shown [24].

2.4. Fda2 Catalyses Cleavage of α(1→3) Fucosyl Bonds in Sulphated Fucoidan Backbones

Fda2 catalysed partial degradation of the galactofucan-rich fucoidan from S. mcclurei similar to
the action of FcnA2 (Figure 3C). The C-PAGE results showed that this enzyme also exerted partial
degradation of the fucoidans from F. vesiculosus and F. evanescens and had very low activity on the
fucoidans rich in α(1→3) fucosyl linkages from T. ornata, S. cichorioides, and U. pinnatifida. The activity
was very low, but still visible on the S. cichorioides fucoidan (with a smear at the top of the gel
and weak bands in the lower part of the gel) and on the U. pinnatifida fucoidan (with a discernible
smear at the top of the gel) (Figure 2C). The action of Fda2 on S. mcclurei fucoidan is a new finding
which suggests that the Fda2 enzyme may be employed for controlled degradation of the complex
galacto-fucan fucoidan from S. mcclurei. The activity of this enzyme on S. mcclurei, F. evanescens and
F. vesiculosus together with the weak activity observed on substrates rich in α(1→3) fucosyl linkages
corroborates previous claims of the action of Fda2 on α(1→3) bonded L-fucosyls in fucoidan [25]. Both
Fda1 and Fda2 were previously shown to digest sulphated fucans from K. crassifolia (i.e., S. sculpera)
with the backbone structure [3)-α-L-Fucp-(2OSO3)-1→3-α-L-Fucp-(2,4OSO3)-(1→] and to partially
digest fucoidan from other brown algae of the order Laminariales, such as Saccharina japonica, Lessonia
nigrescens, and Ecklonia maxima [32]. The data obtained further support the hypothesis that Fda2, despite
its instability (Figure 2B), catalyses cleavage of α(1→3) fucosyl bonds in sulphated fucoidan backbones.
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2.5. FdlA and FdlB Action

The FdlA and FdlB enzymes originating from Flavobacterium sp. SA-0081 (previously referred
to as “Fucobacter marina”) (Table 1) have been claimed to be specific for certain sulphated
fuco-glucuronomannan (SFGM) structural fragments containing uronic acid and D-mannosyl
α-linkages in fucoidan molecules [25]. The enzymes were purified from the SA-0082 strain and
were shown to catalyse cleavage of SFGM fractions from the brown algae Kjellmaniella crassifolia
(now S. sculpera) via a lyase mechanism cleaving the α-linkage between D-mannosyl and D-glucuronate
in the SFGM fractions [33].

Table 1. Fucoidan-degrading enzymes, features, molecular weight and expression strains used.

Enzyme
Name/GenBank No.

Organism Features a Length (aa) b
Expected

MW
(kDa)

E. coli Expression
Strains

FcnA CAI47003.1 Mariniflexile
fucanivorans SW5 nd 1007 nd Nd

FcnA2 Mariniflexile
fucanivorans SW5 His6 (N-term) 799 88 BL21 (DE3) pGro7 c

FcnAΔ229 Mariniflexile
fucanivorans SW5 His10 (N-term) 720 80 BL21 (DE3) pGro7 c

Fda1 AAO00508.1 Alteromonas sp.
SN-1009 His10 (N-term) 804 87 BL21 (DE3) pGro7 c

Fda1Δ145 Alteromonas sp.
SN-1009

His10 (N-term) and
His10 (C-term) 669 73 BL21 (DE3) pGro7 c

Fda1Δ395 Alteromonas sp.
SN-1009

His10 (N-term) and
His10 (C-term) 419 46 BL21 (DE3) pGro7 c

Fda2 AAO00509.1 Alteromonas sp.
SN-1009 His10 (N-term) 868 94 BL21 (DE3) pGro7 c

Fda2-His Alteromonas sp.
SN-1009

His10 (N-term) and
His10 (C-term) 878 95 BL21 (DE3) pGro7 c

Fda2Δ146 Alteromonas sp.
SN-1009

His10 (N-term) and
His10 (C-term) 732 80 BL21 (DE3) pGro7 c

Fda2Δ390 Alteromonas sp.
SN-1009

His10 (N-term) and
His10 (C-term) 488 53 BL21 (DE3) pGro7 c

FdlA AAO00510.1 Flavobacterium sp.
SA-0082 His10 (N-term) 684 74 C41 (DE3)

FdlB AAO00511.1 Flavobacterium sp.
SA-0082 His10 (N-term) 692 76 C41 (DE3)

nd, not determined in this study. a Wild type signal peptide had been removed for codon-optimised synthesised
construct; b Includes his-tags; c groES-groEL chaperone expressed from the pGro7 plasmid.

In this study, FdlA and FdlB both exerted activity on the fucoidans from S. mcclurei, F. vesiculosus,
and F. evanescens. Only weak action was observed on fucoidans from T. ornata and essentially no activity
on S. cichorioides and U. pinnatifida was found (Figure 3D,E). Fucoidan preparations from S. mcclurei,
T. ornata, F. evanescens and F. vesiculosus may contain low amounts of uronic acid and sometimes
traces of mannose [12,14,33–35] but until now no data show that D-mannosyl and D-glucuronate are
present in the backbone of these fucoidans. Moreover, no lyase activity was detected by monitoring
absorbance at 232 nm, indicating that the degradation products did not include unsaturated uronic
oligosaccharides. FdlA and FdlB most likely cleave α(1→4) fucosyl bonds in the backbone of these
fucoidans, since lack of activity on fucoidan from S. cichorioides and from U. pinnatifida (and weak
action on T. ornata fucoidan) indicate that FdlA and FdlB do not cleave the α(1→3) bonds in fucoidan.

The similar weak degradation of the fucoidan substrates from F. vesiculosus and F. evanescens by
both enzymes, i.e., producing almost similar oligomer profiles in the C-PAGE, suggests a preference for
rare or complex fucosyl-sulphatation (e.g., C2 and C4) in the Fucus fucoidan substrates. Such substrates
may occur more abundantly in S. mcclurei fucoidan (Figure 2), and the enzyme most likely prefers
to attack only α(1→4) fucosyl-bonds. Enzyme FdlB appeared to exert a more profound action on
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the F. evanescens substrate than FdlA. Interestingly, the action of the two enzymes on S. mcclurei
galacto-fucan substrate produced a band that travelled further in the gel than the sulphated
tetra-saccharide of the control, suggesting that both FdlA and FdlB are able to catalyse disintegration of
sulphated fucoidan oligomers. Due to the high degree of depolymerisation, down to oligosaccharides
of less than DP4 (Figure 3), and due to the high abundance of galactosyl residues in S. mcclurei fucoidan,
we cannot rule out that FdlA and FdlB may cleave galactosyl-α(1→4) bonds (Figure 3D,E), and further
analysis could confirm this conclusion.

2.6. Further Assessment of Sargassum mcclurei Fucoidan Degradation

C-PAGE and SEC of oligosaccharides released by the enzymes FcnA2, Fda2, FdlB and FdlA after
extended reaction for 48 h, showed that each enzyme catalysed profound degradation of S. mcclurei
fucoidan (Figure 4).

 

A
1S.m 3 4 St

B
2

**

****

Figure 4. Degradation of Sargassum mcclurei fucoidan (S.m) by fucoidanase enzymes. (A) C-PAGE;
and (B) size exclusion chromatography (SEC) of the products produced by: (1) FcnA2; (2) Fda2; (3) FdlA;
and (4) FdlB on S. mcclurei fucoidan and molecular weight standards. The lowest band (**) of the standard
(St), resulting from FFA2 treatment of fucoidan from F. evanescens, corresponds to a tetra-saccharide of
(1→4)- and (1→3)-linked α-L-fucosyls with each fucosyl residue sulphated at C2; total mass has been
calculated to be approximately 972 Da [27]. Reaction time was 48 h. (*) indicates an enzymatic fucoidan
degradation product of either lower mass or higher charge than the lowest St band (**) compound.

In all cases, the smallest oligosaccharide ran further than the lowest of the standard, suggesting
that the released oligosaccharides are either smaller or more charged, i.e., more sulphated, than the
tetra-saccharide in the standard. The SEC profiles of the FcnA2 and Fda2 were similar, but the product
profile differed from those of FdlA and FdlB which contained a smaller peak at around 22.5 min
(corresponding to a molecular weight SEC standard of around 1.3 kDa), indicating that they acted
slower if at all on certain fucoidan fragments <1.3 kD. Taken together with the C-PAGE results
(Figure 4A), these data suggest that FdlA and FdlB exerted similar substrate attack preferences and
left behind some oligomers around 1.3 kDa, whereas FcnA2 and Fda2 appeared to degrade the lower
molar weight oligomers to a more significant extent.

2.7. New Construct of FcnA2

Western blot analysis of FcnA2 (Figure 2B) indicated that the spontaneous degradation of FcnA2
occurred from the C-terminal end, since the N-terminal His-tag was still present, making the protein
visible in the Western blot. To avoid this degradation, a further truncation was made by removing
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an additional 80 amino acids from C-terminal end of the FcnA2 protein. This truncated enzyme was
thus 229 amino acids shorter than the original FcnA enzyme and was called FcnAΔ229 (Table 1).
FcnAΔ229 could be expressed very well and was purified with no apparent protein degradation,
as illustrated by SDS-PAGE and Western blot analysis, giving the expected band size of 80 kDa
(Figure 5A,B). FcnAΔ229 showed activity on the same substrates as FcnA2 (Figure 5C).

Figure 5. Purification and activity of enzyme FcnAΔ229. (A) SDS-PAGE indicating the expected
molecular weight of 80 kDa and purity; (B) Western blot of purified FcnAΔ229. (St) is the protein
plus molecular weight marker; and (C) enzyme activity by C-PAGE of (a) FcnA2 and (b) FcnAΔ229
on fucoidans from S. mcclurei, F. vesiculosus and F. evanescens. FcnA2 and FcnAΔ229 have similar
profiles on F. vesiculosus and F. evanescens fucoidans. The reaction time was 24 h. The lowest band
(**) of the standard (St), resulting from FFA2 treatment of fucoidan from F. evanescens, corresponds
to a tetra-saccharide of (1→4)- and (1→3)-linked α-L-fucosyls with each fucosyl residue sulphated
at C2; total mass has been calculated to be approximate 972 Da [27]. (*) An oligosaccharide of lower
molecular weight or higher charge than the lowest band in the standard (**).

However, an oligosaccharide was released after 24 h that was running further than what was
observed for FcnA2 (Figure 5C). This result indicated that the change in stability conferred by deletion
of the 80 amino acids in FcnA2 in turn apparently enhanced substrate degradation, but the truncation
did not confer any other apparent changes in the S. mcclurei degradation profile.

2.8. Stabilisation through C-Terminal Truncation of Fda1 and Fda2

The expression of Fda1 was high but the protein remained in the cell debris after sonication
(Figure S1). By sequence analyses of Fda1 and Fda2, it was found that both enzymes contained two
predicted Laminin G domains (IPR001791) (LamG domains) towards the C-terminal of each protein
(Figure S2). Western blot analysis of Fda2 (Figure 2B) also indicated that enzyme destabilisation
occurred via degradation from the C-terminal end as was observed for FcnA2. Hence, a strategy
to stabilise the enzymes by deletion of the two predicted LamG domains in Fda1 and in Fda2 was
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developed and new constructs of Fda1, called Fda1Δ145 (one LamG domain deleted) and Fda1Δ395
(both LamG domains deleted), were prepared (Table 1). An additional his-tag was included with these
new constructs to ensure better binding to the Ni2+ Sepharose column. Notably for Fda2, in addition
to being highly unstable, substantial amounts of protein were lost during purification, presumably
due to lack of binding to the column (data not shown). This new construct was called Fda2-His
(Table 1). In addition, as for Fda1, new constructs devoid of either one or both of the two predicted
LamG domains of Fda2 were also constructed. These Fda2 C-terminal deletion mutants were named
Fda2Δ146 and Fda2Δ390 (Table S1 and Figure S2).

SDS-PAGE and Western blot analysis showed that all modified enzyme constructs expressed well.
Some protein degradation was evident, but notably the double LamG deletion constructs, Fda1Δ395
and Fda2Δ390, appeared more stable than full length enzymes (Figure 6A,B). All the truncated enzymes
exerted activity on S. mcclurei fucoidan, verifying the enzyme stabilisation strategy by LamG deletion
(Figure 6C). Further study verified that Fda1Δ395 was stable but that degradation of the other truncated
enzymes (Fda1Δ145, Fda2-C-His, Fda2Δ146, and Fda2Δ390) occurred already inside the E. coli cells,
presumably via action of proteases in E. coli, recognising sites in the C-terminal of the enzymes,
since degradation was evident in the E. coli cells before sonication (Figure S3).

Figure 6. Purification and activity of Fda1 and Fda2 deletion mutants. (A) SDS-PAGE; and (B) Western
blot of purified: (1) Fda1Δ145; (2) Fda1Δ395; (3) Fda2-C-His; (4) Fda2Δ146; and (5) Fda2Δ390. (St) is
the protein plus molecular weight marker. The expected sizes of the proteins were 90, 50, 125, 110,
70 kDa respectively. (C) Enzymatic S. mcclurei fucoidan (S.m) degradation by C-PAGE: (1) Fda1Δ145;
(2) Fda1Δ395; (3) Fda2-His; (4) Fda2Δ146; (5) Fda2Δ390; (6) Fda2; and the standard (St) resulting from
FFA2 treatment of fucoidan from F. evanescens. The lowest band (**) of the standard (St), resulting
from FFA2 treatment of fucoidan from F. evanescens, corresponds to a tetra-saccharide of (1→4)- and
(1→3)-linked α-L-fucosyls with each fucosyl residue sulphated at C2; total mass has been calculated to
be 972 Da [27]. (*) indicates an enzymatic fucoidan degradation product of either lower mass or higher
charge than the lowest St band (**) compound. The reaction time was 48 h.
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2.9. C-Terminally Truncated Fda1 Attacks α(1→3)-Linkages

The truncated Fda1 proteins Fda1Δ145 and Fda1Δ395 both catalysed degradation of most of the
fucoidan substrates, although compared to the degradation achieved on the S. mcclurei fucoidan,
the extent of degradation appeared to be lower (Figure 7). Both truncated enzymes produced
comparable degradation patterns, releasing fucoidan oligo-saccharides that migrated to the same extent
within the C-PAGE gels. Interestingly, Fda1 mutants were able to catalyse the degradation of fucoidans
rich in α(1→3) fucosyl linkages from T. ornata, S. cichorioides and U. pinnatifida (Figure 7), indicating
that the C-terminally truncated Fda1 enzymes attack α(1→3)-linkages as previously described [25].
Removal of up to 47% of the Fda1 sequence from the C-terminal thus resulted in a more stable enzyme
that retain activity.

Figure 7. Enzyme activity of truncated Fda1 mutants by C-PAGE. Enzyme activity of (c) Fda1Δ145 and
(d) Fda1Δ395 on fucoidans from F. vesiculosus (F.ve), F. evanescens (F.ev), T. ornata (T.o), S. cichorioides
(S.c) and U. pinnatifida (U.p), and standard (st). Both enzymes show activity on all the tested substrates
to a comparable degree. The lowest band (**) of the standard (St), resulting from FFA2 treatment of
fucoidan from F. evanescens, corresponds to a tetra-saccharide of (1→4)- and (1→3)-linked α-L-fucosyls
with each fucosyl residue sulphated at C2; total mass has been calculated to be 972 Da [27].

3. Discussion

This work showed that different microbially derived fucoidan-degrading enzymes exert activity
on an array of different fucoidan substrates from brown macroalgae, even the very complex S. mcclurei
fucoidan. FcnA2, Fda2, FdlA, and FdlB were found to degrade S. mcclurei fucoidan, with Fda2,
FdlA and FdlB having particularly high activity on this fucoidan, which is known to contain sulphated
galacto-fucan structural units and both α(1→4) and α(1→3) L-fucosyl linkages (Figure 1). FcnA2 and
FcnA2Δ229 were more active than all the other enzymes on fucoidan from F. evanescens and they were
also more active on fucoidan from F. evanescens than on fucoidan from F. vesiculosus suggesting an effect
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of the substrate sulphatation pattern or of other structural features of the substrate. Fda2 was the only
enzyme that degraded fucoidans rich in α(1→3) L-fucosyl linkages, but FdlA and FdlB were also able
to at least partially degrade the fucoidan from T. ornata. FdlA and FdlB were previously claimed to
be lyases acting on manno-glucurono-linkages in fucoidan from K. crassifolia (i.e., S. sculpera). In the
present work these enzymes were specifically found to act as endo-fucoidanases on fucoidans devoid
of these types of bonds and did not produce any unsaturated 4–5 oligosaccharide uronides.

Enzyme stabilization was successfully achieved by targeted truncation of the C-terminal ends
of FcnA2, Fda1 and Fda2. Interestingly, for FcnA2, the stabilisation by C-terminal truncation, to the
enzyme variant FcnAΔ229, resulted in an enzyme which appeared able to foster more profound
degradation of the S. mcclurei fucoidan than the parent enzyme. For Fda1 and Fda2, successful
expression and stabilisation were attained by LamG domain deletion, in turn this stabilisation allowed
us to show the ability of the otherwise unstable Fda1 to catalyse degradation of the S. mcclurei fucoidan.
The data obtained have implications for use of these enzymes, including the stabilised versions,
in fucoidan processing.

Enzymatically produced short sulphated fuco-oligosaccharides, with degree of polymerisation
of 4–10, derived from Sargassum horneri, obtained via treatment with a recombinant GH family
107 endo-fucoidanase, FFA1 (originating from the marine bacterium Formosa algae), were recently
reported unable to suppress growth of DLD-1 human colon cancer cells in vitro, whilst this ability,
i.e., potential anti-cancerogenic activity, is significant for native fucoidan from S. horneri [28]. In contrast,
enzymatically produced sulphated fucoidan products from F. evanescens have been reported to have
a better effect than the corresponding native, higher molecular weight fucoidan, on the functional
activity of innate immunity cells in vitro [36]. Partially depolymerised fucoidan fractions from
Saccharina cichorioides exert strong inhibition of colony formation of colorectal carcinoma cells HT-29
in vitro [37]. It is not yet known whether specific structural units of fucoidan backbones or if particular
sidechains or substitutions on fucoidans confer specific bioactivity functions. The results of the present
work enable targeted production of defined fucoidan oligomer products. The availability of such
homogenous fucoidan oligomers will permit rigorous research studies on the putative pharmaceutical
functions of fucoidans of different structural configurations.

4. Materials and Methods

4.1. Fucoidan Substrates

Crude fucoidans from Sargassum mcclurei, Fucus evanescens, Undaria pinnatifida, and Saccharina
cichorioides were extracted as described by Zvyagintseva et al. (1999) [38]. Fucoidan from S. mcclurei
was purified further by ion-exchange chromatography [12]. Turbinaria ornata fucoidan was extracted
as described by Thanh et al. (2013) [13]. Fucoidans from F. evanescens, U. pinnatifida, and S. cichorioides
were purified as described by Kusaykin et al. (2006) [39]. Pure fucoidan from Fucus vesiculosus (F8190)
was from Sigma-Aldrich (Steinheim, Germany).

4.2. Enzymes and Gene Constructs

Amino acid sequences for the five enzymes FcnA2, the C-terminal truncated version of FcnA
(CAI47003.1) from Mariniflexile fucanivorans SW5 [24]; Fda1 (AAO00508.1) and Fda2 (AAO00509.1)
from Alteromonas sp. SN-1009 (); FdlA (AAO00510.1) and FdlB (AAO00511.1) from Flavobacterium sp.
SA-0082, were retrieved from GenBank (Table 1). The construct containing the gene encoding FcnA2
was designed to harbour an N-terminal 6xhistidine tag, while the gene constructs Fda1, Fda2, FdlA,
and FdlB encoding the Fda1, Fda2, FdlA, FdlB proteins, respectively, were designed to harbour
an N-terminal 10× histidine tag. The synthetic codon-optimised genes (optimised for E. coli expression),
all devoid of their original signal peptide, were synthesised by GenScript (Piscataway, NJ, USA)
and delivered as inserted either into the pET-45b(+) vector between the KpnI and PacI restriction
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sites (FcnA2) or into the pET-19b(+) plasmid vector between the NcoI and XhoI restriction sites
(all other enzymes).

For FcnA2 C-terminal deletion of 80 amino acids of the enzyme equivalent to deletion of 229 amino
acids of FcnA (GenBank No. CAI47003.1) was constructed, and the truncated protein was named
FcnAΔ229 (Table 1).

Both Fda1 and Fda2 contain two predicted laminin G (LamG) domains in the sequence. Deletion
mutants devoid of one or both predicted LamG domains were constructed by PCR amplification of the
codon-optimised genes, each with an additional C-terminal 10× histidine tag, using CloneAmp HiFi
polymerase premix (Takara Bio USA Inc., Mountain View, CA, USA) (primer sequences are listed in
Table S1). For Fda1, the truncated proteins were named Fda1Δ145 and Fda1Δ395, as 145 and 395 amino
acids had been removed from the C-terminal end, respectively. Analogously, for Fda2, the truncated
versions were named Fda2Δ146 and Fda2Δ390, indicating that 146 and 390 amino acids, respectively,
had been removed from the C-terminal. The construct of Fda2-His was done by adding 10× histidine
tag at the C-terminal end. After PCR amplification, products were digested with BsaI and XhoI and
ligated into the pET19b (+) vector between the NcoI and XhoI sites. Positive clones were confirmed by
DNA sequencing.

The Escherichia coli strain DH5α (Invitrogen® Life Technologies, Thermo Fisher Scientific, Waltham,
MA, USA), was used as plasmid propagation host. BL21 (DE3) and C41 (DE3) (also from Invitrogen®

Life Technologies) were used as expression hosts for the fucoidan-degrading enzymes (Table 1).
Protein expression was done as described below.

4.3. Production of Recombinant Enzymes

Expression of FcnA2 and FcnAΔ229 was performed in E. coli (BL21 (DE3) harbouring the Pch2
(pGro7) plasmid. Overnight cultures grown at 37 ◦C with agitation (180 rpm) in lysogeny broth (LB)
medium containing 100 μg mL−1 ampicillin and 34 μg mL−1 chloramphenicol were used to inoculate
500 mL LB containing 100 μg mL−1 ampicillin, 34 μg mL−1 chloramphenicol and 0.05% arabinose.
The inoculated LB was incubated at 37 ◦C with 180 rpm shaking until cultures reached 0.6-0.8 OD600.
Enzyme expression was induced with 1mM IPTG for 20 h at 20 ◦C and 180 rpm.

Expression of Fda1, Fda1Δ145, Fda1Δ395, Fda2, Fda2-His, Fda2Δ146, and Fda2Δ390 was also
performed in E. coli (BL21 (DE3) with Pch2 (pGro7)). Overnight cultures grown at 37 ◦C and 180 rpm
in LB medium containing 100 μg mL−1 ampicillin and 34 μg mL−1 chloramphenicol were used to
inoculate 500 mL auto-induction media containing 0.6% Na2HPO4, 0.3% KH2PO4, 2%, tryptone, 5%
yeast extract, 5% NaCl, 0.6% glycerol, 0.05% glucose, 0.2% lactose, 0.05% arabinose, 100 μg mL−1

ampicillin and 34 μg mL−1 chloramphenicol. Cells were grown at 20 ◦C, 180 rpm for 20 h. Expression of
FdlA, FdlB was performed in E. coli (C41 (DE3)). Overnight cultures grown at 37 ◦C and 180 rpm in LB
medium containing 100 μg mL−1 ampicillin were used to inoculate 500 mL LB containing 100 μg mL−1

ampicillin and were grown at 37 ◦C and 180 rpm until cultures reached 0.6-0.8 OD600. The expression
of the recombinant fucoidanases was induced with 1 mM IPTG during cell growth for 20 h at 20 ◦C
and 180 rpm.

Cells were harvested by centrifugation at 5000× g for 20 min and 4 ◦C and the pellet was
re-suspended in binding buffer (20 mM Tris-HCl buffer, 250 mM NaCl, 20 mM imidazole, pH 7.5)
before being disrupted by UP400S Ultrasonic processor (Hielscher, Teltow, Germany)with 0.5 cycle and
100% amplitude. Cell debris was pelleted by centrifugation (20,000× g, 20 min at 4 ◦C). The supernatant
obtained by centrifugation was then filtered through a 0.45 μm filter and applied to a 5 mL Ni2+

Sepharose HisTrap HP column (GE Healthcare, Uppsala, Sweden) which was equilibrated with
binding buffer using an Äkta purifier (GE Healthcare, Uppsala, Sweden). The resin was washed
3 times with 20 mM Tris-HCl buffer, 250 mM NaCl, and 20 mM imidazole at pH 7.5 and proteins were
eluted by a linear gradient of elution buffer (20 mM Tris-HCl buffer, 250 mM NaCl, and 20–500 mM
imidazole, pH 7.5). The eluted fractions were analysed by sodium dodecyl sulphate–polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blotting as described below to assess the purity and
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homogenous fractions were pooled. Protein content was determined by the Bradford assay [40] with
bovine serum albumin as standard.

4.4. SDS-PAGE

The homogeneity and molecular weight of the recombinantly expressed proteins were estimated
by (SDS–PAGE) electrophoresis according to the Laemmli protocol [41]. Electrophoresis was performed
in 12% acrylamide gels with the addition of 4× Laemmli loading-buffer, to 40 μg of crude protein and
5 μg purified protein and 5 mM DTT. The analysis of total intracellular proteins was conducted by using
the biomass from 300 μL culture with 100 μL of 4× Laemmli loading-buffer, 10 μL of samples were
loaded on the 12% acrylamide gels. The Protein Plus molecular weight marker (Bio-Rad Laboratories,
Hercules, CA, USA) with molecular weights of 10–250 kDa was used as standard.

4.5. Western Blot Analysis of Proteins

Total intracellular protein, crude enzymes (40 μg) and pure enzymes (5 μg) were separated
using 12% acrylamide gels with the addition of 4× Laemmli loading-buffer. Separated proteins were
transferred onto a PVDF blotting membrane (GE Healthcare No. 1060022) and blotted in Tris-glycine
pH 8.3 running buffer at 100 V for 45 min, after activation of the membrane in 96% ethanol for around
10 s. The membrane was blocked with 2% skim milk in 0.01 M TBS (Tris-based sodium chloride pH
7.6) buffer containing 0.1% Tween 20 (TBS_T buffer) for 60 min. The membrane was then incubated
in TBS_T buffer with monoclonal anti-polyhistidine peroxidase conjugated antibody (Sigma-Aldrich,
Steinheim, Germany) at 1:10.000 dilutions in a total volume of 30 mL for 1 h. The membrane was
washed in TBS_T buffer 3 × 10 min and TBS with 0.1% Tween20 for 20 min. The bound antibodies
were detected by horse radish peroxidase using the AEC Kit (Sigma-Aldrich, Steinheim, Germany)
according to manufacturer’s protocol.

4.6. Carbohydrate–Polyacrylamide Gel Electrophoresis (C-PAGE)

Reaction mixtures containing 0.5 μg/μL enzyme solution in 20 mM Tris–HCl buffer pH 7.4,
250 mM NaCl and 10 mM CaCl2 (buffer A) and 1% weight/volume fucoidan in buffer A were
incubated at 35 ◦C for 24–48 h. Each reaction mixture (10 μL) was mixed with 5 μL loading buffer (20%
glycerol and 0.02% phenol red). Samples (5 μL) were electrophoresed at 400 V through a 20% (w/v)
1 mm thick resolving polyacrylamide gel with 100 mM Tris-borate buffer pH 8.3 for 1 h. Gel staining
was performed in two steps, first with a solution containing 0.05% alcian blue 8GX (Panreac, Barcelona,
Spain) in 2% acetic acid for 45 min and then with 0.01% O-toluidine blue (Sigma-Aldrich, Steinheim,
Germany) in 50% aqueous ethanol and 1% acid acetic. The hydrolysate standard was obtained after
enzymatic reaction of FFA2 on Fucus evanescens fucoidan [27].

4.7. SEC Analysis

High Performance Size Exclusion Chromatography was performed using an Ultimate iso-3100
SD pump with a WPS-3000 sampler (Dionex, Sunnyvale, CA, USA) connected to an RI-101 refractive
index detector (Shodex, Showa Denko K.K., Tokyo, Japan). One hundred microliters of three times
diluted reaction mixtures were loaded on a Shodex SB-806 HQ GPC column (300 × 8 mm) equipped
with a Shodex SB-G guard column (50 mm × 6 mm) (Showa Denko K.K., Tokyo, Japan). Elution was
performed with 100 mM sodium acetate pH 6 at a flow rate of 0.5 mL/min at room temperature.
Pullunan standards were used as references.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/11/422/
s1, Figure S1: Recombinant expression of Fda1 in E. coli. (A) SDS-PAGE; and (B) Western blot of: (1) Autoinduced
cells; (2) the cell debris (after sonication and protein extraction); and (3) crude extract after sonication and
centrifugation. (St) is the protein plus molecular weight marker; Figure S2: Predicted protein domain structures
of Fda1 and Fda2. Domains were predicted using NCBI conserved domain database (cdd) search tool and both
proteins were found to contain two predicted LamG (Laminin G) superfamily domains. In Fda1, the domains

265



Mar. Drugs 2018, 16, 422

span from position 429 to 574 aa and from 670 to 809 aa. For Fda2, the domains span from 496 to 641 aa and
from 737 to 876 aa. Arrows indicate the points of truncation. Deletion mutants were named according to deletion
from the C-terminal end, i.e., Fda1Δ145, Fda1Δ395, Fda2Δ146, and Fda2Δ390; Figure S3. (A) SDS-PAGE; and (B)
Western blot of induced cells of: (1) Fda1; (2) Fda1Δ145; (3) Fda1Δ395; (4) Fda2-His; (5) Fda2; (6) Fda2Δ146; and (7)
Fda2Δ390. St is the protein plus molecular weight marker (Bio-Rad Laboratories, Hercules, CA, USA). Table S1:
Primers for constructing C-terminal deletion mutants.
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Abstract: Whole-cell biocatalysts offer a highly enantioselective, minimally polluting route to
optically active alcohols. Currently, most of the whole-cell catalytic performance involves resting
cells rather than growing cell biotransformation, which is one-step process that benefits from the
simultaneous growth and biotransformation, eliminating the need for catalysts preparation. In this
paper, asymmetric reduction of 14 aromatic ketones to the corresponding enantiomerically pure
alcohols was successfully conducted using the growing and resting cells of marine-derived fungi
under optimized conditions. Good yields and excellent enantioselectivities were achieved with both
methods. Although substrate inhibition might be a limiting factor for growing cell biotransformation,
the selected strain can still completely convert 10-mM substrates into the desired products. The resting
cell biotransformation showed a capacity to be recycled nine times without a significant decrease in
the activity. This is the first study to perform asymmetric reduction of ketones by one-step growing
cell biotransformation.

Keywords: growing cells; resting cells; asymmetric reduction; marine fungi; chiral alcohols

1. Introduction

The preparation of enantiomerically pure secondary alcohols is of ever-increasing
significance because these intermediates are important building blocks for the production of
chiral pharmaceuticals, flavours, agrochemicals and functional materials [1,2]. For example,
(S)-1-(3,4-dichlorophenyl)ethan-1-ol (2n) is a versatile intermediate in the synthesis of sertraline [3,4],
which is used to treat depression, obsessive-compulsive disorder, panic disorder, anxiety
disorders, post-traumatic stress disorder, and premenstrual dysphoric disorder. Another optically
active alcohol, ethyl (S)-4-chloro-3-hydroxybutanoate, is a key intermediate for the synthesis of
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, which are the active
ingredients of a cholesterol-lowering drug Lipitor [5], while 2-bromo-1-phenylethanol (2a) is the
precursor for the synthesis of anti-depressants and α- or β-adrenergic drugs, such as fluoxetine,
tomoxetine, and nisoxetine [6,7].

While there are many synthetic approaches that furnish chiral alcohols in high enantiomeric excess,
catalytic asymmetric reduction of prochiral carbonyl compounds offers several advantages because
it can easily be applied to a wide range of substrates, the utilization of material is high, and waste
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and by-products can be drastically reduced [8,9]. Chemical methods using metal-complex catalysts
have been employed [10–12]. Nevertheless, due to the presence of metals, most of the described
methods require the use of either a cumbersome catalyst preparation or reductive/oxidative follow-up
chemistry. Metal-free catalytic enantioselective reduction of prochiral ketones remains challenging.

Biocatalysis in asymmetric synthesis, as a result of their complex chiral constitution, are
predominantly suited for the manufacture of optically pure stereoisomers [13–17]. Indeed, bioreduction
of ketones using carbonyl reductases to chiral alcohols have been found and purified, such as S1 from
Candida magnoliae [18], KaCR from Kluyveromyces aestuarii [19], and PsCR I from Pichia stipitis [20].
However, the high price of cofactors (approximately 1 g/485 euros), including Nicotinamide adenine
dinucleotide (NADH) or Nicotinamide adenine dinucleotide phosphate (NADPH), is an impediment
to the application of this approach. Therefore, efficient and cost-effective cofactor regeneration systems
such as enzyme- and substrate-coupled systems must be developed [21]. Formate dehydrogenase
(FDH) or glucose dehydrogenase (GDH) could be used as enzyme-coupled systems for the recycling
of NAD+ or NADP+ [22], and 2-propanol can be used as a co-substrate because of its low cost and
the feasibility of forcing the reaction towards completion by removing the acetone co-product under
reduced pressure [23,24].

An easily operated and whole-cell system adaptable method is regarded as a viable “green”
alternative synthetic approach [25,26] due to its unique advantages such as mild reaction conditions,
environmental friendliness, regeneration of cofactors in situ, easy production and relatively low
price; this method has therefore attracted great attention and been extensively investigated in recent
years [27]. However, most whole-cell catalytic studies involve resting cells rather than growing cell
biotransformation [28–30]. The resting cells are resuspended in buffer solution under non-growing
conditions and are used as biocatalysts for the production of target compounds, which benefit
from convenient downstream product separation. Growing cell biotransformation is the one-step
process in which a certain amount of substrate was added to the medium and the target product was
synthesized via one or several enzymatic reactions from the substrate during cell culture. Growing cell
biotransformation is similar to microbial fermentation in its potential for industrial-scale production
and shows significant advantages over resting cell biotransformation due to its ease of execution,
which is a result of features such as simple operation steps, no need for cell preparation, and readiness
for industrial scale production.

Therefore, in the present study, we report the results of a comparative study on the asymmetric
reduction of a variety of aromatic ketones using growing and resting cells of marine-derived fungi that
offers an alternative, highly enantioselective and minimally polluting route to important enantiomeric
pure alcohols.

2. Results

To fully assess the potential of marine-derived fungi as biocatalysts for the enantioselective
reduction of prochiral ketones, whole mycelia of 13 marine fungi (Penicillium citrinum GIM 3.458,
Penicillium citrinum GIM 3.251, Penicillium citrinum GIM 3.100, Aspergillus sclerotiorum AS 3.2578,
Aspergillus sydowii AS 3.7839, Aspergillus sydowii AS 3.6412, Geotrichum candidum GIM 2.361, Geotrichum
candidum GIM 2.616, Rhodotorula rubra GIM 2.31, Rhodotorula mucilaginosa GIM 2.157, Geotrichum
candidum AS 2.1183, Geotrichum candidum AS 2.498 and Rhodotorula rubra AS 2.2241) were screened for
stereoselective reduction of 1-(3-bromophenyl)ethan-1-one 1b. The screening reaction was initially
performed with 10 mL of Na2HPO4-KH2PO4 buffer (100 mM, pH 6.0) containing glucose (0.5 g),
5 mM 1-(3-bromophenyl)ethan-1-one (1b), and 3 g of resting cells at 30 ◦C, due to its frequent use
for described resting cell biotransformation [31–34]. The results are shown in Table 1. The absolute
configuration of (S)-2b was determined by comparing the specific measured signs of rotation to those
reported in the literature [35]. In a control reaction performed in parallel and involving only (1b),
glucose and buffer (without resting cells), no yield of the desired product (S)-1-phenylpropan-1-ol
[(S)-2b] was detected, indicating that no chemically catalysed reaction occurred; thus, the reaction was
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carried out by the active enzymes present in the marine-derived fungi. It must be emphasized that
the complete genome of strain Rhodotorula rubra AS 2.2241 has been sequenced and annotated in our
laboratory. Taking the conversion, enantioselectivity, and availability of the genome sequence into
account, we decided to continue to use strain R. rubra AS 2.2241 for all further studies.

Table 1. Bioreduction of 1-(3-bromophenyl)ethan-1-one (1b) by marine-derived fungi.

Entry Strains Yield (%) [a] Ee (%) [a] Genome Sequences
Available in Our Laboratory

1 P. citrinum GIM 3.458 25.3 99 (S) No
2 P. citrinum GIM 3.251 5.5 53.7 (S) No
3 P. citrinum GIM 3.100 39.2 99 (S) No
4 A. sclerotiorum AS 3.2578 n.d. n.d. No
5 A. sydowii AS 3.7839 n.d. n.d. No
6 A. sydowii AS 3.6412 n.d. n.d. No
7 G. candidum GIM 2.361 75.9 99 (S) No
8 G. candidum GIM 2.616 75.1 99 (S) No
9 R. rubra GIM 2.31 99 99 (S) No

10 R. mucilaginosa GIM 2.157 82 99 (S) No
11 G. candidum AS 2.1183 44.3 99 (S) No
12 G. candidum AS 2.498 77.7 99 (S) No
13 R. rubra AS 2.2241 99 99 (S) Yes [b]

control no n.d. n.d. -
[a] Yield and ee values were determined by HPLC equipped with a Chiracel OD-H chiral column; [b] Genome
sequences were available in our laboratory, of which the genomic DNA libraries for the Illumina platform were
generated and sequenced at BGI (Shenzhen, China). n.d. = not determined.

2.1. Reductions with Growing Cells

2.1.1. Optimization of Growing Cell Biotransformation

Substrate 1b was added at the time of inoculation. From Table 2, it is evident that R. rubra AS
2.2241 could grow in the presence of substrate 1b and could reduce substrate 1b into the corresponding
alcohol (S)-2b. The growth of R. rubra AS 2.2241 in the presence of substrate 1b (entries 1–5) was less
than in the control media without ketone (entry 2′). Thirty-five percent less growth was observed in
the medium with 5 mM substrate 1b. With 10 mM, 11.6 mM and 13.3 mM ketone in the cultivation
medium, 60%, 84% and 93% less growth was observed, respectively. There was no growth of R. rubra
AS 2.2241 with 15 mM ketone 1b in the medium. It appears that ketone 1b had an inhibitory effect
on the growth of R. rubra AS 2.2241, and the inhibition increases with the increasing concentration
of ketone 1b. No transformation of ketone 1b was observed in the flask that was not inoculated
with R. rubra AS 2.2241 (control 1′). This indicated that ketone 1b could not be reduced into alcohols
without the organism. The second control contained only the RM1 medium without ketone 1b, and the
flask was inoculated (control 2′). No corresponding alcohol 2b was observed, suggesting that alcohol
2b was a metabolism-independent product, and this reaction was an enzyme-catalytic reduction.
Heat-denatured cell preparations in control experiments (control 3′) clearly showed that no chemically
catalysed reaction occurred, thus providing further support for the fact that the reaction is carried out
by the active enzyme. Although the growth of R. rubra AS 2.2241 in the presence of ketone 1b was
lower, it could grow in the presence of ketone 1b and reduce ketones 1b into alcohols (S)-2b.
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Table 2. Reduction of 1b with growing cells of R. rubra AS 2.2241 in RM1 medium [a].

Entry 1b at 0 h (mM)
2b at 24 h
(mM) [b]

2b at 48 h
(mM) [b]

2b at 72 h
(mM) [b]

2b at 96 h
(mM) [b]

Cell Mass (Dry
wt., g/L) [c]

1 5 2.36 (eeS = 99) 3.06 (eeS = 99) 4.95 (eeS = 99) 4.07 (eeS = 99) 4.61
2 10 0.42 (eeS = 99) 8.33 (eeS = 99) 9.9 (eeS = 99) 6.21 (eeS = 99) 2.81
3 11.6 n.c. 0.93 (eeS = 99) 8.41 (eeS = 99) 4.96 (eeS = 99) 1.12
4 13.3 n.c. n.c. n.c. n.c. 0.46
5 15 n.c. n.c. n.c. n.c. 0

Control

1′ 10 (without
inoculation) [d] 0 0 0 0 0

2′ 0 (blank) [e] 0 0 0 0 7.16

3′ 10 (with 5 g dry
dead cells) [f] 0 0 0 0 n.d.

[a] 200 mL of RM1 medium, one loop of a single colony of R. rubra AS 2.2241, given amount of 1b, cultured at 28 ◦C,
220 rpm for given times; [b] concentrations of 2b were determined by HPLC analysis equipped with a Chiracel
OD-H chiral column; [c] The cells were harvested by centrifugation at 4000 rpm and at 4 ◦C for 20 min; [d] This was
used as a positive control for 1-(3-bromophenyl)ethan-1-one (1b); [e] This was done to check the growth of R. rubra
AS 2.2241 in the absence of 1b; [f] This was used to determine active enzymes by the cells; n.c. = no conversion;
n.d. = not determined.

The next experiment was set up to determine the minimum growth of R. rubra AS 2.2241 required
for the transformation of ketone 1b. Here, different concentrations of ketones (5–15 mM) were added
to the RM1 medium and inoculated with R. rubra AS 2.2241. The flasks were shaken (220 rpm) at 28 ◦C,
and the samples were analysed at 24-h intervals. It was found that when the substrate concentration
was smaller than 13.3 mM, the bioreduction reaction rate showed a clear trend towards an increase
in product formation over time during the first 72 h of the reaction. The reaction velocity as well
as product formation was low at the initial stage owing to low carbonyl reductase expression and
then increased at the later stage, even though the desired product formation decreased over 72 h
to 96 h. This decrease may be due to the alcohol dehydration, as was also found by Chandran
and Das [36]. No significant changes in the product ee (almost above 99%) within the study were
observed. When the substrate concentration was above 13.3 mM, cell growth and production of desired
alcohols were not observed, suggesting the existence of substrate inhibition during the growing cell
transformation. Therefore, the optimal substrate concentration in the medium was 10 mM. To date,
yeasts, bacteria, fungi, and even plant tissues have been employed as biocatalysts for bio-reduction
processes [28–30]. However, most of these biotransformations were performed with the resting cells of
these microorganisms. Direct addition of substrates to the medium (one-pot) has significant potential
for industrial scale production of chemicals because of the simplified cell preparation. Moreover,
the total time of incubation was relatively short because growth and biotransformation occurred
simultaneously. Although the substrates showed an inhibitory effect on the growth of R. rubra AS
2.2241, this growing cell biotransformation still showed good productivity in asymmetric reduction of
tested ketones.

Substrate 1b was added at different phases of growth. Addition of substrates at the beginning of
the fermentation caused growth inhibition; therefore, substrate feeding (10 mM) was performed after
induction. As illustrated in Figure 1, the 24-h-grown growing cells of R. rubra AS 2.2241 reduced ketone
1b into alcohol (S)-2b within 24 h of incubation, while 48-h-grown growing cells also took 24 h to
complete the transformation. In the case of 72-h-grown growing cells, the transformation was slightly
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smaller, and 84% of the added ketone 1b was transformed after 24 h of incubation. Only 74% of ketone
1b was transformed by 96-h-grown growing cells after 24 h of incubation. No further transformation
was noticed with 96-h-grown cells with a prolonged period of incubation. In all cases, the initial
ketones 1b concentration was 10 mM. Thus, it is clear from these experiments that 24- and 48-h-grown
growing cells were most active in transforming ketone 1b to alcohol (S)-2b. This may be due to the
presence of active enzymes after 24 and 48 h of growth. It has also been reported that maximum
carbonyl reductase activity was obtained within 45–50 h of cultivation of Acetobacter pasteurianus
GIM1.158 [37]. Poor enzyme activity was observed in 72-h-grown and 96-h-grown cultures, making
the transformation of ketone 1b inefficient. Poor enzyme activity may be due to the production of some
metabolites that inactivated the enzyme. Transformation of ketone 1b with growing cells used much
more enzyme than that with the soluble enzyme system, but the time required for the transformation
with the growing cells was not shorter. This is possible because the enzymatic system with the growing
cells worked in an uncleaned environment (with cells, unused substrates and metabolites, etc.).
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Figure 1. Effects of age of growing cells of R. rubra AS 2.2241 on the transformation of ketone 1b

(transformation was carried out with the growing cells of R. rubra AS 2.2241, and ketone 1b was added
at the different phases of growth: blue represents the data for 1b added at 24 h of growth; red represents
the data for 1b added at 48 h of growth; green represents the data for 1b added at 72 h of growth;
purple represents the data for 1b added at 96 h of growth).

2.1.2. Growing Cell Biotransformation of Ketones 1a–1n

We next turned our attention to the substrates scope and the limitation of growing cells of strain
R. rubra AS 2.2241 for the reduction of prochiral ketones 1a–1n. Another 13 aromatic ketones that were
structurally closely related to the main test substrate 1b were tested (Figure 2) under the optimized
conditions (addition of 10 mM substrates at the beginning of the fermentation and incubation for 72 h at
28 ◦C in RM1 medium buffer at pH 7.0), with the results presented in Table 3. Since the corresponding
racemic reduction products (±)-β-phenylalcohols 2a–2m (except 2b) were not commercially available,
they were obtained by the reduction of the aromatic ketones 1a, 1c–1m with sodium borohydride in
methanol [38] and used as standard compounds for the analysis of the bioreduction products via chiral
HPLC. The NMR spectra are in agreement with those reported in the literature [35,39–43].

For substrates (1a–1i) with an electron-withdrawing group such as –Br, –NO2, –CF3 in either
ortho-, or meta-, or para-position (Table 3, entries 1–9), the reaction proceeded smoothly in all cases
to yield the corresponding reduction products with more than 99% yield and 99% ee. By contrast,
none of substrates (1j, 1k, 1l) with an electron-releasing group in the para-position were accepted
by the enzyme (Table 3, entries 10–12), suggesting that an electron-withdrawing group might play
an important role for the proper orientation of the ketones in the enzymes’ active site. However,
when substrates with electron-withdrawing groups in both ortho- and para-positions (1m) or in both
meta- and para-positions (1n) were used, no desired reduction products were obtained, which is
probably due to their more bulky structures. The absolute configurations of the reduction products
(2a–2i) were determined by comparing the specific measured signs of rotation to those reported in the
literature [35,39–43].
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Figure 2. Structurally related aromatic ketones used for bioreduction by growing cells of R. rubra AS
2.2241.

Table 3. Stereoselective reduction of prochiral ketones with growing cells of R. rubra AS 2.2241 [a].

Entry Substrates Yield (%) [b] Ee (%) [b] Config. [c]

1 1a 99 99 S
2 1b 99 99 S
3 1c 99 99 S
4 1d 99 99 S
5 1e 99 99 S
6 1f 99 99 S
7 1g 99 99 S
8 1h 99 99 S
9 1i 99 99 S

10 1j n.c. n.c. n.d.
11 1k n.c. n.c. n.d.
12 1l n.c. n.c. n.d.
13 1m n.c. n.c. n.d.
14 1n n.c. n.c. n.d.

[a] Reaction conditions: 200 mL of RM1 medium, one loop of a single colony of R. rubra AS 2.2241, 10 mM of
substrates 1a–1n, inoculated at 28 ◦C, 220 rpm for 72 h; [b] Yield and ee were determined by chiral HPLC analysis
equipped with a Chiracel OD-H chiral column; [c] The absolute configurations of the reduction products were
determined by comparing the measured specific signs of rotation with those reported in the literature [35,39–43];
n.c. = no conversion; n.d. = not determined.

2.2. Reductions with Resting Cells

2.2.1. Optimization of Resting Cell Biotransformation

The transformation of ketone 1b using the resting cells of different ages showed different types of
transformation patterns. Here, the cells were grown under growth conditions in a nutrient medium
for 24, 48, 72 and 96 h, and the cells were harvested from each phase and washed several times with
a phosphate (0.1 M, pH 7.0) buffer. The strict separation of microbial growth and biotransformation
offers many advantages: the washed cells were suspended to buffer (100 mM, pH 7.0) to transform
ketone 1b (10 mM) at 28 ◦C in an orbital shaker (220 rpm). The effects of the temperatures (in the
range of 20–35 ◦C) and pH values (pH 6–8) on biotransformation were evaluated using the resting
cells collected after 48 h of growth. As shown in Table 4, 24-h-grown resting cells gave the highest
conversion (89% yield, 99% ee) at 25 ◦C with pH 7.0 buffered by Na2HPO4-KH2PO4 (100 mM) after
24 h. Therefore, these reaction conditions were used to further test the activity of the resting cells
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grown for 48 h, 72 h and 96 h. Gratifyingly, in each case, ketone 1b was reduced into (S)-2b with
good yields and excellent enantioselectivities. The 48-h-grown resting cells showed the slightly better
activity than those obtained for the 72-h-grown and 96-h-grown resting cells, and the 48-h-grown
resting cells were chosen for all further studies of the resting cell biotransformation.

Table 4. Reduction of 1b with resting cells of R. rubra AS 2.2241 of different ages [a].

Entry Types of Resting Cells Reaction Conditions Yield of 2b (%) [b] Ee of 2b (%) [b]

1

24-h-grown

25 ◦C, pH 6, 24 h 59 99 (S)
2 25 ◦C, pH 7, 24 h 89 99 (S)
3 25 ◦C, pH 8, 24 h 52 99 (S)
4 20 ◦C, pH 7, 24 h 63 99 (S)
5 35 ◦C, pH 7, 24 h 41 99 (S)

6 48-h-grown 25 ◦C, pH 7, 24 h 99 99 (S)
7 72-h-grown 25 ◦C, pH 7, 24 h 81 99 (S)
8 96-h-grown 25 ◦C, pH 7, 24 h 77 99 (S)
[a] Reaction conditions: 3 g resting cells of R. rubra AS 2.224 of required ages, 10 mM of substrates 1b, and 0.5 g
glucose in 10 mL Na2HPO4-KH2PO4 buffer (100 mM, given pH-values), inoculated at given temperatures, 220 rpm
for 24 h; [b] Yield and ee were determined using chiral HPLC instrument equipped with a Chiracel OD-H chiral
column; [c] The absolute configurations of the reduction products were determined by comparing the specific signs
of rotation measured with those reported in the literature [35,39–43].

One of the important considerations for industrial production is the capacity to recycle the catalyst.
Therefore, experiments were performed to examine the recyclability of the resting cells of R. rubra AS
2.2241 for the reduction of 1b as an example. For the results summarized in Figure 3, every reaction
was performed in 10 mL of Na2HPO4-KH2PO4 buffer (100 mM, pH 7.0) with 3 g of wet cells, 10 mM
substrate and 0.5 g of glucose and shaken at 25 ◦C for 23 h. At the end of the reaction, the cells were
centrifuged, washed twice with the same buffer [Na2HPO4-KH2PO4 buffer (100 mM, pH 7.0)] and
reused for the next cycle under the same reaction conditions. Resting cells of strain R. rubra AS 2.2241
exhibited high activity and complete conversion for nine cycles (Figure 3). Only a slight decrease
was observed in cycle 10, whereas almost no activity (2.6% yield of the desired product) was found
in cycle 11. Remarkably, the reduction product ee showed no significant variation and remained
above 99%. The high reusability of the whole cells of the strain R. rubra AS 2.2241 could be attributed
to the expression of naturally immobilized ketone reductase in the cells, which is currently being
implemented in our laboratory.
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Figure 3. Reusability of resting cells of R. rubra AS 2.2241 of 48 h-grown age in the transformation
of ketone 1b (in each case the initial concentration of 1b was 10 mM). Bar represents yields, square
represents ee values. Yield and ee values were determined by chiral HPLC.
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2.2.2. Resting Cell Biotransformation of Ketones 1a–1n

Under the condition optimized for the resting cell biotransformation, 14 substrates shown in
Figure 2 were again used to test the substrate scope and limitations. As shown in Table 5, for most
substrates (1a–1l, Table 5, entries, 1–12), the same results were obtained as those obtained with
growing cell biotransformation. Surprisingly, substrates 1m and 1n were also converted by resting
cells, and the corresponding products were obtained in 63% yield with 28% ee and 55% yield with 99%
ee, suggesting that there might be different enzymes present in the resting cells which could be able
to accept the substrates with bulky structure. The production of some metabolites during growing
cell biotransformation inactivated the enzyme; therefore, there was no conversion for substrates 1m

and 1n, as found by Banerjee [44] for the comparison of the activity of oxidases of Curvularia lunata in
growing cell biotransformation and resting cell biotransformation.

Table 5. Stereoselective reduction of prochiral ketones with resting cells of R. rubra AS 2.2241 [a].

Entry Substrates Yield (%) [b] Ee (%) [b] Config. [c]

1 1a 99 99 S
2 1b 99 99 S
3 1c 99 99 S
4 1d 99 99 S
5 1e 99 99 S
6 1f 99 99 S
7 1g 99 99 S
8 1h 99 99 S
9 1i 99 99 S

10 1j n.c. n.c. n.d.
11 1k n.c. n.c. n.d.
12 1l n.c. n.c. n.d.
13 1m 63 28 S
14 1n 55 99 S

[a] Reaction conditions: 10 mL Na2HPO4-KH2PO4 buffer (100 mM, pH 7.0), 3 g wet cells of 48-h-grown age, 10 mM
various aromatic ketones, 0.5 g glucose, 25 ◦C, 24 h; [b] Yield and ee were determined by chiral HPLC instrument
equipped with a Chiracel OD-H chiral column; [c] The absolute configurations of the reduction products were
determined by comparing the specific signs of rotation measured with those reported in the literature [35,39–43];
n.c. = no conversion; n.d. = not determined.

3. Discussion

The development of biocatalysis requires novel biocatalysts in the form of isolated enzymes
or whole cells [45], leading to a growing demand for robust and efficient biocatalysts. Fungi from
marine environments are thoroughly adapted to surviving and growing under harsh conditions [46].
Such habitat-related characteristics are desirable features from a general biotechnological perspective
and are of key importance to exploit a microorganism’s enzymatic potential [47–50]. Indeed, fungi
host novel enzymes showing optimal activities at extreme values of salt concentrations, pH and
temperature, compared to enzymes isolated from terrestrial origins [51–53]. These advantages, in
addition to their chemical and stereochemical properties and readily available sources (e.g., sea sources
of enzymes represented by microorganisms or fungi, plants or animals; ease of growth), make marine
enzymes ideal biocatalysts for fine chemistry and pharmaceutical sectors; these enzymes should be
broadly explored [28–30,48,54–56].

Growing cells are under the growing conditions of proliferating and metabolically active cells,
which are suspended in the medium of essential nutrients. Growing cell biotransformation is similar to
the microbial fermentation, in which a certain amount of substrate was added at the time of inoculation
or at regular phases of growth and was converted into the desired product via one or several enzymatic
reactions during cell culture. The biotransformation is stable due to suitable growing environment for
the cells. This one-step biotransformation showed substantial advantages such as the simultaneous
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growth and biotransformation, and simple operation steps, but usually substrate had an inhibition
effect on the growing of cells which might be a limiting factor for growing cell biotransformation.
Therefore, a straightforward approach for bioreduction of carbonyl compounds into the desired
enantiomerically chiral alcohols using growing cells biotransformation still had not been described.

The resting cells refer to the group of active cells which are provided in buffer solution
under non-growing conditions without any nutrients and are solely used as biocatalysts to yield
many compounds [57]. Resting cell biotransformation show certain advantages over growing
cell biotransformation, including no limit of substrate concentrations and convenient down
downstream product separation. Besides, modelling and simulation of resting cell biotransformation
processes had been successfully used to understand the investigated process, identify the limiting
parameters, and optimize the reaction conditions. However, for industrial application, growing
cells biotransformation showed more efficiency than that of resting cells biotransformation due to
cumbersome catalyst preparation and storage.

Thus, we compared the productivity of marine fungi R. rubra AS 2.2241 from one-step growing cell
biotransformation and two-step resting cell biotransformation in enantiomeric pure alcohols. Both of
the reaction systems were carefully optimized for 10 mM-scale synthesis, resulting in good conversions
and excellent enantioselectivities. Under the optimized conditions, R. rubra AS 2.2241 could grow
in the presence of ketones 1a–1i and could convert them into the corresponding alcohols (S)-2a–2i,
offering an attractive alternative to the synthesis of enantiopure alcohols. Resting cells of different ages
were also very effective in transforming ketones 1a–1i, including 1m and 1n. The 48-h-grown resting
cells could be reused for nine cycles without significant loss of activity while maintaining up to 99% ee.
Further work will be focused on the elimination of substrate inhibition to improve the production and
cell growth in growing cell biotransformation.

4. Materials and Methods

4.1. General

All chemicals were purchased from Sigma–Aldrich (Schnelldorf, Germany) and used without
further purification unless specified otherwise. The culture media components were obtained from BD
(Becton, Dickinson and Company, Bremen, Germany).

1H and 13C NMR spectra were recorded using a Bruker Advance 400 (Karlsruhe, Germany)
(400 MHz and 100 MHz, respectively) instrument and internally referenced to residual solvent signals.
Data for 1H NMR are reported as chemical shift (d ppm), multiplicity (s = singlet, d = doublet,
t = triplet, q = quartet, m = multiplet), integration, coupling constant (Hz) and assignment. Data for
13C NMR are reported in terms of chemical shift. Optical rotations were obtained at 20 ◦C using
a PerkinElmer 241 polarimeter (Shanghai, China) (sodium D line). Column chromatography was
performed with a silica gel (0.060–0.200 mm, pore diameter ca. 6 nm) and mixtures of petroleum
ether (PE) and ethyl acetate (EtOAc) as solvents. Thin-layer chromatography (TLC) was performed on
0.20 mm silica gel 60-F plates. Organic solutions were concentrated under reduced pressure with a
rotary evaporator.

4.2. Chemical Synthesis of the Standard Racemic β-Phenylalcohols 2a–2f, 2m and 2n

Ten mmol of NaBH4 was added to a cooled (0 ◦C) solution of 2.5 mmol of each specific substrate
(1a–1f, 1m and 1n) in 50 mL of methanol. After stirring for 10 min, the mixture was warmed to room
temperature and stirred for another 3–4 h to complete the reduction. After quenching with 2 M HCl to
pH 7.0, the mixture was extracted with EtOAc (50 mL × 3). The organic phases were washed with
brine, dried over Na2SO4, filtered and concentrated in vacuum. The residue was purified by flash
chromatography on silica gel (eluent: EtOAc/PE 1:20) to give the racemic alcohol 2a–2f, 2m and 2n

(see Supplementary Materials for NMR spectroscopic data).
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4.3. Microorganisms

The marine fungi strains Penicillium citrinum GIM 3.458, Penicillium citrinum GIM 3.251, Penicillium
citrinum GIM 3.100, Aspergillus sclerotiorum AS 3.2578, Aspergillus sydowii AS 3.7839, Aspergillus sydowii
AS 3.6412, Geotrichum candidum GIM 2.361, Geotrichum candidum GIM 2.616, Rhodotorula rubra GIM 2.31,
Rhodotorula mucilaginosa GIM 2.157, Geotrichum candidum AS 2.1183, Geotrichum candidum AS 2.498 and
Rhodotorula rubra AS 2.2241 were isolated from a wide collection of isolates from marine sediments
from Guangdong Province, China. All strains used in this study were deposited and commercially
available at Guangdong Culture Collection Center or the China General Microbiological Culture
Collection Center.

The marine fungi were maintained on agar plates at 4 ◦C and subcultured at regular intervals.
The medium (RM1) used for cultivation contained glucose (15 g/L), peptone (5 g/L), yeast extract
(grease, 5 g/L), disodium hydrogen phosphate (0.5 g/L), sodium dihydrogen phosphate (0.5 g/L),
magnesium sulphate (0.5 g/L) and sodium chloride (10 g/L) and a final pH 7.0; this medium was
sterilized at 115 ◦C in an autoclave for 25 min. A loop of a single colony was cut from the agar stock
cultures and used to inoculate a given medium in an appropriate Erlenmeyer flask. This culture was
shaken reciprocally (220 ppm) at 28 ◦C for given times.

4.4. Transformation with Growing Cells

Growing cells of R. rubra AS 2.2241 were used for the transformation of
1-(3-bromophenyl)ethanone (1b). 1-(3-bromophenyl)ethanone (1b) was added at the time of
inoculation of the RM1 medium as described above by R. rubra AS 2.2241; in another set of
experiments, 1-(3-bromophenyl)ethanone (1b) was added to the growing cells at different phases of
growth, and the transformation continued.

4.4.1. 1b Was Added at the Time of Inoculation

Different concentrations (5–15 mM) of 1-(3-bromophenyl)ethanone (1b) were added aseptically to
500-mL Erlenmeyer flasks containing 250 mL of sterile RM1 medium (pH 7.0). Three control flasks were
prepared. The first control was prepared with 10 mM 1-(3-bromophenyl)ethanone in 250 mL of RM1
medium, and the flask was not inoculated with R. rubra AS 2.2241. This was used as a positive control
for 1-(3-bromophenyl)ethanone (1b). The second control contained only the RM1 medium without
1-(3-bromophenyl)ethanone (1b), and the flask was inoculated with R. rubra AS 2.2241. This was
done to check the growth of R. rubra AS 2.2241 in the absence of 1-(3-bromophenyl)ethanone (1b).
The third control was prepared with 5 g of (dry weight) dead cells of R. rubra AS 2.2241 in RM1 medium
with 10 mM 1-(3-bromophenyl)ethanone (1b). This was used to determine the active enzymes by the
cells. This flask was not inoculated. All flasks were kept in a temperature-controlled (28 ◦C) orbital
shaker at 220 rpm shaking speed. The samples were analysed after 24 h. The cells were removed by
centrifugation at 4000 rpm and at 4 ◦C for 20 min. The collected cells were used for cell mass analysis.
The supernatant (2 mL) was saturated with NaCl followed by extraction with 2 × 2 mL of HPLC
eluent (n-hexane/i-PrOH = 95/5, v/v) by shaking for 5 min. The combined organic layer was dried
over Na2SO4 and measured by HPLC for yield and ee.

4.4.2. 1b Were Added at Different Phases of Growth

Several 500-mL Erlenmeyer flasks containing 250 mL of RM1 medium (pH 7.0) were inoculate
with R. rubra AS 2.2241 and cultured at 28 ◦C on an orbital shaker (220 rpm). Next, 10 mM
1-(3-bromophenyl)ethanone (1b) was added to the growing cells after 24, 48, 72, 96 h of inoculation
in separated flasks. For the transformation reaction, the flasks were again incubated under the
same conditions. The samples were withdrawn at regular intervals and centrifuged, and the
supernatant (2 mL) was saturated with NaCl followed by extraction with 2 × 2 mL of HPLC eluent
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(n-hexane/i-PrOH = 95/5, v/v) by shaking for 5 min. The combined organic layer was dried over
Na2SO4 and measured by HPLC for yield and ee.

4.5. General Methods for Growing Cells Biotransformation

All substrates 1a–1n were added at the time of inoculation, and the reaction setup was the same
as “1b was added at the time of inoculation”. After a 72-h inoculation, the reaction was stopped by
centrifugation at 4000 rpm and at 4 ◦C for 20 min to remove the cells. The supernatant (2 mL) was
saturated with NaCl followed by extraction with 2 × 2 mL of HPLC eluent (n-hexane/i-PrOH = 95/5,
v/v) by shaking for 5 min. The combined organic layer was dried over Na2SO4 and measured by HPLC
for yield and ee.

4.6. Transformation with Resting Cells

R. rubra AS 2.2241 was cultivated in RM1 medium (pH 7.0) at 28 ◦C with 220 rpm speed. Cells in
the culture age of 24 h, 48 h, 72 h and 96 h were harvested by centrifugation and washed twice with
100 mM Na2HPO4-KH2PO4 buffer (pH 7.0). Approximately 3 g of resting cells of 24-h-grown age was
suspended in 10 mL of Na2HPO4-KH2PO4 buffer with the required pH (pH 6.0, 7.0 and 8.0) containing
0.5 g of glucose and 10 mM 1-(3-bromophenyl)ethanone (1b). The reaction mixtures were shaken
(220 rpm) at the given temperatures (20 ◦C, 25 ◦C and 35 ◦C) for 24 h and stopped by centrifugation at
4000 rpm and at 4 ◦C for 20 min to remove the cells. The supernatant (2 mL) was saturated with NaCl
followed by extraction with 2 × 2 mL of HPLC eluent (n-hexane/i-PrOH = 95/5, v/v) by shaking for
5 min. The combined organic layer was dried over Na2SO4 and measured by HPLC for yield and ee.

Resting cells of 48 h-, 72 h- and 96-h-grown ages were also suspended in 10 mL Na2HPO4-KH2PO4

buffer (pH 7.0, 100 mM) containing 0.5 g glucose and 10 mM of 1-(3-bromophenyl)ethanone (1b).
The reaction mixtures were shaken (220 rpm) at 25 ◦C for 24 h and stopped by centrifugation at
4000 rpm and at 4 ◦C for 20 min to remove cells. The supernatant (2 mL) was saturated with NaCl
followed by extraction with 2 × 2 mL of HPLC eluent (n-hexane/i-PrOH = 95/5, v/v) by shaking for
5 min. The combined organic layer was dried over Na2SO4 and measured by HPLC for yield and ee.

4.7. Recyclability

Reactions were carried out with 10 mM substrate 1b in 10 mL of Na2HPO4-KH2PO4 buffer
(100 mM, pH 7.0) containing 0.5 g of glucose and 3 g of resting cells of 48-h-grown age, shaken at
25 ◦C for 24 h. At the end of the reaction, the cells were centrifuged at 4000 rpm for 20 min to be
separated from the reaction mixture, then washed by Na2HPO4-KH2PO4 buffer (100 mM, pH 7.0) and
resuspended in 10 mL of the same buffer containing the same substrates and glucose. The reaction
mixture (2 mL of supernatant separated from cells) was saturated with NaCl followed by extraction
with 2 × 2 mL of HPLC eluent (n-hexane/i-PrOH = 95/5, v/v) by shaking for 5 min. The combined
organic layer was dried over Na2SO4 and measured by HPLC for yield and ee.

4.8. General Methods for Resting Cell Biotransformation

Reactions were performed in 50-mL screw-capped glass vials to prevent evaporation of the
substrate/product. Shaking was performed in a heated ground-top shaker at 25 ◦C with 220 rpm.
Approximately 3 g of resting cells of 48-h-grown age (wet cells) were resuspended in 10 mL of
Na2HPO4-KH2PO4 buffer (100 mM, pH 7.0) containing 0.5 g of glucose and 10 mM 1a–1n. After
24 h, the reaction was stopped by centrifugation at 4000 rpm and at 4 ◦C for 20 min to remove cells.
The supernatant (2 mL) was saturated with NaCl followed by extraction with 2 × 2 mL of HPLC
eluent (n-hexane/i-PrOH = 95/5, v/v) by shaking for 5 min. The combined organic layer was dried
over Na2SO4 and measured by HPLC for yield and ee.
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4.9. Preparative-Scale Synthesis of Enantiomeric β-Phenylalcohols (S)-2a–2i, (S)-2m and (S)-2n by
Resting Cells

For isolation and characterization of the bioreduction product, the reaction was performed
on a preparative scale: 300 g resting cells of R. rubra AS 2.2241 were resuspended in 1000 mL of
Na2HPO4-KH2PO4 buffer (100 mM, pH 7.0) with 50 g glucose and 10 mM of each substrate (1a–1i,
1m and 1n). The reaction mixture was incubated at 25 ◦C and shaken at 220 rpm for 24 h. The cells
were removed by centrifugation and the supernatant was saturated with NaCl. The supernatant
was extracted with EtOAc (1000 mL × 3). The organic phases were washed with brine, dried over
Na2SO4, filtered and concentrated in vacuo. The residue was purified by flash chromatography on
silica gel (eluent: EtOAc/PE 1:20) to give the enantiomerically pure alcohols 2a–2i, 2m, 2n. The isolated
yield and ee of preparative-scale are comparable to those obtained from screening biotransformations.
The spectroscopic data (1H and 13 C NMR, and HPLC retention times) of enantiomerically alcohols
2a–2i, 2m and 2n are in agreement with those obtained for racemic forms, as described in the
Supplementary Materials.

4.10. Assay Methods

Reaction products were analysed by chiral HPLC analysis using a Shimadzu LC-10AT VP series
(Tokyo, Japan) and a Shimadzu SPD-M10Avp photo diode array detector (190–370 nm) with a Chiralcel
AD-H column [eluent: n-hexane/i-PrOH (95:5, v/v), flow rate: 0.5 mL/min, column temperature 25 ◦C].
The yields (quantified using calibration curves) and product ee values of analytes were determined
by chiral HPLC analyses according to the following retention time data: 1-(2-bromophenyl)ethanone
(1a) [1a, 11.85 min; (R)-2a, 12.71 min (S)-2a, 13.23 min], 1-(3-bromophenyl)ethanone (1b) [1b,
10.66 min; (S)-2b, 16.39 min; (S)-2b, 17.26 min], 1-(3-bromophenyl)ethanone (1c) [1c, 11.21 min;
(S)-2c, 16.83 min; (R)-2c, 17.99 min], 1-(2-nitrophenyl)ethanone (1d) [1d, 12.54; (R)-2d, 21.33 min;
(S)-2d, 22.63 min], 1-(3-nitrophenyl)ethanone (1e) [1e, 21.14 min; (R)-2e, 26.25 min; (S)-2e,
27.06 min], 1-(3-nitrophenyl)ethanone (1f) [1f, 20.24 min; (S)-2f, 35.54 min; (R)-2f, 38.20 min],
1-(2-(trifluoromethyl)phenyl)ethanone (1g) [1g, 12.49 min; (R)-2g, 11.83 min; (S)-2g, 12.34 min],
1-(3-(trifluoromethyl)phenyl)ethanone (1h) [1h, 11.13 min; (S)-2h, 14.06 min; (R)-2h, 15.57 min],
1-(4-(trifluoromethyl)phenyl)ethanone (1i) [1i, 11.68 min; (S)-2i, 16.55 min; and (R)-2i, 17.79 min],
1-(2,4-dichlorophenyl)ethanone (1m) [1m, 15.09 min; (R)-2m, 19.09 min; (S)-2m, 21.26 min],
1-(3,4-dichlorophenyl)ethanone (1n) [1n, 12.39 min; (R)-2n, 12.79 min; and (S)-2n, 13.67 min].

The optical rotations of products isolated from the biocatalytic reactions were determined in
a 1-dm cuvette using a Perkin-Elmer model 241 polarimeter and were referenced to the Na–D
line. The experimental and reported data are listed below: (S)-2a, [α]20

D = −62.4 (c 1.00, CHCl3)
{(S)-1-(2-bromophenyl)ethanol [α]27

D = −29.8 (c 0.68, CHCl3) [42]}; (S)-2b, [α]20
D = −43.9 (c 1.00, CHCl3)

{(S)-1-(3-bromophenyl)ethanol [α]25
D = −27.6 (c 1.00 in CHCl3) [35]}; (S)-2c, [α]20

D = −17.3 (c 1.00,
MeOH, {(S)-1-(4-bromophenyl)ethanol [α]21

D = −20.6 (c 1.07, MeOH) [39]}; (S)-2d, [α]20
D = +64.9 (c 0.1,

MeOH) {(S)-1-(2-nitrophenyl)ethanone [α]25
D = +18.5 (c 0.23, MeOH) [40]}; (S)-2e, [α]20

D = −88.5 (c 0.1,
CHCl3) {(S)-1-(3-nitrophenyl)ethanone [α]25

D = −20.5 (c 1.0, CHCl3) [40]}; (S)-2f, [α]20
D = −67.2 (c 0.1,

CHCl3) {(S)-1-(4-nitrophenyl)ethanone [α]25
D = −20.5 (c 1.2, CHCl3) [40]}; (S)-2g, [α]20

D = −43.1 (c 0.1,
MeOH) {(S)-1-(2-Trifluoromethylphenyl) ethanol [α]26

D = −37.7 (c 1.0, CH3OH) [42]}; (S)-2h, [α]20
D =

−55.1 (c 0.2, MeOH) {(S)-1-(3-(trifluoromethyl)phenyl)ethanol [α]25
D = −21.9 (c 1.40, MeOH) [35]};

(S)-2i, [α]20
D = −62.2 (c 0.2, CHCl3) {(S)-1-(4-(trifluoromethyl)phenyl)ethanol [α]25

D = −33.7 (c 5.52,
CHCl3) [35]}; (S)-2m, [α]20

D = −75.05 (c 0.2, CHCl3) {(S)-1-(2,4-dichlorophenyl)ethanol [α]25
D = −52.4

(c 0.55, CHCl3) [43]}; (S)-2n, [α]20
D = −30.0 (c 0.3, CHCl3) {(R)-1-(3,4-dichlorophenyl)ethanol [α]20

D =
+35.8 (c 1.00, CHCl3) [41]}.
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Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/16/2/62/s1. The
NMR spectra and HPLC spectra of all the compounds are shown.
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Abstract: Strain B-9, which has a 99% similarity to Sphingosinicella microcystinivorans strain Y2,
is a Gram-negative bacterium with potential for use in the degradation of microcystin-related
compounds and nodularin. We attempted to extend the application area of strain B-9 and applied it
to mycotoxins produced by fungi. Among the tested mycotoxins, only ochratoxin A was completely
hydrolyzed to provide the constituents ochratoxin α and L-phenylalanine, and levels of fumonisin
B1 gradually decreased after 96 h. However, although drugs including antibiotics released into
the aquatic environment were applied for microbial degradation using strain B-9, no degradation
occurred. These results suggest that strain B-9 can only degrade amino acid-containing compounds.
As expected, the tested compounds with amide and ester bonds, such as 3,4-dimethyl hippuric acid
and 4-benzyl aspartate, were readily hydrolyzed by strain B-9, although the sulfonamides remained
unchanged. The ester compounds were characteristically and rapidly hydrolyzed as soon as they
came into contact with strain B-9. Furthermore, the degradation of amide and ester compounds
with amino acids was not inhibited by the addition of ethylenediaminetetraacetic acid (EDTA),
indicating that the responsible enzyme was not MlrC. These results suggest that strain B-9 possesses
an additional hydrolytic enzyme that should be designated as MlrE, as well as an esterase.

Keywords: microcystin-degrading bacteria; mycotoxin; protease; esterase; inhibitor

1. Introduction

Microcystins (MCs) are typical compounds produced by cyanobacteria, such as Microcystis,
Anabaena, and Planktothrix [1]. They are cyclic heptapeptides showing potent hepatotoxicity and
tumor-promoting activity [1]. In the environment, there are many bacteria which work to degrade such
hazardous and harmful compounds. The first MC-degrading bacterium was isolated and identified as
a Sphingomonas strain (ACM-3962) in 1994 [2]. Similar bacteria capable of degrading MC were reported
by Dziga et al. [3]. As per their review [3], many MC-degrading microorganisms have been found
and identified, and the corresponding genetic aspects with respect to MC degradation have been
studied. However, in related published papers, no substrates other than MCs have been applied [4].
The purpose of the present study is to elucidate the inherent function and role of MC-degrading
microorganisms in the aquatic environment.
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Strain B-9, isolated from Lake Tsukui, Japan, exhibits degradation activity against MCs [1].
This strain belongs to the genus Sphingosinecella sp., and, based on the 16S rDNA sequence
(GenBank accession no. AB084247), has 99% similarity to Sphingosinecella microcystinivorans strain
Y2, a type of MC-degrading bacteria [5]. The Sphingomonas sp. strain ACM-3962 [2] was the
first strain reported to degrade MCs. The cloning and molecular characterization of four genes
from strain ACM-3962 revealed the presence of three hydrolytic enzymes (MlrA, MlrB, and MlrC),
together with a putative oligopeptide transporter (MlrD) [6,7]. The three hydrolytic enzymes
were putatively characterized as metalloproteases (MlrA and MlrC) or serine proteases (MlrB).
The microcystinase MlrA catalyzes the initial ring opening of microcystin-LR (MC-LR) at the
(2S,3S,8S,9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4(E),6(E)-dienoic acid (Adda)-Arg
peptide bond to give linearized MC-LR (Adda-Glu-Mdha-Ala-Leu-β-MeAsp-Arg). This further
degrades to Adda-Glu-Mdha-Ala by MlrB, and the third enzyme, MlrC, hydrolyzes the tetrapeptide
into smaller peptides and amino acids [6–8]. In terms of advancements, recombinant MlrA and MlrC
have been prepared, and the degradation scheme has been almost completely verified [9,10]. The use
of typical protease inhibitors, such as ethylenediaminetetraacetic acid (EDTA) and 1,10-phenanthroline,
results in the accumulation of linear MC-LR and the tetrapeptide, which allows for the classification of
the enzymes MlrA and MlrC as metalloproteases, [6,7]. Meanwhile, phenylmethylsulfonyl fluoride
(PMSF) characterizes MlrB as a possible serine protease [6,7].

We extended the area of application of strain B-9 for bioremediation and applied it to the
secondary fungal metabolites of mycotoxins that may have mutagenic, carcinogenic, cytotoxic,
and endocrine-disrupting effects. These substances frequently contaminate agricultural commodities
despite efforts for prevention, so successful detoxification methods are needed. The application of
microorganisms to degrade mycotoxins is a possible strategy that shows potential for example in food
and feed processing [11]; in antibiotics used in human and veterinary medicine (which can enter the
environment via wastewater treatment plant effluents, hospitals, and processing plant effluents); in the
application of agricultural waste and biosolids to fields; and in the case of leakage from waste-storage
containers and landfills [12,13]. Such antibiotic pollution may facilitate the development and spread of
antibiotic resistance [4].

Strain B-9 degrades MC-LR, the most toxic of the MCs, within 24 h [14,15]. After the discovery
of strain B-9, we advanced our research on the degradation of the following compounds: non-toxic
cyanobacterial cyclic peptides that are structurally different from MCs [16]; representative cyclic peptides
(antibiotics) produced by bacteria [17]; physiologically-active cardiovascular and neuropeptides [18];
and the glucagon/vasoactive intestinal polypeptide (VIP) family of peptides [19]. The aforementioned
experiments [17–19] confirmed that strain B-9 could degrade the tested peptides completely. During
the application of strain B-9 to remove mycotoxins and drugs released in the aquatic environment, we
obtained interesting results concerning the function of this strain. The purpose of this study was to
demonstrate the additional hydrolytic enzymes (such as protease and/or esterase) of strain B-9.

2. Results

2.1. Mycotoxin and Drugs with Amide, Ester, and Sulfonamide Bonds

As already mentioned [14,15], strain B-9 can degrade the phycotoxins microcystin and nodularin,
as well as non-toxic cyclic peptides and linear peptides. In this study, we applied strain B-9 to
mycotoxins. We monitored the degradation behavior of the five mycotoxins using HPLC and LC/MS.
No degradation was observed in zearalenone, deoxynivalenol, or patulin, while the peak of ochratoxin
A completely disappeared (Figure 1). The peak of fumonisin B1 reduced to a certain extent after 96 h
(Figure S1). Figure 1 shows (a) HPLC chromatograms; (b) total ion chromatograms, and selected ion
monitoring (SIM) (c) at m/z 166.1 and (d) at m/z 257.0 of the reaction products of ochratoxin A by
microbial degradation using strain B-9 at 0 h. Although ochratoxin A appeared at 18.7 min in the HPLC
chromatogram, such a peak was not observed in the data at 0 h (Figure 1A). It was found that the peak
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at 20.28 min was derived from strain B-9 itself by comparison of the chromatograms of ochratoxin A
and a mixture of the ochratoxin A and strain B-9 broth. Consequently, the peaks at 3.66 and 13.78 min
were derived from ochratoxin A, which corresponded to phenylalanine and ochratoxin α, respectively
(Figure 2). After 96 h, the latter was still observed, whereas the presence of the former was significantly
reduced (Figure 1B).

Figure 1. Degradation behavior of ochratoxin A at (A) 0 h and (B) 96 h after microbial degradation by
strain B-9. (a) HPLC chromatograms; (b) total ion chromatograms, and selected ion monitoring (SIM)
(c) at m/z 166.1 and (d) m/z 257.0 of the reaction products of ochratoxin A.

Figure 2. Microbial degradation of ochratoxin A (molecular weight (MW): 403.0) using strain B-9 to
provide phenylalanine (MW: 165.1) and ochratoxin α (MW: 256.0).

We tried to degrade drugs including antibiotics released in the aquatic environment using strain
B-9 and selected the following drugs with amide, ester, and sulfonamide bonds: oxytetracycline (OTC),
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sulphaminomethoxime, sulfadimethoxime, oseltamivir, crotamiton, N,N-diethyl-m-toluamide, and
acetaminophen. Although these were treated in the same manner as the mycotoxins, no degradation
was observed (data not shown). These results suggested that strain B-9 can degrade only amino
acid-containing compounds.

2.2. Amino Acid-Containing Compounds (Amides, Esters, and Sulfonamides)

The following commercially available amino acid-containing compounds with different bonds
were selected. Amides: 3,4-dimethylhippuric acid, D- and L-N-acetylphenylalanine, N-carboben
zoxy-L-phenylalanine-L-phenylalanine, and L-leucine-2-naphthylamide; esters: L-serine benzyl
ester, and 4-benzyl L-aspartate; and sulfonamides: N-(p-toluenesulfonyl)-L-phenylalanine, and
N-(1-naphthalenesulfonyl)-L-phenylalanine (Figure 3). L-Leucine-2-naphthylamide was treated in the
same manner as the mycotoxins. The degradation proceeded smoothly and the starting material peak
disappeared within 3 h (Figure 4a). A new peak was formed in the HPLC chromatogram. LC/MS
showed that the starting material peak appeared after 18.13 min and the new peaks at 2.63 and
9.41 min were detected at 3 h (Figure 5). These peaks were determined to be 2-naphthylamine
and leucine by selected ion chromatograms (SIM) at m/z 144.1 and m/z 132.03, respectively.
The results indicated that L-leucine-2-naphthylamide was subjected to microbial degradation using
strain B-9 to provide 2-naphthyl amine and leucine. As shown in Figure 4, the remaining amide
compounds were also degraded and characteristic degradation behavior was observed. In addition,
3,4-dimethylhippuric acid was similarly degraded in the case of L-leucine-2-naphthylamide (Figure 4b).
While N-acetyl-L-phenylalanine disappeared within 24 h, the D-amino acid derivative continued
to appear at 96 h (Figure 4c,d). In the case of N-carbobenzoxy-L-phenylalanine-L-phenylalanine,
the starting material peak disappeared as soon as it came into contact with strain B-9 (Figure 4e).
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Figure 3. Structures of the tested amino acid-containing compounds. Amides: 3,4-dimethylhip
puric acid, D- and L-N-acetylphenylalanines, N-carbobenzoxy-L-phenylalanine-L-phenylalanine, and
L-leucine-2-naphthylamide; esters: serine benzyl ester, and 4-benzyl aspartate; and sulfonamides:
N-(1-naphthalenesulfonyl)-phenylalanine, and N-(p-toluenesulfonyl)-L-phenylalanine.
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Figure 4. Time courses for the degradation of the tested compounds by strain B-9. (a) L-leucine-2-naph
thylamide; (b) 3,4-dimethylhippuric acid; (c) N-acetyl-L-phenylalanine; (d) N-acetyl-D-phenyl alanine;
and (e) N-carbobenzoxy-L-phenyl-L-phenylalanine.

Figure 5. Selected ion chromatograms (SIMs) (a) at m/z 257.1 at 0 h; (b) at m/z 144.1 at 0 h; and (c) at
m/z 132.03 at 3 h for reaction products of L-leucine-2-naphthylamide on microbial degradation using
strain B-9.

289



Mar. Drugs 2018, 16, 50

There was a common degradation behavior of the tested ester compounds, in which the starting
material peaks disappeared as soon as strain B-9 came into contact with the compounds, as shown in
Figure 6a,b. The resulting benzyl alcohol continued to be detected by LC/MS during the experiment
(data not shown). Figure 6c,d show the degradation behavior of the sulfonamide compounds.
These compounds could not be degraded by strain B-9 during the experimental period.
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Figure 6. Time courses for the degradation of the tested compounds by strain B-9. (a) L-serine
benzyl ester; (b) 4-benzyl L-aspartate; (c) N-(1-naphthalenesulfonyl)-L-phenylalanine; and (d)
N-(p-toluenesulfonyl)-L-phenylalanine.

2.3. Inhibition of Hydrolysis of Amino Acid-Containing Compounds Using EDTA and PMSF

When inhibitors such as EDTA or PMSF were used at 10-mM concentrations to inhibit the
degradation of MCs, the microbial degradation was effectively inhibited. Consequently, the concentration
was set at 10 mM in this study. To check the inhibitory activity of the prepared solution, MC-LR
was subjected to the microbial degradation in the presence or absence of the inhibitor. While MC-LR
(22.7 min) and the resulting tetrapeptide (20.9 min) disappeared within 24 h in the HPLC chromatogram
without the inhibitor (Figure S2A), the MC-LR disappeared and the tetrapeptide continued to appear
even after 72 h in the HPLC chromatogram with the inhibitor (Figure S2B). These results were
consistent with our previous findings that EDTA inhibits MlrC. Figure 7 shows the time course
of the degradation using EDTA and the tested compounds. These were: (a) 3,4-dimethylhippuric
acid; (b) N-carbobenzoxy-L-phenyl-L-phenylalanine; (c) L-leucine-2-naphthylamide; (d) 4-benzyl
L-aspartate; and (e) L-serine benzyl ester. They showed a common degradation behavior in
that the microbial degradation of the amide and ester compounds using strain B-9 was not
inhibited by EDTA. These results indicated that the degradation mentioned above was not related
to MlrC. In the case of PMSF, the following compounds tested positive: 3,4-dimethylhippuric
acid; L-leucine-2-naphthylamide; and 4-benzyl-L-aspartate; while other compounds tested negative:
N-carbobenzoxy-L-phenylalanine-L-phenylalanine and a-serine benzyl ester. No definitive conclusive
information was obtained.
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Figure 7. Time courses for the degradation of the tested compounds by B-9 in the presence of
ethylenediaminetetraacetic acid (EDTA): (a) 3,4-dimethylhippuric acid; (b) N-carbobenzoxy-L-phenyl-L-
phenylalanine; (c) L-leucine-2naphthyl amide; (d) 4-benzyl L-aspartate; and (e) L-serine benzyl ester.
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3. Discussion

Strain B-9, which has 99% similarity to Sphingosinicella microcystinivorans strain Y2 [5],
is Gram-negative and has, in several studies, shown promise for the degradation of MC-related
compounds and nodularin [14,15]. Subsequently, we applied strain B-9 to other types of substrates,
such as cyanobacterial peptides including depsipeptides [16], and bacterial cyclic peptides including
depsipeptides [16], which are structurally different from the MCs and nodularin. Based on these
results, the hydrolytic behavior using this strain is suggested as follows: (1) the reaction essentially
occurs at a peptide bond in a cyclic peptide moiety to give a linearized peptide, which is more quickly
hydrolyzed compared to their original ones; (2) strain B-9 primarily hydrolyzes an ester bond in a
depsipeptide, in which the resulting peptides are further hydrolyzed; (3) a cyclic peptide is hydrolyzed
at the acyclic part, and no further reaction occurs; and (4) the resulting linearized peptide is more
quickly hydrolyzed compared to the cyclic one. In some cases, it is hard to detect the degraded
peptides or amino acids due to rapid hydrolysis [16].

To confirm these observations and to further investigate the hydrolytic activities of the strain,
we extended our study to physiologically active peptides such as neuropeptides and cardiovascular
peptides [18]. The tested peptides were classified into two groups: (1) linear peptides, and (2) cyclic
peptides with a loop formed by disulfide bond formation. The linearized peptides degraded faster than
the loop-containing peptides because the loop formed by the disulfide bond was regarded as one of
the degradation-resistant factors. Hydrolysis of the peptides occurred through the cleavage of various
peptide bonds, and strain B-9 may bear similarities to the mammalian neutral endopeptidase (NEP)
24.11, a 94-kDa zinc metalloendoprotease widely distributed in humans and involved in the processing
of peptide hormones due to its broad selectivity [20]. In a separate study, we observed the degradation
behavior of the linear peptides—the glucagon/VIP family peptides (3200–5000 Da)—by strain B-9 in
the absence or presence of two protease inhibitors, EDTA and PMSF. Consequently, we confirmed that
one of the B-9 proteases (presumed to be MlrB), which is not inhibited by EDTA, cleaved bioactive
peptides in the manner of an endopeptidase similar to NEP. Another protease, which is not inhibited
by PMSF, corresponded to MlrC and cleaved the resulting middle-sized peptides to smaller peptides
or amino acids [19].

In the present study, we attempted to extend the applications of strain B-9, applying it to
mycotoxins produced by fungi. Among the tested mycotoxins, only ochratoxin A was completely
hydrolyzed to provide the constituents ochratoxin α and L-phenylalanine (Figure 2), and fumonisin B1
levels gradually decreased to a certain extent after 96 h due to the formation of a new peak at 12.7 min
(Figure S1). However, although drugs including antibiotics released into the aquatic environment were
applied for microbial degradation using strain B-9, no degradation occurred. These results suggest that
strain B-9 can only degrade amino acid-containing compounds. As expected, the tested compounds
with amide and ester bonds were readily hydrolyzed by strain B-9, although the sulfonamides were
not degraded (Figures 4 and 6). In particular, the ester compounds were characteristically and rapidly
hydrolyzed as soon as they came into contact with strain B-9 (Figure 6). Furthermore, the degradations
of the amide and ester compounds containing amino acids were not inhibited by the addition of EDTA,
suggesting that the responsible enzyme is not MlrC.

It is understood that MlrC is found in the final stage in the microbial degradation of MC, catalyzing
the degradation from linearized MC and tetrapeptide to smaller peptides and amino acids. Indeed,
Dziga et al. reported the role of MlrC in MC degradation, in which linearized MC and tetrapeptides
could be degraded to provide Adda by the cleavage of a peptide bond between Adda and Glu by
a recombinant MlrC [14]. These results suggest that strain B-9 possesses an additional hydrolytic
enzyme that should be designated as MlrE. Furthermore, the results of the present study suggest that
strain B-9 possesses an esterase. As mentioned above, strain B-9 degraded depsipeptides such as
aeruginosins and mikamycin A, in which the cleavage at the ester bond was predominant over that of
other peptide bonds [16]. However, there may be a possibility that known proteases are responsible
for the ester bond cleavage.
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Since their discovery in 1994, it has been believed that MC-degrading microorganisms are only
responsible for MC degradation [2]. Although many reports on MC-degrading microorganisms
have appeared since then [3], few papers have described their substantial function and role in the
aquatic environment. As reported by our group, one of the MC-degrading microorganisms, strain B-9,
is applicable to structurally diverse peptide compounds, suggesting a different function. We should
investigate the detailed function of each hydrolytic and transporter enzyme, as well as a system
composed of these enzymes to understand their inherent roles under aquatic conditions.

4. Materials and Methods

4.1. Chemicals

As protease inhibitors, EDTA-2Na (purity: >99.5%) and PMSF (purity: >98.5%), were purchased
from Dojindo Laboratories (Kumamoto, Japan) and Sigma-Aldrich Japan (Tokyo, Japan), respectively.
Acetonitrile (ACN, LC/MS grade, purity: 99.8%), methanol (MeOH, LC/MS grade, purity: 99.7%),
ethanol (EtOH, special grade, purity: 99.5%), formic acid (FA, LC/MS grade, purity: 99.5%), acetic
acid (AcOH, LC/MS grade, purity: 99.5%), trifluoroacetic acid (TFA, special grade, purity: 98.0%),
ammonium carbonate (special grade), and 28% ammonia solution (NH4OH, special grade) were
purchased from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). Water used for the preparation
of all the solutions was purified using a Milli-Q apparatus (Millipore, Billerica, MA, USA); LC/MS
analysis used ultrapure water from Wako. The mycotoxins (ochratoxin A, fumonisin B1, zearalenone,
deoxynivalenol, patulin) were purchased from Sigma (St. Louis, MO, USA). Drugs with amide, ester,
and sulfonamide bonds and amino acid-containing compounds were obtained from the following
companies: Aldrich and Sigma Japan (Tokyo, Japan), Nacalai Tesque (Kyoto, Japan), Tokyo Chemical
Industry (Tokyo, Japan), and Wako Pure Chemical Industries, Ltd. (Osaka, Japan).

4.2. MC-Degrading Bacterium

Bacterial strain B-9, isolated from the surface water of Lake Tsukui, Kanagawa, Japan, was
previously reported to degrade various MCs and nodularin [15]. This bacterium was inoculated into
a flask containing 100 mL of Sakurai medium composed of peptone, yeast extract, and glucose, and
incubated at 27 ◦C at 200 revolutions per minute (rpm) for 3 days.

4.3. Degradation of Tested Compounds

Two milligrams of the tested compounds was dissolved in 1 mL of EtOH and 50 μL of the solution
was evaporated to dryness. One milliliter of the preincubated cell broth of strain B-9 (containing
approximately 3 × 106 colony forming units (CFU) mL−1) was added to the residue. The resulting
solution was mixed, and then incubated at 27 ◦C for 5, 15, 30, 60, and 120 min. After incubation,
50 μL of each of these mixtures was added to 50 μL of MeOH containing 0.2% FA and filtered
using an Ultrafree-MC membrane centrifuge-filtration unit (hydrophilic polytetrafluoroethylene
(PTFA), 0.20 μm, Millipore, Bedford, MA, USA) to stop the degradation and to eliminate proteins.
Each supernatant was then analyzed by HPLC and LC/MS.

4.4. Enzyme Inhibition

Enzyme inhibitors were prepared as follows: EDTA was prepared as a 200-mM stock solution
in water and was used at an assay concentration of 10 mM. PMSF was prepared as a 200-mM stock
solution in EtOH and was used at an assay concentration of 10 mM. The cell broth and required
inhibitor were preincubated at 27 ◦C for 30 min.

4.5. High-Performance Liquid Chromatography

The degradation process was monitored by HPLC-photo diode array (PDA) at 220 or 254 nm.
The system consisted of a pair of LC 10AD VP pumps, a DGU 12A degasser, a CTO 6A column oven,

293



Mar. Drugs 2018, 16, 50

an SPD 10A VP photodiode array detector, and an SCL 10A VP system controller (Shimadzu, Kyoto,
Japan). Five microliters of the filtered sample were loaded onto a TSK-gel Super ODS column (2.0 μm,
2.0 × 100 mm, TOSOH, Tokyo, Japan) at 40 ◦C. The mobile phase was 0.1% formic acid in water (A)
and 0.1% formic acid in methanol (B). The gradient conditions were initially 40–90% B for 20 min, and
the flow rate was 200 μL/min.

4.6. Liquid Chromatography/Ion Trap Mass Spectrometry

The sample, column, mobile phase, and gradient conditions were the same as those used for the
HPLC analysis (12). The LC separation was performed using the Agilent 1100 HPLC system (Agilent
Technologies, Palo Alto, CA, USA). Five microliters of the sample was filtrated using an Ultrafree-MC
membrane centrifuge filtration unit (hydrophilic PTFE, 0.20 μm, Millipore, Bedford, MA, USA) and
loaded onto a TSK-gel Super ODS column (2.0 μm, 2.0 × 100 mm, TOSOH, Tokyo, Japan) at 40 ◦C.
The mobile phase was 0.1% formic acid in water (A) and 0.1% formic acid in acetonitrile (B). The flow
rate was 200 μL/min with UV detection at 254 nm. The gradient conditions were initially 10–90%
B for 40 min. The entire eluate was directed into the mass spectrometer, where it was diverted to
waste 2.5 min after injection to avoid any introduction of salts into the ion source. The MS analysis
was accomplished using a Finnigan LCQ Deca XP plus ITMS (Thermo Fischer Scientific, San Jose,
CA, USA) equipped with an electrospray ionization (ESI) interface. The ESI conditions in the positive
ion mode were as follows: capillary temperature 300 ◦C, sheath gas flow rate 35 (arbitrary unit), ESI
source voltage 5000 V, capillary voltage 43 V, and tube lens offset 15 V. Various scan ranges were used
according to the molecular weights of the tested compounds.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/2/50/s1,
Figure S1: Total ion chromatograms (a) and (b) and selected ion monitoring (SIM) at m/z 722.4 (c) and m/z
564.3 (d) of fumonisin B1 and a reaction product by microbial degradation using B-9 at 0 h (A) and 96 h (B),
respectively, Figure S2: (A) HPLC chromatograms of MC-LR by B-9 without EDTA after 0, 6 and 24 h. (B) HPLC
chromatograms of MC-LR by B-9 with EDTA after 0, 6 and 72 h.
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Abstract: Collagenases are the most important group of commercially-produced enzymes.
However, even though biological resources are abundant in the sea, very few of these commercially
popular enzymes are from marine sources, especially from marine bacteria. We optimized the
production of marine collagenases by Pseudoalteromonas sp. SJN2 and investigated the antioxidant
activities of the hydrolysates. Media components and culture conditions associated with marine
collagenase production by Pseudoalteromonas sp. SJN2 were optimized by statistical methods,
namely Plackett–Burman design and response surface methodology (RSM). Furthermore, the marine
collagenases produced by Pseudoalteromonas sp. SJN2 were seen to efficiently hydrolyze marine
collagens extracted from fish by-products, and remarkable antioxidant capacities of the enzymatic
hydrolysates were shown by DPPH radical scavenging and oxygen radical absorbance capacity
(ORAC) tests. The final optimized fermentation conditions were as follows: soybean powder,
34.23 g·L−1; culture time, 3.72 d; and temperature, 17.32 ◦C. Under the optimal fermentation
conditions, the experimental collagenase yield obtained was 322.58 ± 9.61 U·mL−1, which was
in agreement with the predicted yield of 306.68 U·mL−1. Collagen from Spanish mackerel bone,
seabream scale and octopus flesh also showed higher DPPH radical scavenging rates and ORAC
values after hydrolysis by the collagenase. This study may have implications for the development
and use of marine collagenases. Moreover, seafood waste containing beneficial collagen could be
used to produce antioxidant peptides by proteolysis.

Keywords: collagenase; fermentation optimization; collagen; Pseudoalteromonas; antioxidant peptides

1. Introduction

Collagen is the main component of the extracellular matrix. Collagen is the predominant
constituent of skin, tendons and cartilage and is the main organic component of bones, teeth and
corneas [1,2]. Collagen is not only a structural protein with high tensile strength, but also a protein that
affects cell differentiation, migration and attachment. Collagen is an inexpensive and resourceful meat
by-product that is used extensively as a food additive to increase the texture, water-holding capacity
and stability of several food products. The main sources of collagen, such as bovine and porcine
skin and bone, are derived from land-based animals. Recently, components of marine organisms,
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including fish skin, bone and scales, have received increasing attention as sources of collagen [3].
Additionally, with collagen being the most abundant protein in all higher organisms, collagenases
have diverse biotechnological applications [4–6].

Collagenases, a class of proteases with high specificity for collagen, can cleave peptide bonds in
collagen [7]. Collagenases are usually considered virulence factors and normally target the connective
tissue in muscle cells and other organs. On the other hand, collagenases can be used to produce bioactive
collagen peptides, which have been widely used in the pharmaceutical, food and cosmetic industries.
To date, a number of collagenases of bacterial origin have been identified and characterized, such as MCP01
from Pseudoalteromonas sp. SM9913 [8], Col H from Clostridium histolyticum [9] and collagenases from
Vibrio alginolyticus [10]. However, the productivity of most collagenases is not high enough for industrial
application. Recently, marine bacteria have become known as important sources for the identification
of novel enzymes. Compared with collagenases from land animals, marine collagenases usually have
higher catalytic efficiency towards marine collagen from fish skin and bone [8]. Therefore, collagenases
obtained from marine bacteria in particular have received attention owing to their diverse properties.
Simultaneously, there have been attempts to increase the production of marine-derived collagenases and
to optimize the fermentation conditions for the production of these enzymes [11].

Statistical methods such as factorial design, central composite design and response surface
methodology (RSM) have been frequently used to optimize process parameters for the production
of different kinds of enzymes [12]. Statistically-designed experiments are more effective than those
designed using classical optimization strategies because they can be used to study many variables
simultaneously with a low number of observations, saving time and expense. The Plackett–Burman
design provides a way to rapidly screen for main variables with significant effects on a specified
parameter from a large number of variables, and the information obtained can be retained for
further optimization [13,14]. Response surface methodology (RSM) can identify interactions among
various factors while requiring less experimental resources. Therefore, RSM, as a collection of
statistical techniques that are useful for designing experiments, building models, evaluating the
effects of different factors and searching for optimal conditions of studied factors for predictable
responses, has been successfully applied in many areas of biotechnology, including the protein
enzyme industry [15]. Pseudoalteromonas sp. SJN2, isolated from the inshore environment of the
South China Sea, can produce extracellular collagenases that have high catalytic efficiency. The aim of
this study was to use RSM to optimize the fermentation medium to increase collagenase production
by Pseudoalteromonas sp. SJN2. In addition, marine collagen extracted from seafood by-products
was digested by crude extracellular collagenases secreted by Pseudoalteromonas sp. SJN2, and the
antioxidant activity of hydrolysates was measured.

2. Results

2.1. Purification and Enzymatic Properties of Ps sp. SJN2 Collagenases

Collagenases SJN2 was sequentially purified using ammonium sulfate precipitation, anion
exchange and size exclusion chromatography; Col SJN2 purification is shown in Figure S1 and
Table S1 (Supplementary Material). Currently, as a highly effective feed additive, enzymes used in the
food industry are crude enzymes because the cost of pure enzymes is high and because the operation
is tedious [16]. In addition, combinations of enzymes can result in a range of possible biological
properties for the corresponding hydrolysates.

Compared with other strains isolated from the inshore environment of the South China Sea at the
same time, Pseudoalteromonas sp. SJN2 collagenases, which appear as bright strips in Figure 1a Line 1,
have some advantages in terms of the number and brightness of the strips, which suggest a strong ability
to hydrolyze collagen.
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The effects of ions on the enzymatic activities of Ps sp. SJN2 collagenases was measured, as shown
in Figure 1b. Some ions (Zn2+, Mg2+ and Ca2+; at lower concentrations; red column) were seen to
promote Ps sp. SJN2 collagenase activity or were less toxic to strain Ps sp. SJN2 than EDTA and Cd2+.

Swelling of insoluble collagen after hydrolysis by Ps sp. SJN2 collagenases was observed (Figure 1c–g).
With increasing enzyme hydrolysis time, the porosity of the insoluble collagen increased. As observed by
SEM, the collagen structure in the control group remained compact and tough, while in the experimental
group, the bulky collagen fiber bundles changed into small dispersed collagen fibers (Figure 1e),
and the sub-fibers (Figure 1f) were exposed, which indicated the collagen-hydrolysis ability of Ps sp.
SJN2 collagenases.

Figure 1. Enzymatic properties of Pseudoalteromonas sp. SJN2 collagenases. (a) Comparison of catalytic
ability on gelatin of collagenases from Ps sp. SJN2, Ps sp. SBN2-2, Ps sp. SGS2-2, Ps sp. SWN-1, Ps sp.
SWN-2, Vibrio sp. HK3-2, Vibrio sp. SJN4, and Planococcus sp. SYT1; (b) effect of ions against Ps sp.
SJN2 collagenases’ enzyme activity, red column for 2 mM, blue column for 10 mM; (c) swelling effect
of Ps sp. SJN2 collagenase on bovine collagen type I: Tube 1: 200 μL 20 mM PBS treated for 24 h at
37 ◦C; Tubes 2–5: 200 μL Ps sp. SJN2 crude enzyme treated for 1 h, 5 h, 12 h and 24 h; (d–g) swelling of
insoluble collagen was observed under SEM, the (d) control group with 8000× magnification and (e–g)
the experimental group with 8000×, 20,000× and 250,000× magnification.
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2.2. Catalytic Efficiency of Collagenases from Ps sp. SJN2

Compared with commercially available terrestrial Col H, collagenases from Ps sp. SJN2, as enzymes
from marine sources, have a competitive edge in the degradation of collagen from marine-biological
sources. Figure 2a shows the hydrolysis of fish skin collagen by collagenases from Ps sp. SJN2
into smaller molecular collagen-peptides than those produced using Col H, after a 1-min reaction at
45 ◦C with both collagenases having low concentrations (2 mg·mL−1 Col H and 0.2 mg·mL−1 crude
enzymes from Ps sp. SJN2), which indicated that crude collagenases from Ps sp. SJN2 had higher
catalytic efficiency than Col H. In the degradation of marine collagen, marine collagenases exhibit
properties such as low enzyme concentrations and rapid catalysis, and the same results can be obtained
for the degradation of collagen from fish scales (Figure 2b) and fish bone (Figure 2c). This result
showed that crude collagenases from Ps sp. SJN2 could be more suitable for the digestion of marine
collagen, which was seen to be spliced into small polypeptide fragments. Improving the production of
collagenases from Ps sp. SJN2 would be useful for future application of this enzyme.

Figure 2. Differences between Col H and collagenases from Ps sp. SJN2 in the degradation of fish
collagen and the antioxidative test. (a–c) Fish-collagen substrates from skin, scale and bone after
hydrolysis are shown in Line 1: fish collagen; Line 2: fish collagen hydrolysed by Col H with a reaction
time of 1 min; Line 3: Col H; Line 4: fish collagen hydrolysed by collagenases from Ps sp. SJN2 at a
reaction time of 1 min; Line 5: collagenases from Ps sp. SJN2. (d,e) DPPH scavenging of five collagen
peptides (d) and the extracted collagen (e). The reaction concentration of extracted collagen for the
black column is 0.4 mg·mL−1, and that for the blue column is 0.2 mg·mL−1. The green is vitamin C
at 0.1 mg·mL−1, as a positive control. (f–i) ORAC assay for four kinds of marine collagen peptides:
(f) octopus flesh, (g) seabream scale, (h) Spanish mackerel bone and (i) salmon skin. The red curve is
vitamin C at 100 μg·mL−1, as a positive control, while the black is PBS, as a negative control. For each
substrate, the blue curve is 400 μg·mL−1 of hydrolysed collagen; the purple curve is 200 μg·mL−1;
the green curve is 100 μg·mL−1; and the navy curve is 50 μg·mL−1.
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2.3. Initial Screening of Significant Fermentation Conditions

The effects of temperature, initial pH, seed inoculation, culture time, corn meal concentration,
bran liquid concentration and soybean meal concentration, which are the seven variables associated
with collagenase production in the Plackett–Burman design, are shown in Tables 1 and 2. A random
experimental program was devised by using Design-Expert-8.0.6 software. Analysis of variance
(ANOVA) results are listed in Table 3.

Table 1. Variables tested for collagenase production using Plackett–Burman designs and the levels for
each variable.

Variables Component Unit Lower Level (−1) Higher Level (+1)

X1 Temperature ◦C 18.0 27.0
X2 pH - 7.5 8.5
X3 Inoculum μL 500.0 750.0
X4 Culture time d 4.0 6.0
X5 Corn meal g·L−1 20.0 30.0
X6 Bran liquid mL·L−1 10.0 15.0
X7 Soybean powder g·L−1 20.0 30.0
X8 Dummy variable - - -
X9 Dummy variable - - -
X10 Dummy variable - - -
X11 Dummy variable - - -

Table 2. Plackett–Burman design matrix with corresponding results.

Run
Variables Collagenase

Activity U·mL−1
X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11

1 −1 +1 −1 +1 +1 −1 +1 +1 +1 −1 −1 230.53
2 −1 −1 −1 +1 −1 +1 +1 −1 +1 +1 +1 235.50
3 −1 +1 +1 −1 +1 +1 +1 −1 −1 −1 +1 273.33
4 +1 −1 +1 +1 −1 +1 +1 +1 −1 −1 −1 162.23
5 +1 +1 +1 −1 −1 −1 +1 −1 +1 +1 −1 168.39
6 +1 −1 +1 +1 +1 −1 −1 −1 +1 −1 +1 127.82
7 +1 −1 −1 −1 +1 −1 +1 +1 −1 +1 +1 225.40
8 +1 +1 −1 −1 −1 +1 −1 +1 +1 −1 +1 202.29
9 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 215.47

10 −1 −1 +1 −1 +1 +1 −1 +1 +1 +1 −1 218.72
11 +1 +1 −1 +1 +1 +1 −1 −1 −1 +1 −1 147.17
12 −1 +1 +1 +1 −1 −1 −1 +1 −1 +1 +1 173.70

Table 3. Variance analysis of the Plackett–Burman linear model.

Source df

Collagenase Activity of Fermented Broth a

Sum of Squares Coefficient Estimate Mean Square F-Value
p-value

Probability > F

Model a 7 18,796.53 - 2685.22 9.770 0.0219 b

X1 1 8213.77 −26.16 8213.77 29.880 0.0054 b

X2 1 8.79 0.86 8.79 0.032 0.8668
X3 1 1455.41 −11.01 1455.41 5.290 0.0829
X4 1 4280.74 −18.89 4280.74 15.570 0.0169 b

X5 1 356.35 5.45 356.35 1.300 0.3184
X6 1 799.01 8.16 799.01 2.910 0.1634
X7 1 3682.46 17.52 3682.46 13.400 0.0216 b

Residual 4 1099.59 - 274.90 - -
Corrected Total 11 19,896.12 - - - -

a R2 = 0.9447. b Model terms are significant.
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Mathematical analysis of this model shows that the model was significant (F-value = 9.77,
p-value = 0.0219), with a complex correlation R2 = 0.9447, indicating that the model can explain
94.47% of the experimental results. The multiple regression Equation (1) describes the mathematical
relationship between collagenase production and fermentation conditions:

Y = 198.38 − 26.16X1 + 0.86X2 − 11.01X3 − 18.89X4 + 1.45X5 + 8.16X6 + 17.52X7 (1)

For every decrease in X1, a decrease of 26.16 units in Y is predicted; a similar effect is predicted
for the other variables. This relationship between Y and X was further used in the steepest ascent
experiment. Table 3 indicates that the terms with p-values less than 0.05, i.e., X1 (temperature,
p = 0.0054), X4 (culture time, p = 0.0169) and X7 (soybean meal concentration, p = 0.0216), had relatively
significant effects on collagenase yield. Therefore, the steepest ascent experiment was designed with
the three significant variables mentioned above.

The path of steepest ascent was determined based on a decrease of 2.00 ◦C for X1 (temperature),
a decrease of 0.64 d for X4 (culture time) and an increase of 3.00 g·L−1 for X7 (soybean concentration).
The movement was generated along the path until no improvement of Y (yield of collagenases from
Ps sp. SJN2) occurred. After the first step of the coordinates, decreasing collagenase yield was
observed, as shown in Table 4. Consequently, this combination (temperature, 16 ◦C; culture time,
3.36 d; and soybean concentration, 33 g·L−1) was selected as the middle point (zero level) for a final
optimal design by response surface methodology.

Table 4. Experimental details and results of the steepest ascent design with four steps approaching the
response region.

Item
Temperature

(◦C)
Culture time

(d)
Soybean Concentration

(g·L−1)
Collagenase Activity

(U·mL−1)

Slope a −26.16 −18.89 17.52 -
Base b 18.00 4.00 30.00 -

Average c 22.50 5.00 25.00 -
Ratio d 0.017 0.034 0.034 -
	 e −2.00 −0.64 3.00 -
Base 18.00 4.00 30.00 224.66 ± 11.53

Base+	 16.00 3.36 33.00 279.18 ± 8.71
Base+2	 14.00 2.72 36.00 206.22 ± 26.47
Base+3	 12.00 2.08 39.00 195.09 ± 9.65
a Coefficient estimate in Table 3. b −1/+1 level in the Plackett–Burman design in Table 1. c Average value of the
−1 level and +1 level in Table 1. d An appropriate ratio determined by the experimenter, based on experiential
knowledge and laboratory conditions, to reasonably adjust the step coefficient in this model. e Step length, calculated
as Equation (4).

2.4. Further Optimization by Response Surface Methodology

The fermentation conditions were further explored by response surface methodology based on
central composite design. The design matrix and the corresponding results of RSM are shown in
Tables 5 and 6, and the ANOVA results of the RSM are displayed in Table 7.

Table 5. Levels of significant variables for the response surface design.

Variables Component Unit +1.68 Level +1 Level 0 Level −1 Level −1.68 Level

A Temperature ◦C 19.36 18.00 16.00 14.00 12.64
B Culture time d 4.44 4.00 3.36 2.72 2.28
C Soybean powder g·L−1 38.04 36.00 33.00 30.00 27.96
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Table 6. The matrix of the response surface experiment and the corresponding results.

Run
Variables Collagenase Activity

(U·mL−1)A B C

1 +1.68 0 0 251.13
2 +1 −1 +1 221.71
3 0 −1.68 0 187.44
4 +1 −1 −1 160.45
5 −1 +1 −1 123.73
6 0 0 0 278.35
7 0 0 0 282.97
8 +1 +1 −1 197.21
9 +1 +1 +1 302.56

10 0 +1.68 0 243.74
11 −1.68 0 0 182.53
12 0 0 0 278.07
13 0 0 0 287.85
14 0 0 −1.68 107.18
15 −1 +1 +1 214.38
16 0 0 +1.68 192.30
17 −1 −1 +1 182.51
18 −1 −1 −1 119.22
19 0 0 0 280.56
20 0 0 0 319.77

Table 7. Variance analysis of the response surface methodology.

Source df

Collagenase Activity of Fermented Brotha a

Sum of Squares Mean Square F-Value
p-value

Probability > F

Model 9 75,803.27 8422.59 35.19 0.0001 b

A 1 9356.35 9356.35 39.09 0.0001 b

B 1 4528.07 4528.07 18.92 0.0014 b

C 1 15,744.59 15,744.59 65.78 0.0001 b

AB 1 824.79 824.79 3.45 0.0931
AC 1 20.07 20.07 0.084 0.7781
BC 1 638.14 638.14 2.67 0.1335
A2 1 8823.57 8823.57 36.87 0.0001 b

B2 1 9139.01 9139.01 38.18 0.0001 b

C2 1 33,848.58 33,848.58 141.43 0.0001 b

Residual 10 2393.38 239.34 - -
Lack of Fit 5 1111.68 222.34 0.87 0.5601
Pure Error 5 1281.71 256.34 - -

Corrected Total 19 78,196.66 - - -
a R2 = 0.9694, C.V. = 7.01%. b Model terms are significant.

The adequacy of the model was assessed using ANOVA (Table 7). The coefficient of determination
(R2) was 0.9694 for collagenase production, indicating good agreement between the experimental and
predicted values [17]. The results demonstrated that the 96.94% variability in the response experiment
could be explained by this model. The R2 is always between zero and 1.0, and a value closer to
1.0 indicates a stronger model and better response. A very low value of the coefficient of variation (C.V.,
7.01%) indicated high reliability and precision of the experimental simulation. The F-value of the model
was 35.19, which implied that the model was statistically significant. The smaller the p-value, the more
significant the corresponding coefficient could be considered. The p-value of 0.0001, which is less than
0.05, suggested that the model terms were significant. These results indicated that temperature, culture
time and soybean concentration have a direct relationship with collagenase production.

A multivariate regression model with interaction terms was characterized by the following
regression Equation (2):

Y = 287.87 + 26.22A + 18.21B + 33.95C + 10.15AB + 1.58AC + 8.93BC
− 24.74A2 − 25.18B2 − 48.46C2 (2)
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where Y is the predicted collagenase production (U·mL−1) and A, B and C are the values of temperature
(◦C), culture time (d) and soybean powder concentration (g·L−1), respectively.

The three-dimensional response surface plots and two-dimensional contour plots were used to
elucidate the relationship and interaction effects of the chosen fermentation conditions for maximal
production of collagenases from Ps sp. SJN2, as shown in Figure 3. In each sketch, two variables linearly
changed within the experimental range, while the other variable remained constant at the central point.
For the two-dimensional contour plots, the shape of the contour described the interaction significance
of the paired variables, and the elliptical appearance suggested an extremely significant interaction.

Figure 3. Response surface plots (left) and two-dimensional contour plots (right) of the effects
of (a) culture time vs. temperature, (b) soybean concentration vs. temperature and (c) soybean
concentration vs. culture time on the yield of collagenases from Ps sp. SJN2.
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Figure 3a shows the response surface and the corresponding contour plot of culture time (A) vs.
temperature (B), keeping soybean concentration (C) at the zero level. It can be noticed from the surface
that the optimal yield of collagenases from Ps sp. SJN2 was observed when the culture time was
approximately at the −1 level, while the temperature was nearly at the +1 level. The two-dimensional
contour plot of culture time (A) vs. temperature (B) showed an elongated pattern, suggesting that the
interaction between culture time and temperature has a significant effect on the yield of collagenases
from Ps sp. SJN2. Similar profiles were also observed in Figure 3b,c.

The experimental data were fitted to Equation (2), and the optimal levels of the significant
variables were determined to be as follows: culture time, 3.72 d; temperature, 17.32 ◦C; and soybean
concentration, 34.23 g·L−1; with a predicted maximum production of collagenases from Ps sp. SJN2 at
306.683 U·mL−1.

2.5. Experimental Validation of the Model

The validation of the statistical model and the regression equation was conducted using the
optimized conditions. The predicted response for collagenase production was 306.68 U·mL−1, and the
observed experimental value was 322.58 U·mL−1. The experimental production was close to the
predicted response, and the yield of collagenases from Ps sp. SJN2 increased 2.2-fold compared
to the yield from the original fermentation scheme. The optimal fermentation scheme was further
examined by the continuous determination of collagenase activity by bacterial biomass evaluation and
gelatine-immersing zymography, as shown in Figure 4.

As shown in Figure 4a, the activity of the collagenases from Ps sp. SJN2 increased steadily as
Ps sp. SJN2 grew in the logarithmic-growth phase, and the activity was highest when the biomass
entered the stationary phase at approximately 72 h of cultivation time. Then, within approximately
24 h, the activity of the collagenases from Ps sp. SJN2 started to decrease, which may be explained by
the decrease in biomass over the same period or by transformation of part of collagenases into other
non-catalytic proteins. This finding affirmed that collagenase activity is related to biomass, which is
characterized by the phenomenon that collagenase activity and biomass both exhibit maximum values
at approximately 3.5 d, which is in agreement with the optimal model prediction.

Figure 4. Time course of collagenase yield vs. biomass of Ps sp. SJN2 (a) and gelatine-immersing
zymography (b).
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In Figure 4b, the gelatine-substrate immersing zymography validation showed that when the
proteases reach a maximum yield at 3.5 d, which was also proven by the time course experiment,
there were eight bright strips, which represented activated zymogen and proteases (primarily
metalloproteases and serine proteases; Figure S2, Supplementary Material) that might possess the
ability to hydrolyze collagen, which proved that the increased activity of the crude enzyme under
optimized conditions was caused by the increased yield. Furthermore, the visible strips of proteases
with high molecular weight grew progressively darker over culture time, which might partly be due
to enzyme autolysis into other mature forms.

2.6. Antioxidant Activity of the Hydrolysates

Five kinds of collagen were successfully extracted from seafood waste (salmon skin, seabream
scale and Spanish mackerel fish bone), octopus flesh and porcine skin, as shown in Figure 2e.
After hydrolysis, the collagen peptides were tested for potential antioxidant activity by DPPH
scavenging (Figure 2d) and ORAC assays (Figure 2f–i).

The scavenging of nitrogen radicals released by DPPH was affected by the concentration of
collagen peptides; the group of 0.4 mg·mL−1 reaction concentrations of collagen (black) has a
higher rate than the group of 0.2 mg·mL−1 (blue). Furthermore, the collagen peptides from Spanish
mackerel bone showed a strong scavenging rate, more than 50%, compared with the positive control,
0.1 mg·mL−1 vitamin C, at 73%, while the porcine collagen peptides are lower than 10%.

The ORAC assay was performed using four kinds of marine collagen peptides hydrolysed by
collagenases from Ps sp. SJN2. The results are shown in Figure 2f–i: the red curve is the positive
control, 100 μg·mL−1 vitamin C, and the black curve is the negative control, PBS (0.01 M). It was
noticed that all the marine peptides have the capacity to absorb the oxygen radical released by
AAPH (2,2′-Azobis(2-methylpropionamidine) dihydrochloride). When the collagen peptides were
both at low concentrations (navy curve), the absorption capacities were also weak. The absorption
capacity increased as the concentration of the collagen peptides increased, and a strong oxygen radical
absorption capacity appeared at 400 μg·mL−1 (blue curve) for collagen from seabream scales (g)
and octopus flesh (h). In addition, antioxidant activity of marine collagen-derived peptides have
been widely reported in recent years, such as those from bluefin leatherjacket, tuna, yellowfin sole,
Alaska pollock, halibut, round scad and Pacific hake [18], marine by-products of which have been
named as sources of antioxidant peptides. Although the bioactive peptides are encrypted within the
protein structure, enzymatic hydrolysis could be a useful method to obtain the peptides naturally in
an environmentally-friendly, safe and efficient manner.

3. Materials and Methods

3.1. Microorganism

The strain Pseudoalteromonas sp. SJN2 used in this study was originally isolated from the inshore
environment of the South China Sea (18◦29′198′ ′ N, 109◦34′761′ ′ E). Ps sp. SJN2 can produce certain
extracellular collagenases. SJN2 was maintained on 2216E agar slants and stored at 4 ◦C. See the
Supplementary Material for descriptions of the raw materials and inoculum preparation.

3.2. Fermentation

Bench-scale fermentation was performed in 250mL Erlenmeyer flasks containing different
concentrations of raw solution (Supplementary Material) and media components, which were tested
according to the statistical experimental design. Flasks were inoculated with seed culture and incubated
at 16 ◦C for 96 h on a rotary shaker at 180 rpm. After fermentation, the crude enzyme was purified
by centrifugation at 10,000× g for 10 min. Fermentation was carried out in triplicate, and the results
represent the average of three trials.
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3.3. Assay of Collagenase Activity and Substrate Immersing Zymography

The collagenolytic activities against bovine collagen were determined using the method provided
by Worthington Biochemical Co. (Lakewood, NJ, USA). The reaction time was 5 h for bovine insoluble
type I collagen fiber. For insoluble collagenases, one unit of enzyme releases 1 μmol of Leucine
equivalents from collagen in 1 h. Substrate immersing zymography was performed as described in our
previous studies. The bands from the SDS-PAGE gel were cut separately from each lane, immersed in
each of the pre-warmed substrate solutions and incubated for reaction at 37 ◦C for 1 h. After washing,
the gels were stained with 0.1% (w/v) Coomassie Brilliant Blue R-250 (Sangon, Shanghai, China) for
3 h and then destained with a solution containing 30% ethanol and 70% acetic acid, and destaining
was complete when bands indicating proteolytic activity were clearly visible [19].

3.4. Screening of Significant Variables by Using Plackett–Burman Designs

The Plackett–Burman experimental design was used to screen the variables that significantly
influenced collagenase production; the detailed scheme was designed by using Design-Expert Version
8.0.6 software (Stat-Ease Inc., Minneapolis, MN, USA). The Plackett–Burman design allows the
evaluation of many variables, with 1–4 dummy variables reducing the error. Each variable was
tested for two contrary levels: +1 as the high level and −1 as the low level; the level parameters should
be appropriate selected such that the strain can survive under the conditions prescribed by each level.
The Plackett–Burman experimental design is based on the first-order model as Equation (3) [13]:

Y = β0 + ∑βixi (3)

where Y is the predicted response (collagenase activity), β0 is the model intercept, βi is the linear
coefficient and xi is the level of the independent variable. This model identifies the main parameters
required for maximal collagenase production. A total of seven variables, namely temperature, initial pH
of the medium, seed inoculation, incubation time, corn meal concentration, bran liquid concentration
and soybean meal concentration, were chosen for the present study. The factors under investigation
and the levels for each factor selected in the Plackett–Burman design are illustrated in Table 1, and the
experimental matrix and results are presented in Table 2. The collagenase activity assay was carried
out in duplicate, and the average value was calculated as the response Y.

3.5. Investigation of the Shifts in the Trends of the Significant Variables Using the Path of Steepest Ascent

Frequently, the initial estimate of the optimal conditions for the system is far from the actual
optimal conditions. Before the final response surface analysis, the path of steepest ascent usually
appears as a line through the center of the region of interest and is normal to the fitted surface
contours [20]. Three significant independent variables were selected based on the results from the
Plackett–Burman designs. The direction of the shift in the trend of each variable was determined by
the positive or negative of the coefficient estimate listed in Table 3. The step length (	) of the path of
steepest ascent was calculated by following Equation (4):

	 = (Average − Base) × Slope × Ratio (4)

In this formula, Average is the average value of the −1 or +1 level of each variable and Slope is
equal to the coefficient estimate ratio. The Ratio is an empirical value derived from pre-experimental
data in order to obtain a rational numerical variable for operation.

Based on the physical and chemical characteristics of the bacteria, the steepest ascent model
contained four steps. Specific experimental designs for the path of steepest ascent are shown in Table 4.
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3.6. Optimization by Response Surface Methodology

Based on the significant variables chosen by the Plackett–Burman design experiment and the
operating conditions selected by the steepest ascent experiment, response surface methodology was
applied for the augmentation of collagenase production using a central composite design (CCD) [21].
There are five levels (−1.68, −1, 0, +1 and +1.68) estimated for each variable in the CCD design
based on the coded values and actual values, as listed in Table 5. The significant variables and their
0-level values were as follows: temperature (16 ◦C), culture time (3.36 d) and soybean concentration
(33.0 g·L−1). The +1.68-level value was calculated as the value of the 0-level plus the product of the step
unit multiplied by +1.68. A total of 20 combined experiments was performed in triplicate and repeated
twice. The complete experimental plan, including the RSM design and collagenase production as the
corresponding response value (Y), are shown in Table 6. The statistical software package Design-Expert
Version 8.0.6 was used to analyze the design.

3.7. Statistical Analysis

The data obtained from the central composite designs with three factors (temperature, culture
time and soybean powder concentration) were used to perform analysis of variance (ANOVA) with
Design-Expert Version 8.0.6 software, as presented in Table 7. After completing the response surface
methodology experiments and measuring the collagenase yield, the response surface regression
procedure was used to fit the experimental results from the RSM to the following second-order
polynomial regression Equation (5) [21,22]:

Y = β0 + ∑
i
βiXi + ∑

ii
βiiX

2
i + ∑

ij
βijXiXj (5)

where Y is the predicted response value (collagenase production), β0 is the center point of the system,
βi is the linear coefficient, βii is the quadratic coefficient and βij is the interaction coefficient, while Xi,
Xi

2 and Xj are the linear, quadratic and interaction terms of the independent variables, respectively.
The fitted model was then expressed as three-dimensional surface and contour plots to describe the
relationship between the responses and the experimental levels of each of the variables studied.

3.8. Validation of the Optimization Model

The optimization model was validated by adjusting three parameters for each of the variables.
A triplicate culture set was grown under experimental conditions derived from the optimization
scheme, and collagenase production was compared to the predicted response value.

For further validation, a time-course experiment for collagenase production and biomass
fluctuation was conducted, and gelatine-immersing zymography was also performed. Continuous
fermentation was performed under the optimal conditions, and collagenase production and biomass
were recorded [23,24]. Changes in extracellular collagenase secretion were detected by non-denaturing
gel electrophoresis with gelatine as the immersing substrate of soluble collagen analogues [19].
The collagenase activity was measured, and the biomass was quantified using the spread plate method.

3.9. Purification of Ps sp. SJN2 Collagenases

The total extracellular collagenases from the fermentation broth were extracted by ammonium
sulfate precipitation. The fermentation liquid was centrifuged at 10,000 rpm for 30 min at 4 ◦C.
Ammonium sulfate was added slowly up to 40% (w/w), and the solution was allowed to stand
overnight at 4 ◦C. The precipitate was collected and redissolved in water. The supernatant, containing
active collagenases, was dialyzed in Tris-HCl buffer (pH 8.8, 20 mM) at 4 ◦C overnight.

The fraction containing active collagenases (Col SJN2) in the dialysis fluid was further purified
on a HiTrap Capto DEAE (GE Healthcare, Boston, MA, USA) column with an NGC chromatography
system (Bio-Rad, Hercules, CA, USA) after filtration through a 0.45-μm filter membrane. The column
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was equilibrated with Tris-HCl buffer (pH 8.8, 20 mM). Then, 5 mL of Col SJN2 were loaded onto
the pre-equilibrated column at a flow rate of 1.0 mL·min−1 and washed with buffer Tris-HCl for
10 min. Then, elution was conducted using a linear gradient of 1 M NaCl (0–100%) at a flow rate
of 2.0 mL·min−1. Fractions were monitored at 280 nm, and the Col SJN2 fraction containing active
collagenases was centrifuged in an ultrafiltration tube with a 3-kDa molecular weight cut-off (Millipore,
Temecula, CA, USA) at 5000× g for 30 min at 4 ◦C. The portion of the Col SJN2 fraction with molecular
weight higher than 3 kDa was further purified by size exclusion chromatography.

Col SJN2 was then loaded onto a Superdex-200 (GE Healthcare, Boston, MA, USA) column
pre-equilibrated with distilled water. Elution was performed using distilled water at a flow rate
of 0.5 mL·min−1. Fractions were monitored at 280 nm, and the fractions with collagenase activity
were stored.

3.10. Preparation of Collagen from Fishery By-Products

To study the enzymatic properties of collagenases [25] from Ps sp. SJN2, five kinds of native
collagen were extracted from porcine skin, octopus flesh and fishery by-products (salmon fish skins,
seabream fish scales and Spanish mackerel fish bones). Extraction methods are described in the
Supplementary Material.

3.11. Enzymatic Hydrolysis and Properties of Ps sp. SJN2 Collagenase

Extracted collagen was digested with a crude protease of Ps sp. SJN2 at an enzyme-to-substrate
ratio of 1:10 (v (mL)/w (mg)). The reaction was carried out at 45 ◦C in PBS (pH 7.0, 0.1 M) for 1 hour
and stopped by incubation at 95 ◦C for 10 min. The resultant slurry was collected and centrifuged at
10,000× g at 4 ◦C for 10 min. The supernatant was collected and stored at 4 ◦C until further analysis.

Substrate-immersing zymography was conducted to compare the properties of the crude enzymes
from Ps sp. SJN2, Ps sp. SBN2-2, Ps sp. SGS2-2, Ps sp. SWN-1, Ps sp. SWN-2, Vibrio sp. HK3-2,
Vibrio sp. SJN4 and Planococcus sp. SYT1.

Additionally, the effects of different concentrations of ions on the enzymatic activity of Ps sp. SJN2
collagenase were tested. Different ions (Cd2+, Mn2+, Ca2+, Fe3+, Ag+, Al3+, Ba2+, Cu2+, Zn2+, Mg2+,
Fe2+ and Co2+) and the metal-chelating agent EDTA were added to the reaction buffer containing
crude enzyme at concentrations of 2 mM and 10 mM, and the specific activity of the collagenase
was measured.

The collagen-swelling effect was also observed under SEM. A total of 5 mg of type I insoluble
collagen was mixed with 2 mL of 20 mM PBS (pH 8.5) containing 200 μL of Ps sp. SJN2 collagenase.
The samples were incubated at 37 ◦C for 12 h with continuous stirring. The samples were observed
using scanning electron microscopy (FEI, Hillsboro, OR, USA).

3.12. DPPH Radical Scavenging and ORAC Assay

A modified DPPH radical scavenging assay was performed [26,27]. Ethanolic solutions of DPPH
(10−4) and collagen hydrolysates were mixed in disposable Eppendorf tubes so that the final mass
ratios of hydrolysates to DPPH were 1:5. The samples were sealed and incubated for 60 min in the
dark at 37 ◦C, and the decrease in absorbance at 517 nm was measured against ethanol in 96-well
plates using an Enspire spectrophotometer (Perkin Elmer, Waltham, MA, USA). Vitamin C was used as
a positive control. All determinations were performed in triplicate.

The ORAC assay was performed based on the method described by Zulueta [28], with some
modifications. In this system, AAPH is the source of free radicals that can attack the fluorescein
and lead to fluorescence decay. The reaction was carried out in 75 mM phosphate buffer (pH 7.4).
Sample solution (20 μL) and fluorescein (150 μL, 96 nM) were added into a 96-well plate and
pre-incubated at 37 ◦C in the Enspire spectrophotometer. The reaction was initiated by adding
30 μL of AAPH (320 mM). The reaction was performed at 37 ◦C. The fluorescence intensity [29] was
measured every 60 s for 120 cycles with excitation and emission wavelengths of 485 nm and 538 nm,
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respectively. The positive control was vitamin C, which was used at the same concentration as in the
DPPH radical scavenging assay.

4. Conclusions

Compared with other native bacteria, the extracellular collagenases of Ps sp. SJN2, composed
of proteases (e.g., metalloproteases and serine proteases) with different molecular weights, showed
higher enzyme activity towards porcine, bovine and marine collagen. Given the increasing economic
relevance of marine collagenases, this study was conducted to optimize a variety of fermentation
parameters, including medium composition and culture conditions, for maximal collagenase
production. The results indicated that the Plackett–Burman design and response surface methodology
are effective and efficient approaches to improve collagenase production via optimization of Ps sp.
SJN2 fermentation conditions. The maximum collagenase yield of 322.58 ± 9.61 U·mL−1 was achieved
under the optimized conditions, which was in agreement with the production value of 306.68 U·mL−1

predicted by the model. Finally, for optimal fermentation, the cells were cultured at 17.32 ◦C for 3.72 d
in a medium containing soybean 34.23 g·L−1, corn meal 30 g·L−1 and bran liquid 15 mL·L−1 at an
initial pH value of 8.5 and an inoculum volume of 1% (v/v). Significant improvement (2.2-fold) in
the production of collagenases by Ps sp. SJN2 was accomplished. In addition, the marine collagen
hydrolysed by collagenases from Ps sp. SJN2, especially those from Spanish mackerel fish bone
and seabream fish scale, showed better prospects for application as antioxidant peptides. Above all,
the optimized medium established in this study could provide a basis for further study of large-scale
fermentation of Ps sp. SJN2 for marine collagenase yield improvement.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/12/377/s1:
Figure S1: Gelatin immersing zymography of Col SJN2, Figure S2: Crude enzyme zymography of Ps sp.
SJN2, Table S1: Collagenases activity in purification process. Supporting information about the methods of
inoculum preparation for fermentation and preparation of collagen from fishery by-products is provided in the
Supplementary Material.
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Abstract: Metalloproteases are emerging as useful agents in the treatment of many diseases
including arthritis, cancer, cardiovascular diseases, and fibrosis. Studies that could shed light
on the metalloprotease pharmaceutical applications require the pure enzyme. Here, we reported
the structure-based design and synthesis of the affinity medium for the efficient purification of
metalloprotease using the 4-aminophenylboronic acid (4-APBA) as affinity ligand, which was coupled
with Sepharose 6B via cyanuric chloride as spacer. The molecular docking analysis showed that
the boron atom was interacting with the hydroxyl group of Ser176 residue, whereas the hydroxyl
group of the boronic moiety is oriented toward Leu175 and His177 residues. In addition to the
covalent bond between the boron atom and hydroxyl group of Ser176, the spacer between boronic
acid derivatives and medium beads contributes to the formation of an enzyme-medium complex.
With this synthesized medium, we developed and optimized a one-step purification procedure and
applied it for the affinity purification of metalloproteases from three commercial enzyme products.
The native metalloproteases were purified to high homogeneity with more than 95% purity. The novel
purification method developed in this work provides new opportunities for scientific, industrial and
pharmaceutical projects.

Keywords: metalloprotease; adsorption analysis; molecular docking; affinity purification;
aminophenylboronic acid

1. Introduction

Proteases are enzymes that catalyze the hydrolysis of peptide bonds. Based on the mechanism
of catalysis, proteases can be classified into six classes, including metallo, serine, aspartic, cysteine,
glutamic, and threonine proteases [1]. Proteases are the most important industrial enzymes, accounting
for more than 60% of the total enzyme market [2,3]. They have broad applications in the pharmaceutical,
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leather, food, and detergent industries [1–4]. Proteases play critical roles in normal biological processes;
their unusual activities have been implicated in the development and progression of many diseases, e.g.,
fibrosis, arthritis, cancer, cardiovascular diseases, nephritis, and central nervous system disorders [5–7].
Among all of the six classes of proteases, only untagged serine proteases can be purified in one
step using p-aminobenzamidine-modified affinity medium [8,9]. This simple procedure of affinity
purification significantly accelerated the pharmaceutical application of many serine proteases [10–15].

Currently, there is no straightforward and efficient protocol for the purification of
metalloproteases [14–16]. The traditional protocol that has multiple steps is expensive and results in
low recovery [17–20]. Although some reports refer to the high-yield purification of metalloproteases
(more than 90% purity) in one-step procedure, these protocols were based on immobilized metal
affinity chromatography (IMAC) that has its disadvantages [21,22]. The first one is the use of high
concentrations of imidazole and salt in the elution buffer of the IMAC procedure, which necessitates
additional dialysis or a desalting step [23,24]. Also, it is well known that purification of a metalloprotein
via a metal ion chelated by the resin in a similar manner results in the exchange of metal ion from resin
with a metal ion from metalloprotein. This metal transfer causes a decrease in the stability of purified
metalloprotein [21]. In addition, the use of chelating agents during purification has to be avoided as
these compounds can remove the metal ion from the enzyme active site [23–25]. Therefore, design,
synthesis and application of a new specific and efficient medium for the purification of metalloproteases
are important tasks.

The structure-based design of the affinity ligand that serves as a specific inhibitor or substrate
analogue is an efficient and commonly used approach in the affinity purification of enzymes [26–28].
An alkaline metalloprotease, MP (accession no. ACY25898) from marine bacterium Flavobacterium sp.
YS-80-122, has been previously isolated in our laboratory [3]. This enzyme is a typical Zn-containing
metalloprotease with antioxidant activity, and it has been commercially used as a detergent additive.
The analysis of its crystal structure (PDB: 3U1R) [29] allowed suggestion of a novel affinity ligand
that could reversibly bind to the active site and could be used for the affinity purification of the
enzyme. Our preliminary virtual screening and experimental verification indicated that boronic acid
derivatives (BADs) could reversibly inhibit the activity of MP [30]. Phenylboronate group, which can
form a temporary covalent bond with any molecule that contains a 1,2-cis-diol group, is widely used
in the affinity purification of 1,2-cis-diol-containing biomolecules such as glycoproteins, glycopeptides,
nucleosides, and nucleic acids [31–35]. However, application of the resins modified by phenylboronate
in the purification of metalloproteases has never been reported.

Here, the phenylboronate-modified resin was synthesized through the coupling of
4-aminophenylboronic acid (4-APBA) with epoxy-activated Sepharose 6B via cyanuric chloride
spacer. The binding site and structure-activity relationship between 4-APBA-modified medium
and MP were analyzed using molecular docking and adsorption determination, correspondingly.
The synthesized medium was used for development of one-step affinity purification of metalloproteases.
Three commercially available metalloproteases were efficiently purified with a high purity (more than 95%)
using the protocol developed. Our research provides new opportunities for the development of
industrial methods of metalloprotease purification.

2. Results and Discussion

2.1. Design and Synthesis of Affinity Medium for Metalloprotease Purification

Our initial virtual screening showed that some BADs could inhibit MP catalytic activity [30].
To confirm that BADs could inhibit MP, ten BADs were purchased or synthesized, and then their
inhibitory effect was tested on MP. Surprisingly, three compounds were strong MP inhibitors with
apparent Ki value of 0.8–1.2 μM. Thus, we focused our efforts on the design of BADs-based affinity
medium for metalloprotease purification. Immobilisation of a ligand onto the epoxy-activated resin
should be achieved via a nucleophilic group present in the ligand, often a primary amine [27].
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Aminephenylboronic acid was chosen as an affinity ligand for our study because it was commercially
available and had a favorable configuration for synthesis affinity medium.

The nature of the immobilized complex or, in other words, the choice of affinity ligand and spacer
arm, has a major influence on the outcome of a biomimetic affinity of purification procedure [27–29,36].
To obtain an optimal affinity medium, two types of APBA-based ligands, 4-APBA, and 3-APBA,
were tested. The affinity ligands were coupled with activated Sepharose 6B via cyanuric chloride
spacer. To estimate the effect of the presence of a boron atom in the affinity ligand, another type of the
affinity ligand lacking of boron atom (aniline ligand) was synthesized. The scheme for the synthesis of
4-APBA-modified Sepharose 6B is shown in Figure 1. To confirm the ligand structure, the medium
was hydrolyzed with 6 M HCl, and then the resultant with molecular formula of C12H15BClN5O4
and molecular mass of 339.5. Because the chlorine on the triazine ring was unstable in acidic condition,
the hydrolysis with 6 M HCl would replace the chlorine on the ligand with a hydroxyl group [37], thus
the theoretical structure of the purified ligand should be with a molecular formula of C12H16BN5O5
and molecular mass of 321.1. The ligand may be broken into fragments as C9H10BN5O3 at cone
voltage of 170 V and molecular mass of 247.01. As shown in Figure S1, the main peak, 247.02, showed
good agreement with [M-C3H6O2-H]+. The possible structures of chemicals in principal peaks are
also shown in Figure S1. These results showed that the synthesized ligands had a good reliability.

Figure 1. Synthesis protocol and scheme of the 4-APBA ligand coupled with actived Sepharose 6B
via cyanuric chloride spacer. Reagents and conditions: (a) epichlorohydrin, DMSO, NaOH aqueous
solution, 2.5 h; (b) 35% saturated ammonia, overnight; (c) cyanuric chloride, 50% acetone, pH 7–8;
(d) 4-APBA, sodium carbonate, 24 h.

The 3-APBA-modified medium and aniline-modified medium were synthesized using the same
concentration of 3-APBA or aniline as for 4-APBA (Figure 2A,B). The density of the free amino groups
was determined by the ninhydrin test before the adding of the APBA ligands, giving equal ligand
densities ( tab:marinedrugs-15-00005-t001). Equilibrium
adsorption studies were performed to characterize the affinity value of MP and these three affinity
media (Figure 3A). Desorption constant for the 4-APBA-modified medium was 14.9 μg/mL which was
significantly lower than that for the 3-APBA medium (21.5 μg/mL) and aniline medium (67.2 μg/mL).
Meanwhile, the theoretical maximum absorption (Qmax) for the 4-APBA medium (29.6 mg/g) was
significantly higher than it was for the other two media (24.9 mg/g and 10.6 mg/g, respectively) (
tab:marinedrugs-15-00005-t001), indicating the high affinity of 4-APBA-modified Sepharose 6B towards
MP. Therefore, 4-APBA was chosen as the affinity ligand for the further design and synthesis of
affinity medium.
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Table 1. Ligand densities, desorption constant (Kd) and theoretical maximum absorption (Qmax)
analysis of the affinity media.

Ligands Spacer Arms Ligand Density (μmol/mL) Kd (μg/mL) Qmax (mg/g)

Aniline Cyanuric chloride 20.9 67.2 10.6
3-APBA a Cyanuric chloride 20.9 21.5 24.9
4-APBA Cyanuric chloride 20.9 14.9 29.6
4-APBA 10-atom spacer 41.8 24.4 24.6
4-APBA 5-atom spacer 27.8 46.3 22.3

a APBA represents aminophenylboronic acid.

Figure 2. The scheme of four different affinity media. (A) 3-APBA ligand coupled with activated
Sepharose 6B via cyanuric chloride spacer; (B) Aniline ligand coupled with activated Sepharose 6B via
cyanuric chloride spacer; (C) 4-APBA ligand coupled with activated Sepharose 6B via 5-atom spacer
arm; (D) 4-APBA ligand coupled with activated Sepharose 6B via 10-atom spacer arm.

To find the optimal spacer arm, two different lengths of linear arms (5-atom spacer and 10-atom
spacer) and a cyclic arm (cyanuric chloride) were tested. Cyanuric chloride is a typical cyclic
compound containing the s-triazine (C3N3) ring that could supply a higher mechanical strength
for the ligand stabilization and was widely used in the affinity medium synthesis [38–41]. The scheme
for the synthesis of media with the 5-atom spacer and the 10-atom spacer are shown in Figure 2C,D,
correspondingly. In the adsorption analysis (Figure 3B), 4-APBA ligand with cyclic spacer arm
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exhibited the highest adsorption value, even though its epoxy content (20.9 μmol/mL) was lower than
the content of 5-atom linear spacer (41.8 μmol/mL) and the 10-atom linear spacer (27.8 μmol/mL) (
tab:marinedrugs-15-00005-t001). Thus, cyanuric chloride was chosen as the compound for generation
of optimal spacer arm.

Figure 3. Adsorption analyses of different affinity media. (A) Adsorption analysis of affinity media
with three different ligands via the same spacer arm (cyanuric chloride); (B) Adsorption analysis
of affinity media with the same ligand (4-APBA) via three different spacer arms. (1) Equilibrium
adsorption of metalloprotease (MP) on the affinity medium in a batch system (50 mM Gly-NaOH buffer,
pH 8.6, 25 ◦C), (2) Plot describing the equilibrium of the absorption on the medium and the enzyme
concentration in the liquid phase.

2.2. Binding Analysis for 4-APBA-Modified Medium and MP

Quite a few of studies show that boron-containing small molecules interacted with proteins
through a covalent bond between the boron atom and the oxygen atom in the hydroxyl group of a
serine [42]. In this study, the molecular docking analysis also indicated that the boron atom interacted
with the hydroxyl group of Ser176 residue through covalent bonding, whereas the hydroxyl group of
the boronic moiety is oriented toward Leu175 and His177 residues (Figure 4). We found that several
secondary interactions could contribute to the stabilization of MP interaction with 4-APBA-modified
medium. For example, the benzene ring of the 4-APBA ligand formed a π-π interaction with His171
residue of MP. In addition, the hydrogen bond between the s-triazine ring of the spacer and the
molecule of water was observed, as well as the hydrogen bond between the hydroxyl group of an
atom of the Ala128 residue. The aniline ligand bound with Sepharose 6B via cyanuric chloride also
exhibited a low affinity (Kd, 67.2 μg/mL; Qmax, 10.6 mg/g) toward MP, implying that several secondary
interactions can occur in addition to the interaction with the boronate ion.

Boronate affinity materials have gained increasing attention in recent years [31–33]. The mechanism
involved is similar to other conventional boronate affinity chromatography. Moreover, other possible
binding mechanisms were also exhibited in the molecular docking performance. One performance
showed that it could be possible for Ser176 and His177 to interact with the hydroxyl groups of the
boronic acid (not the boron atom) through hydrogen binding [31]. This binding mechanism relied
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on the hydrogen binding, which exhibited much lower affinity than the conventional binding. In the
adsorption analysis, the aniline ligand exhibited a much lower affinity than APBA ligand with boronic
acid, implying that the boronic acid was very important in the binding mechanism. The other possible
performance is for the boron atom to coordinate with the water molecule through intermolecular B-N
coordination [34]. The Ser176 residue was located in the bottom of the active-site pocket that had
enough space for binding with a molecule larger than the molecule of water. Also, the 4-APBA ligand
with 10-atom linear spacer showed a similar adsorption value with that for the 5-atom spacer, even
though its epoxy content (27.8 μmol/mL) was smaller than the 5-atom spacer (41.8 μmol/mL) (
tab:marinedrugs-15-00005-t001). This probably occurred because the longer spacer arm provided the
larger spatial distance and thus provided a better accessibility of the Ser176 residue in the cavity of
active site. Summarizing, the boron atom bound to MP by trapping the Ser176 hydroxyl group in the
active site pocket.

Figure 4. The binding mode of MP and the 4-APBA-modified medium. The atom force field maps
were generated using Autogrid4 software for AutoDock4 (Zn); binding conformation was analyzed by
Lamarckian Genetic Algorithm-Local Search combined algorithm with default searching parameter.

2.3. One-Step Affinity Purification of Commercial Metalloprotease Products

Three commercially available products (MP, DENIE-B LPS-P and ViscozymeL) containing
metalloproteases were dissolved in the loading buffer to a final concentration of 10 mg/mL each.
Then, the enzymes were purified by a one-step purification protocol using the 4-APBA-modified
Sepharose 6B medium. We tested different loading and elution conditions to optimize the yield of
metalloproteases. Almost all of the metalloproteases contained seven or eight calcium ions stabilizing
their three-dimensional structure [29]. Thus, to obtain properly folded enzymes, both of the loading
and elution buffers contained 1 mM CaCl2. The 0.1 M Gly-NaOH buffer, pH 8.6, was chosen as the
loading buffer because of the highest affinity of MP to the beads and stability of all three enzymes
at this pH. Different acetic acid buffers (pH ranging from 4.0 to 6.0) were tested to select an optimal
pH for MP elution, as low acidity favored the disruption of the H-bond interactions between MP and
the medium. The highest protein yield was obtained at pH 5.4. Thus, 0.1 M acetic acid (pH 5.4) was
chosen as the elution buffer. The SDS-PAGE analysis of the crude and purified metalloproteases is
shown in Figure S2. The activity and purity of purified enzymes are shown in
tab:marinedrugs-15-00005-t002.
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Table 2. Comparison of affinity and traditional purification methods for three available metalloprotease
products.

Enzymes Purification Method
Activity

Recovery (%)
Protein

Purity (%)
Specific Activity

(U/mg)
Time

Requirement

MP
Affinity protocol a 64.1 98.8 95.6 ~1 h

Traditional protocol b 8.9 97.6 96.2 >48 h

DENIE-B LPS-P
Affinity protocol a 45.2 95.9 64.6 ~1 h

Traditional protocol c 10.7 91.4 62.3 >48 h

ViscozymeL Affinity protocol a 37.8 97.1 51.4 ~1 h
Traditional protocol d 3.4 58.3 27.8 >96 h

a In the affinity protocol, enzymes were purified by 4-APBA-modified medium; b The traditional purification
protocol of MP was composed of five steps, including ultrafiltration, ammonium sulfate precipitation, desalting,
anion-exchange and gel-filtration chromatography; c The traditional purification protocol of DENIE-B LPS-P
was composed of three steps, including ammonium sulfate precipitation, desalting and anion-exchange
chromatography; d The traditional purification protocol of ViscozymeL was composed of six steps, including
ammonium sulfate precipitation, hydrophobic chromatography, desalting, anion-exchange chromatography,
and two steps of gel-filtration chromatography.

In our previous work, the five-step purification protocol for the purification of MP was
developed. It included ammonium sulfate precipitation, desalting, anion-exchange and gel-filtration
chromatography and took more than 48 h of work [3,21]. Here, we report a simple and efficient one-step
MP purification procedure that takes less than one hour. Our protocol is based on the 4-APBA-modified
Sepharose 6B medium that efficiently bound native MP from natural sources. Here we compared this
one-step protocol with the previous reported methods, along with all the different purification steps,
activity yields, specific activities and time requirement. According to the measurements of MP activity
in the initial sample and purified protein, almost 64.1% of initial MP was purified, whereas only 8.9%
of initial MP was recovered using the traditional protocol. The specific activity of MP purified by
the APBA-modified protocol (95.6 U/mg) is similar with the value obtained through the traditional
purification protocol (96.2 U/mg) and the IMAC protocol (94.8 U/mg). However, the purity of MP
is different, being higher with the APBA-modified affinity purification (98.8%) with respect to the
traditional and IMAC methods (92.5% and 94.7%, respectively). Even if the IMAC protocol results an
activity recovery higher than the 4-APBA protocol, it is longer. Moreover, the APBA-modified affinity
protocol avoids the use of toxic imidazole and the loss of metallic ions in the MP active pocket that
reduce the enzyme stability. Based on all the positive features of this affinity protocol, such as one-step
of chromatography, shorter times, and higher purity, it is clear there is potential in this approach for
the industrial production of high-purity MP.

To determine whether our medium has an affinity value to metalloproteases from other sources,
two other commercial metalloprotease products, DENIE-B LPS-P and ViscozymeL, were used for
enzyme purification. DENIE-B LPS-P was an enzyme concentrate produced from Bacillus subtilis that
was widely used in leather softening [43]. Based on the activity measurement in our study, only 10.7% of
metalloprotease was purified from this commercial product using the traditional three-step purification
protocol, including ammonium sulfate precipitation, desalting and anion-exchange chromatography
on a Q Sepharose column. ViscozymeL was a cell wall degrading enzyme complex from Aspergillus sp.,
containing a wide range of carbohydrases and metalloprotease [44]. Traditional purification of the
metalloprotease from ViscozymeL resulted in only less than 60% pure enzyme, which required six steps,
including ammonium sulfate precipitation, hydrophobic chromatography, desalting, anion-exchange
chromatography, and two steps of gel-filtration chromatography. Meanwhile, IMAC (Cu-IDA ligand)
purification of these two protein products resulted in less than 60% purity of metalloproteases (data
not shown). However, the 4-APBA-modified medium could efficiently purify metalloproteases from
those two products ( tab:marinedrugs-15-00005-t002). The activity
recoveries of DENIE-B LPS-P and ViscozymeL were 45.2% and 37.8%, respectively. Meanwhile,
when the purified enzymes were analyzed by HPLC with a TSK3000SW gel filtration column, both of
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them were more than 95% pure (Figure 5). To sum, our novel methodology had multiple advantages
in comparison with all known techniques of metalloprotease purification.

Figure 5. Purity analysis of three purified enzyme products. (A) SDS-PAGE (10.0%) analysis showed
that the enzymes were purified to an apparent homogeneous population with a molecular mass of
48 kDa and the purity was more than 95%. Lane M, molecular mass standard protein marker; Lane 1,
the purified MP; Lane 2, the purified DENIE-B LPS-P; Lane 3, the purified ViscozymeL; (B) HPLC
analysis using the size exclusion by gel filtration of the purified MP (1), DENIE-B LPS-P (2) and
ViscozymeL (3) on a TSK 3000SW column.

3. Materials and Methods

3.1. Materials

The dried powders of crude metalloprotease, MP, were yielded from marine bacterium
Flavobacterium sp. YS-80-122. A commercial metalloprotease concentrate produced from Bacillus subtilis,
DENIE-B LPS-P, was purchased from Denykem Ltd. (Shanghai, China). Cell wall degrading
enzyme complex from Aspergillus sp., ViscozymeL, containing a wide range of carbohydrases
and metalloprotease was obtained from Novozymes, Denmark. The 4-aminophenylboronic acid,
3-aminophenylboronic acid (3-APBA), aniline and cyanuric chloride (2,4,6-trichloro-1,3,5-triazine)
were purchased from Sigma-Aldrich, St. Louis, MO, USA. Activated Sepharose 6B with two different spacer
arm lengths (5-atoms, 10-atoms) were from Beijing Weishibohui Chromatography Technology Co., Beijing,
China. All remaining reagents were of analytical grade (Sinopharm Chemical Reagent, Shanghai, China).

3.2. Synthesis of Affinity Medium

The affinity media were prepared according to the methods developed previously [45,46].
The scheme of the synthesis procedure is shown in Figure 1. Initially, Sepharose 6B was modified by
epichlorohydrin to form activated amino-sepharose. Briefly, Sepharose 6B (100 g) was thoroughly
washed with deionized water at a 1:10 ratio until the pH value of the eluate reached 7.0 and the
beads were dried. To activate Sepharose 6B, the beads were resuspended in 50 mL of activating
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solution (1 M NaOH, 2.5 g DMSO, and 10 mL epichlorohydrin) followed by incubation at 40 ◦C for
2.5 h with shaking (Figure 1a). Then, 35% saturated ammonia (150 mL) was added to the activated
Sepharose 6B resuspended in 350 mL distilled water. The beads were incubated overnight at 30 ◦C
on a rotary 39 shaker to form aminated Sepharose 6B (Figure 1b). To attach cyanuric chloride to the
amino groups of aminated Sepharose 6B, the beads were resuspended in 350 mL 50% (v/v) acetone
in an ice-salt bath, and then 8 g of cyanuric chloride dissolved in 70 mL acetone was added with a
flow rate of 0.5 mL/min in the shaking station. The neutral pH was maintained by simultaneous
addition of 1 M NaOH. The beads were washed with 50% (v/v) acetone to remove the free cyanuric
chloride (Figure 1c). The density of the free amino group was determined by the ninhydrin test in the
following procedure: a small aliquot of beads was smeared on filter paper, sprayed with ninhydrin
solution (0.2% (w/v) in acetone), and heated briefly with a hair dryer. The appearance of purple color
indicated the presence of free amino groups, whereas the color disappearance indicated that cyanuric
chloride had been linked to the amino groups [27]. Then, a twofold excess of 4-APBA dissolved in 2 M
sodium carbonate was added to the dichlorotriazinylated Sepharose 6B beads. After 24 h of stirring at
room temperature, the beads were filtered, washed well with water and stored in 0.02% (w/v) sodium
azide (Figure 1d). To confirm the conformation of the 4-APBA ligand on the medium, 100 mg dried
medium was incubated with 6 M HCl at boiling condition for 24 h, and HCl was removed by vacuum
evaporation. The hydrolyzed chemical was purified and analyzed with ESI-MS (HP1100LC MSD,
Agilent, San Francisco, CA, USA) according to the methods reported [37].

To generate control beads with 3-APBA and/or aniline, the affinity medium with 3-APBA or
aniline instead of 4-APBA was synthesized according to the described method above (Figure 2A,B).
To generate control beads with two different spacer arms, the 4-APBA-modified Sepharose 6B beads
with 5-atom or 10-atom spacer arms were synthesized according to the published method [21,28,36].
The schemes for the generation of these beads are shown in Figure 2C,D. Briefly, 5 g of 4-APBA
dissolved in 80 mL of 2 M sodium carbonate was added to the previously activated Sepharose 6B.
After 24 h of incubation at room temperature with stirring, the beads were filtered, washed well with
water and stored in 0.02% (w/v) sodium azide [13,14].

3.3. Adsorption Value Analysis

To characterize the interaction of MP with five different types of affinity media, an equilibrium
adsorption study was performed. The constant of desorption (Kd) and the theoretical maximum
adsorption capacity (Qmax) of these affinity media were analyzed according to the Scatchard
analysis model [24,47]. Briefly, one milliliter of increasing concentrations of purified metalloprotease
(0.1–0.9 mg/mL in 20 mM Gly-NaOH buffer, pH 8.6) was mixed with 0.5 g of each affinity medium
and shaken for 2 h at 4 ◦C until the solution reached adsorption equilibrium. Then, the mixtures were
centrifuged at 1500 g for 5 min. The protease activity and protein concentration were measured in
the supernatants.

The analysis of equilibrium adsorption provided a relationship between the concentration of
metalloprotease in the solution and the amount of enzyme absorbed on the affinity medium. The data
obtained were analyzed using the Scatchard plot according to the following equation:

Q =
Qmax[C∗]
Kd + [C∗]

Therein, Q is the adsorption amount of enzyme to the medium (mg/g), Qmax is the theoretical
maximum of metalloprotease absorption to the affinity medium (mg/g), [C*] is the concentration of
metalloprotease in solution (mg/mL), and Kd is the desorption constant.

3.4. Molecular Docking Analysis

The MP protein structure (PDB ID 3U1R) [26] was prepared by AutoDockTools (The Scripps
Research Institute, San Diego, CA, USA). Briefly, hydrogens and gasteiger charge were added and
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waters were removed, except the water molecules bound to the zinc ion, which was treated as hydrogen
acceptor. Ca2+ and Zn2+ were kept in the structure. The protein structure was then prepared according
to the reference [48], using an improved zinc force field for AutoDock4 (Zn) (The Scripps Research
Institute, San Diego, CA, USA). For the ligand, the sepharose part was not considered in molecular
docking, as it was an inert polymeric support, and frequently used for coupling the “active” affinity
ligands to the matrix. The ligand structure was built and minimized with Maestro (Schrödinger LLC.,
Cambridge, MA, USA). The type of boron atom was set to be sp3 hybridization to mimic its binding
with the hydroxyl group in Ser/Thr amino acids. Finally, the ligand was converted to the pdbqt
format by AutoDockTools. The atom force field maps were generated using Autogrid4 software for
AutoDock4 (Zn); binding conformation was searched by Lamarckian Genetic Algorithm-Local Search
combined algorithm with default searching parameter. Fifty conformations were generated for further
analysis. The representation was visualized with VMD 1.9.2 software (The Scripps Research Institute,
San Diego, CA, USA) [49].

3.5. Traditional and Affinity Purification of Three Commercial Metalloproteases

Two grams of dried powder of three commercially available products containing three different
metalloproteases, MP, DENIE-B LPS-P, and ViscozymeL, were dissolved in 50 mL sample loading buffer
(0.1 M Gly-NaOH buffer, pH 8.6) each. The traditional purification protocol of MP was composed
of five steps, including ultrafiltration, ammonium sulfate precipitation on 60% saturation, desalting,
anion-exchange on a Q-sepharose column and gel-filtration chromatography on Sephacryl S-200
HR [3]. Meanwhile, the other two commercial metalloproteases were purified used traditional column
purification protocol in this study. The traditional purification protocol of DENIE-B LPS-P was
composed of three steps, including ammonium sulfate precipitation on 60% saturation, desalting and
anion-exchange chromatography on a Q-sepharose column. The traditional purification protocol of
ViscozymeL was composed of six steps, including ammonium sulfate precipitation on 40% saturation,
hydrophobic chromatography on a phenyl column, desalting, anion-exchange chromatography on
a diethylaminoethanol(DEAE)-sepharose column, and two step of gel-filtration chromatography on
Sephacryl S-200 HR (GE Healthcare, Madison, WI, USA).

In the affinity purification protocol, the supernatant was loaded onto 10 mL pre-equilibrated
column and washed with washing buffer (0.1 M Gly-NaOH buffer, pH 8.6) until the eluate exhibited
no detectable absorbance at 280 nm. The target protein was eluted with elution buffer (0.1 M acetic
acid buffer, pH 5.4). The flow rate of the mobile phase was 3.0 mL/min. The concentrations of
each elution peak were measured by the Bradford method, using bovine serum albumin (BSA) as a
standard. The purified enzyme was further characterized by 10% SDS-PAGE and high performance
liquid chromatography (HPLC) analysis. The purification process was repeated more than five times.

3.6. Enzymatic Activity Assay

One hundred microliters of enzyme solution were mixed with 4.9 mL of casein solution (0.6% (w/v)
in 25 mM borate buffer, pH 10.0) and incubated at 25 ◦C for 10 min. The relative enzyme activity
was measured using Folin-Ciocalteu’s method [3,4]. One unit was defined as the amount of enzyme
causing the release of 1 μg tyrosine per minute under the above conditions.

3.7. Protein Purity Analysis

SDS-PAGE analysis was carried out on a Mini-protean II system from Bio-Rad (Hercules, CA,
USA). The purity of the purified proteases was calculated by a gel imaging analysis system (Gelpro
Analyzer 3.2 (Thermo Fisher Scientific, Waltham, MA, USA) according to the integration of the lane
darkness. HPLC (Agilent 1260, San Francisco, CA, USA) analysis was performed with a TSK3000SW
gel filtration column (Tosoh Co., Tokyo, Japan) monitored at 280 nm [27]. The solvent phase was 0.1 M
PBS, 0.1 M Na2SO4, 0.05% NaN3, pH 6.7. The flow rate was 0.6 mL/min.
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4. Conclusions

In this study, an affinity medium more efficient for metalloprotease purification than other
currently available techniques was designed, synthesized and experimentally characterized. Testing
the adsorption properties of five designed resins, the Sepharose 6B media coupled with 4-APBA
via cyanuric chloride spacer was selected for the purification of native metalloproteases from three
commercial products. Metalloproteases from these sources were purified in one step with high
efficiency and purity (more than 95%). Compared with the previously reported methods, this protocol
resulted in several positive features, such as fewer steps, better activity recoveries, and higher purity.
Coupled with efficacy, time-saving procedure and accessible reagents, this novel affinity purification
protocol represents a potential important tool for industrial application.

Supplementary Materials: The following are available online at www.mdpi.com/1660-3397/15/1/5/s1.
Figure S1: The ESI-MS analysis of the affinity ligand. The possible structures of the chemicals in principal
peaks are shown. The ESI-MS cone voltage (170 V) was selected. Scanning was performed from m/z 100 to
1000 in 10 s, and several scans were summed to obtain the final spectrum, Figure S2: SDS-PAGE analysis of
three purified and crude commercial metalloproteases. (A) Analysis of crude (Line 1) and purified (Line 2) MP;
(B) Analysis of crude (Line 2) and purified (Line 1) DENIE-B LPS-P; (C) Analysis of crude (Line 2) and purified
(Line 1) ViscozymeL.
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Abstract: MomL is a marine-derived quorum-quenching (QQ) lactonase which can degrade various
N-acyl homoserine lactones (AHLs). Intentional modification of MomL may lead to a highly
efficient QQ enzyme with broad application potential. In this study, we used a rapid and efficient
method combining error-prone polymerase chain reaction (epPCR), high-throughput screening and
site-directed mutagenesis to identify highly active MomL mutants. In this way, we obtained two
candidate mutants, MomLI144V and MomLV149A. These two mutants exhibited enhanced activities and
blocked the production of pathogenic factors of Pectobacterium carotovorum subsp. carotovorum (Pcc).
Besides, seven amino acids which are vital for MomL enzyme activity were identified. Substitutions
of these amino acids (E238G/K205E/L254R) in MomL led to almost complete loss of its QQ activity.
We then tested the effect of MomL and its mutants on Pcc-infected Chinese cabbage. The results
indicated that MomL and its mutants (MomLL254R, MomLI144V, MomLV149A) significantly decreased
the pathogenicity of Pcc. This study provides an efficient method for QQ enzyme modification and
gives us new clues for further investigation on the catalytic mechanism of QQ lactonase.

Keywords: quorum quenching enzyme; error prone PCR; high-throughput screening; site-directed
mutagenesis; catalytic ability; Pectobacterium carotovorum subsp. carotovorum (Pcc)

1. Introduction

Quorum sensing (QS) is a communication system that many bacteria aggregates used to regulate
their aggregate size via small molecules called autoinducers [1,2]. The process of interfering with QS
through degradation of signals is termed as quorum quenching (QQ). N-acyl homoserine lactones
(AHLs) are QS signals used by a wide range of Gram-negative bacteria. AHL lactonase is one major
type of AHL-degrading enzymes, which hydrolyses the lactone ring of AHL molecule to produce
corresponding N-acyl-homoserine. Since some bacteria use QS to mediate virulence factors and
antimicrobial resistance, QQ is considered to be a promising alternative for bacterial disease control,
which can attenuate QS-regulated virulence factors production in many bacterial pathogens without any
lethal effect and impart less-selective pressures for resistant mutants than conventional antibiotics [3–5].
QQ enzyme is one of the most well-studied methods of QQ. AiiA, the earliest identified QQ enzyme, can
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decrease extracellular pectolytic enzyme activity and attenuate pathogenicity of Erwinia carotovora [6].
A recent study shows that QQ enzyme (AiiA) and QS inhibitor (G1) demonstrated enhanced QS
inhibiting effects on reducing AHL concentration when applied together [7].

MomL, a novel AHL lactonase, was isolated from Muricauda olearia Th120 [8,9]. This protein consists
of 294 amino acids and has a molecular weight of 32.8 kDa. MomL belongs to the metallo-β-lactamase
superfamily, and shows the highest identity of 56.8% with protein Aii20J, which belongs to Tenacibaculum
sp. 20J [10]. Moreover, MomL shares 54.4% and 24.5% identity with FiaL from Flaviramulus ichthyoenteri
T78T and AiiA from Bacillus sp. 240B1 [10–14]. The wide-ranging substrate properties of MomL
confer great advantages in disease prevention because different pathogenic bacteria produce AHL
molecules with different chain lengths. For example, AHL produced by Burkholderia is C8-HSL [15–17],
while that of Vibrio harveyi is 3OC4-HSL [18]. Moreover, the ability of MomL to degrade C6-HSL is
approximately 10 times higher than that of AiiA [14]. MomL exhibited degradative activity on both
short and long-chain AHLs and inhibited the pathogenicity of different pathogenic bacteria [9,19].
In order to investigate its application value, MomL was heterologously expressed by Bacillus brevis,
and the recombinant strain showed a broad antibacterial spectrum than original strain [20]. Although
MomL shares the “HXHXDH~H~D” motif with other AHL lactonases in the metallo-β-lactamase
superfamily, this motif of MomL performs different functions from AiiA [14,21,22]. Furthermore,
little is known about its catalytic mechanism and other amino acids that are involved in the active site
remain unclear. Therefore, elucidating the action mechanism helps to expand the application of MomL
and paves a way for marine-derived QQ enzyme research.

Pectobacterium carotovorum subsp. carotovorum (Pcc) is a bacterial pathogen that can cause severe
soft rot of cabbage [23–25]. Extracellular enzymes such as pectate lyases, pectinases, cellulases and
proteases produced by Pcc are main causes for tissue maceration [26]. Disease factors produced by Pcc
can be induced by the AHL-based QS system [27]. Thus, as an environmentally friendly biocontrol
strategy, QQ can be used to prevent or alleviate symptoms caused by such infections.

Protein engineering is a multi-faceted field that can create desired protein properties via various
approaches including protein structure prediction to protein selection from random mutagenesis
library [28]. As an early example, the ebgA gene of E. coli K12, was deleted to lead to the synthesis of
ebg enzyme and show enhanced activity toward lactose [29]. The catalytic function of cytochrome
c from Rhodothermus marinus was enhanced more than 15-fold than industrial catalysts in forming
carbon-silicon bonds [30,31]. Building high-quality mutant libraries and high efficiency screening
system are crucial steps for selecting functional proteins. Site-directed mutagenesis is a valuable tool
for understanding the relationship between enzyme activity and amino acids.

In this study, we improved the efficiency of mutant library establishment using a combination
method of error-prone polymerase chain reaction (epPCR) and seamless cloning. In addition, an
IPTG in situ photocopying technology was used to perform high-throughput screening of random
mutagenesis library. We rapidly obtained two high-activity mutant proteins and identified seven
amino acids which are vital for QQ ability of MomL. Furthermore, we investigated the ability of MomL
and its mutants to inhibit the agricultural pathogenic bacterium Pcc virulence factors and the formation
of soft rot on Chinese cabbage.

2. Results

2.1. Overview of the High-Efficiency Strategy of Constructing and Screening a Random Mutagenesis Library

In this study, we built a highly efficient and rapid method to obtain the required variants.
This method mainly combined three types of technology, specifically epPCR, seamless cloning and
isopropyl-β-d-thiogalactoside (IPTG) in situ photocopying. We selected an appropriate amino acid
mutation rate and generated PCR products containing randomly mutated amino acids by performing
optimized epPCR of three rounds. The PCR products were cloned into pET-24a(+) vectors via seamless
cloning, and the recombinant plasmids were transformed into E. coli BL21(DE3). Chromobacterium
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violaceum CV026 can produce violacein in the presence of AHLs with N-acyl side chains from C4 to C8 in
length. When QQ substances were added, the production of violacein was inhibited. Therefore, in the
screening plate containing exogenous C6-HSL and the indicator CV026, C6-HSL can be degraded and
the plate will not turn violet when the imprinted E. coli BL21 colonies of the random mutagenesis library
produced active MomL enzyme. Single colonies were imprinted on the screening plates containing
IPTG and indicator CV026. The QQ ability of MomL was estimated by either the white halo or the halo
diameter produced in the screening plate and positive mutants were selected. The method used in this
study was highly efficient and faster than the traditional method (Figure 1). The analyzation for the
efficiency and feasibility of this method were performed using MomL protein as an example.

 
Figure 1. The schematic diagram of high efficiency strategy of constructing and screening random
mutagenesis library (A) and the process of error-prone polymerase chain reaction (epPCR) and seamless
cloning (B).

2.2. Error-Prone Polymerase Chain Reaction (EpPCR) Condition Optimization with Suitable
Mutation Efficiency

EpPCR randomly introduces mutant sites, and the mismatch rate is related to the magnesium
and manganese ion contents [32,33]. In order to build a more efficient mutant library, 1% were
selected as the optimal amino acid mutation rate. To determine the appropriate mismatch rate, Mg2+

concentration gradient ranging from 1 to 8 mM and Mn2+ gradient ranging from 0 to 0.6 mM were
detected respectively. As shown in Figure S1A,B, specific DNA bands were observed following PCR
in different Mg2+ or Mn2+ concentration gradient. Next, orthogonal test of the two factors (Mg2+

and Mn2+) was conducted based on the results of the single factor experiment. Appropriate DNA
bands were obtained under the 10 orthogonal test conditions (Figure S1C). We randomly selected 100
single colonies of each condition for sequencing. The results demonstrated that under 1 mM Mg2+ and
0.2 mM Mn2+ conditions, 70% of single colonies were suffered in 1–3 mutant sites while no mutation
was presented in the other 23% of colonies. Fifty percent of the mutant proteins contained no more than
2 mutant sites under the 2 mM Mg2+ and 0.1 mM Mn2+ conditions. The average mutation frequency
distribution was under 2 mM Mg2+ and 0.15 mM Mn2+, including 2-3 mutant sites in 50% of mutant
proteins and 2-5 mutant sites in 83% of mutant proteins. Besides, under this condition, 100 detected
mutant libraries existed at least one mutant site. Under 2 mM Mg2+ and 0.2 mM Mn2+, premature
translational termination occurred in 30% of mutant proteins, and there were 7–11 mutant sites per
protein. Ultimately, based on these results, 2 mM Mg2+ and 0.15 mM Mn2+ conditions were selected to
maintain the amino acid mutation rate at approximately 1% (Table S2).
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2.3. Screening of a Mutation Library Based on a Seamless and EpPCR Strategy

A random mutagenesis library was built using the selected epPCR conditions. Next, the traditional
cloning method (TA cloning) and seamless cloning were separately employed to ligate random mutant
fragments and vectors. There were obvious differences in mutation library abundance between the
two methods. The number of mutant proteins obtained via seamless cloning was 15–20 times higher
than that obtained using TA cloning (Figure 2). Besides, randomly sequencing results showed that
92% of single colonies contained the momL gene while only 8% were false positive colonies with
self-ligation plasmids.

Figure 2. Efficiency comparison between seamless cloning and traditional cloning (TA). All data are
presented as mean ± standard deviation (SD, n = 3).

We obtained more than 5000 mutant strains for random mutagenesis library. Subsequently, IPTG
in situ photocopying technology was utilized to efficiently screen mutant proteins. In the prescreening
step, QQ ability of MomL was estimated by whether the visual white halo showed in screening
plate. In this step, approximately 3000 strains were screened; 10% of strains that produced larger
halo diameters were chosen for second-round screening. In second round screening step, mutants
were screened using crude enzyme supernatant in CV026-loaded screening plate. Single colonies
M1–M8 were selected from the area with large white halos while M9–M10 were identified from the
region lacking white halos (Figure 3 and Figure S2). Two high-activity mutant proteins, M2 and M3,
and the mutant proteins M9 and M10, which lacked activity, were selected for sequencing. The results
indicated that Ile144 in M2 was mutated to Val (I144V), and Val149 in M3 was mutated to Ala (V149A).
In addition, four amino acids in M9 were mutated, namely, E238G, N179S, N51Y and K82R, and four
amino acids in M10 were mutated, namely, M228V, T84A, K205E and L254R.

Figure 3. Screening target proteins by isopropyl-β-d-thiogalactoside (IPTG) in situ photocopying.
M1–M8 are single colonies with highly activity; M9–M10 indicate inactive proteins.

2.4. Analysis of Amino Acids in Mutant Proteins

To further analyze the functions of single amino acids, we mutated the above amino acids loci
and constructed 10 single amino acid mutants: MomLI144V, MomLV149A, MomLN51Y, MomLN179S,
MomLM228V, MomLK205E, MomLE238G, MomLL254R, MomLT84A, and MomLK82R (Figure 4). Biochemical
test indicated that the activities of MomLI144V and MomLV149A were 1.3 and 1.8 times higher, respectively,
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than that of wild-type MomL (Figure 5A). Furthermore, MomLE238G was inactive, and the activities
of MomLK205E and MomLL254R were reduced by 80%–90% compared to MomL. The activities of
MomLN179S/MomLN51Y/MomLK82R/MomLM228V/MomLT84A also decreased, ranging from 40–80% of
wild-type MomL activity (Figure 5B). The results indicated that Glu238, Lys205, Leu254, Thr84 and
Asn179 are related to hydrolysis reaction of C6-HSL. Changes in every single site can reduce the
enzyme activity to 50% or more.

 
Figure 4. Multiple sequence alignment of amino acid sequences of MomL, putative homologues,
and other representative N-acyl homoserine lactone (AHL) lactonases. Sequence alignment was
performed by the MUSCLE program in the MEGA software package and enhanced by ESPript 3.0.
MomL homologue from Eudoraea adriatica (WP_019670967) showed the highest score when BLASTP
searching nonredundant (NR) databases. Other sequences of AHL lactonase are AiiA from Bacillus
sp. strain 240B1 (AAF62398), AidC from Chryseobacterium sp. strain StRB126 (BAM28988), QlcA from
unculturable soil bacteria, and AttM (AAD43990), AiiB (NP 396590) from Agrobacterium fabrum C58 and
YtnP from Bacillus. Filled triangles show amino acids which are essential for MomL activity. Filled
rhombuses show amino acids, the mutation of which increased MomL activity.
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Figure 5. (A) Enzyme kinetics experiments of MomL and mutant proteins on different substrates
C6-HSL and 3OC10-HSL. (B) Protein activity test of mutant proteins. All data are presented as
mean ± standard deviation (SD, n = 3). An unpaired t-test was performed for testing significant
differences between groups (*** P < 0.001, ** P < 0.01, * P < 0.05). (C) Multiple-sequence alignment of
the amino acid sequences of MomL, putative homologues, and other representative AHL lactonases.
The multiple-sequence alignment procedure is the same as described in Figure 4. (D) The structure
and active site of AiiA, the homologous protein of MomL. A114 and A119 in AiiA are located near
the C-loop.

By screening mutant proteins, we rapidly obtained two live mutant proteins and identified seven
amino acids that are involved in QQ ability of MomL. By multiple sequence alignment of MomL and
other AHL lactonases belonging to the metallo-β-lactonase superfamily, we found that Ile144, Val149,
Asn179, Lys205 were variable amino acids in the conserved domain “HXHXDH ~ 60aa ~ H”, and may
be directly related to the catalytic reaction; while Thr84, Glu238 and Leu254 were amino acids outside
the conserved domain, and may be related to maintaining protein stability. In addition, by analyzing
the structure of AiiA, the homologous protein of MomL, we found that I144 and V149 in MomL (A114
and A119 in AiiA) are located near the catalytic ring of the active center (C-loop in Figure 5C,D).
We speculated that the mutation of I144V and V149A may affect the enzyme activity by affecting the
conformation of the C-loop.

2.5. The Effect of Mutant Proteins on the Virulence Factors and Survival of Pectobacterium Carotovorum
Subsp. Carotovorum (Pcc)

The inhibitory effects of mutant proteins on pectate lyase, the virulence factor of the plant
pathogenic bacterium Pcc, was analyzed. Wild-type MomL, MomLI144V and MomLV149A inhibited
the expression of the pectate lyase gene, and the inhibitory effect of MomLV149A was slightly higher
than the wild-type MomL. We also analyzed the gene expression of pectate lyase when treated by
MomLE238G, MomLK205E and MomLL254R. The mutation of these three amino acids resulted in the
inability to inhibit pectate lyase gene expression (Figure 6A). In addition, the yield of pectate lyase

332



Mar. Drugs 2019, 17, 300

was determined and the results were consistent with the transcriptional analysis. MomLI144V and
MomLV149A greatly reduced pectate lyase yield, while MomLE238G, MomLK205E and MomLL254R did
not (Figure 6B). Besides, the presence of MomLI144V and MomLV149A reduced the Pcc survival rate
under stress conditions to 30%–45% of the survival of Pcc alone. The presence of MomLE238G did not
affect Pcc survival. Furthermore, the boiled MomL did not affect the Pcc survival rate (Figure 6C).
We speculated that site-directed mutagenesis of momL led to changes in other function of the mutant
proteins, such as the fold of the enzyme, stability, substrate interaction and many other performance
parameters, and thus resulted in reduced survival of Pcc. However, the specific mechanism needs to
be studied further.

 
Figure 6. Transcriptional level of pectate lyase encoding gene in Pectobacterium carotovorum subsp.
carotovorum (Pcc) (A) and the production of pectate lyase (OD492). (B). Effects of MomL and mutant
proteins towards the Pcc survival rate (C). All data are presented as mean ± standard deviation (SD, n
= 3). An unpaired t-test was performed for testing significant differences between groups (*** P < 0.001,
** P < 0.01, * P < 0.05).

2.6. Effects of MomL and Mutant Proteins on Pcc Infection of Chinese Cabbage

To further analyze MomL and its mutants, their treatment effect towards soft rot of Chinese
cabbage was tested. When treated by Pcc alone, approximately 2/3 of the cabbage leaf area was
infected and decomposed. Following infection with Pcc and treatment with MomL, only a small
percentage of tissue was infected. However, inactivated MomL applied in combination with Pcc did
not reduce the degree of decay in Chinese cabbage. The decay areas of the cabbage after treatment
with MomLE238G, MomLK205E and Pcc were comparable to those obtained with Pcc infection alone.
The application of MomLL254R and Pcc together reduced the decay area by approximately 50% compared
with that treated by Pcc alone. The treatment effects of MomLI144V and MomLV149A were the most
significant. After the application of MomLI144V and MomLV149A, the Pcc infection rate on Chinese
cabbage decreased obviously (Figure 7). Overall, in infection experiments, the bacterial survival rate
significantly decreased by more than 50% after adding MomL or active mutant proteins. The results
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indicated that co-culture with MomL or mutant proteins can relieve the symptoms caused by Pcc,
and this may be due to the decrease of virulence factors such as pectate lyase.

 
Figure 7. Effects of MomL and mutant proteins on Pcc infection of Chinese cabbage. (A) Pcc; (B) Pcc
with MomLE238G; (C) Pcc with MomLK205E; (D) Pcc with MomLL254R; (E) Pcc with MomL; (F) Pcc with
MomLI144V; (G) Pcc with MomLV149A; (H) Pcc with boiled MomL. The results shown are representative
of biological duplicates.

3. Discussion

Marine metagenomic data revealed that QQ is a common activity in marine bacteria [34]. Many
QQ enzymes have been identified from marine species, such as Aii20J from Tenacibaculum sp. strain 20J,
QsdH from Pseudoalteromonas byunsanensis strain 1A01261 and AiiC from Anabaena sp. PCC 7120 [35,36].
QQ enzymes have broad application prospects in aquaculture disease control, biofouling prevention
and drugs development [37,38]. Improving the degrading ability of QQ enzymes will lead to highly
stable and efficient proteins for industrial use. Thus, further studies about marine aquatic QQ can
expand marine QQ bioresource application and pave a way to solve problems related to aquaculture
and agriculture that is conducted in a saline environment [39]. The marine-derived QQ enzyme MomL,
a novel type of AHL lactonase with an unknown action mechanism, was investigated in this study.
MomL demonstrates a wide antimicrobial spectrum and provides a promising alternative for disease
control due to its ability to inhibit the pathogenicity induced by the AHL QS system. The amino
acids and active site in MomL have not previously been explored, except for the “HXHXDH~H~D”
motif. Hence, we focused on MomL to improve its bacteriostatic activity, explore its highly active
mutant proteins, and identify amino acids involved in enzyme activity via site-directed mutagenesis,
thus providing a theoretical basis for its mechanism of action.

Among protein engineering strategies, random mutagenesis methods are usually applied to study
properties that are not understood rationally. EpPCR is standard method for random mutagenesis
due to its robustness and simplicity in use [40]. A seamless cloning technique is used to insert a
targeted fragment into any location in the vector without relying on an enzymatic site. The main factor
affecting epPCR was the concentration of Mn2+, which can result in higher mutation frequencies at
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higher concentrations. Other influential factors including the concentration of Mg2+, the proportion
of deoxyribonucleoside triphosphates (dNTPs), and even the PCR reaction cycles. In this study,
mutation frequencies were controlled at 1–3%. Thus, each protein contained 3-5 mutations. After
multiple analyses, we ultimately determined the concentrations of dNTP, Mg2+ and Mn2+ for the
use in next step. We screened amplification enzymes using epPCR to identify high-fidelity enzymes
with improved cloning efficiency, but unsatisfactory mutation rates resulted in the low diversity of
the random mutant library. Ultimately, Taq enzyme was chosen for epPCR. At the beginning of each
reaction, the Taq enzyme produced higher mutant library diversity with 2–5 mutations per protein
but achieved low seamless cloning efficiency, thus limiting the number of transformants. Presumably,
the A-end of the Taq enzyme affected the efficiency of seamless cloning, which was optimized in our
study. We removed the A-end using the HS DNA polymerase (Takara Primer STAR®). The entire
experimental time was shortened to one-fifth of the time required for traditional experiment, and the
efficiency of mutant library establishment was nearly 10 times higher than that achieved previously.
Furthermore, the efficiency of positive cloning during mutant library construction was as high as
92%. Thus, our strategy demonstrated wide applications for establishing protein mutant libraries,
and greatly improved the efficiency of seamless cloning.

The first two approaches involve large high-throughput selection, and only 10%–20% of bacteria on
a parent plate can be transferred to a sub-plate in the traditional method. But IPTG in situ photocopying
is a high-throughput screening system. By performing single colony dilution and counting the number
of single colonies, we increased the transferred number of bacteria to 50%. This type of screening
method holds great applicable value for other QQ enzymes’ screening. By screening mutant proteins,
we rapidly obtained two highly active mutants of MomL and identified seven amino acids which
are involved in enzyme activity. However, given the lack of MomL crystals structure, the deep
catalytic mechanism remains to be characterized. In infection experiments, the bacterial survival rate
significantly decreased by more than 50% after adding highly active mutant proteins to Pcc. MomL and
its mutant proteins also reduced the virulence factor pectate lyase produced by Pcc. We applied these
proteins to infect Chinese cabbage and found that the infection symptoms were alleviated after adding
MomL or its mutants, indicating MomL and its mutants can be an alternative strategy for disease
control. We are currently characterizing the minimum concentration and maximum time required for
MomL treatment to facilitate the application of MomL alike to actual utilization.

4. Materials and Methods

4.1. Bacterial Strains, Plasmids, Media, Growth Conditions, and Chemicals

Pectobacterium carotovorum subsp. carotovorum (Pcc) was purchased from the CGMCC (China
General Microbiological Culture Collection, Beijing, China) [41]. E. coli strain AHL882-5 was used to
express the MomL protein. E. coli strain BL21(DE3) was used as a host for protein expression. Proteins
were expressed following the cloning of random mutants of the momL gene into pET-24a(+). The strain
Chromobacterium violaceum CV026 was used as an indicator in the AHL activity bioassay [42]. C6-HSL
was purchased from the Cayman Chemical Company and prepared in dimethyl sulfoxide (DMSO). M.
olearia Th120, CV026 and Pcc were routinely cultured on Luria-Bertani (LB) agar at 28 ◦C. E. coli strain
AHL882-5 was cultured in LB medium at 37 ◦C. When required, 25 μg/mL kanamycin was added to
the solid or liquid media.

4.2. Random Mutant Library Construction and Identification of High-Activity Mutants

The mutant library of the AHL lactonase MomL was constructed using error prone PCR (epPCR).
The primers for epPCR are listed in Table S1. Each 100-μL epPCR reaction contained 10 μL of 10×
PCR buffer (Takara, Shiga, Japan), 8 μL of dNTP mixture (2.5 mM dATP, 2.5 mM dGTP, 10 mM dCTP,
and 10 mM dTTP), 1 μL of the primer momL-F (20 μM), 1 μL of the primer momL-R (20 μM), 1 μL of
template plasmid from strain AHL882-5, 1 μL of Taq DNA Polymerase (Takara, 5 U/μL), appropriate
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metal ions, and deionized water to a final volume of 100 μL. PCR was conducted using the following
conditions: denaturation at 94 ◦C for 10 min, followed by 30 cycles of denaturation at 94 ◦C for 30
s, annealing at 55 ◦C for 30 s, extension at 72 ◦C for 60 s, and a final incubation at 72 ◦C for 10 min.
The resulting PCR products were digested with Prime STAR®HS DNA Polymerase (Takara) to improve
the ligation efficiency. They were then further digested with DpnI (NEB, Ipswich, MA, USA) to remove
template plasmids and were finally purified using a PCR product purification kit (Biomed, Beijing,
China) according to the manufacturer’s instructions. Purified mutant momL genes were ligated into
the linear vector pET-24a(+) via seamless cloning. Recombinant plasmids were transformed into E.
coli BL21(DE3), diluted with fresh LB medium, plated on LB agar containing 25 μg/mL kanamycin,
and cultured at 37 ◦C overnight.

4.3. High-Throughput Screening of High-Activity Mutants

We added 1 mL of overnight cultured CV026, 7.5 μl C6-HSL (DMSO, 1 mM) and 0.5 mM IPTG
(final concentration) to 15 mL of molten semisolid LB agar (1%, w/v) before the agar was poured into the
plates. When the agar solidified, colonies growing on LB agar containing 25 μg/mL kanamycin were
imprinted on the selection plate using sterile toothpicks. After the prescreening step, choosing mutants
that produced a white halo for the next round screening. In second-round screening, the mutants were
induced to expression in 0.5 mM IPTG condition, the supernatant of the cultures were collected after
centrifugation at 12,000 rpm for 10 min at 4 ◦C and filtered through 0.22-μm-pore-size filter to test the
AHL lactonase activity. The CV026 screening plate was prepared as described above without adding
with 0.5 mM IPTG. The medium was punched using a sterile tip and the crude enzyme supernatant
were added into the hole (with MomL crude enzyme supernatant as positive control and LB medium
as negative control).

4.4. Expression and Purification of Mutant Proteins

Colonies surrounded by white halos on the purple background of the plate were picked and
cultured in LB medium (with 25 μg/mL kanamycin) in a shaking incubator at 37 ◦C. Protein expression
was induced with 0.5 mM IPTG at an original OD600 of 0.5–0.7 at 16 ◦C for 12 h. Cells were harvested
via centrifugation at 12,000 rpm for 10 min at 4 ◦C. Cell pellets were resuspended gently in binding
buffer (20 mM Tris-HCl with 10 mM imidazole, 0.5 M NaCl, pH 8) and disrupted by sonication
on ice. The cell debris was removed via centrifugation at 12,000 rpm for 10 min at 4 ◦C, and the
supernatants were filtered through a 0.22 μm pore-size filter. Before they were loaded onto NTA-Ni
(Qiagen) columns, the supernatants were confirmed using a CV026 plate assay previously described
by McClean [42]. Then, the mutant proteins were eluted using a specific wash buffer (20 mM Tris-HCl
containing different amounts of imidazole, 0.5 M NaCl, pH 8) from the NTA-Ni columns and evaluated
by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

4.5. N-Acyl Homoserine Lactone (AHL) Lactonases Activity Assay

The relative activity of mutant proteins was measured using a pH-sensitive colorimetric
assay previously described by K Tang [9]. The test system consisted of a reaction buffer,
morpholinepropanesulfonic acid (MOPS), a pH indicator, bromothymol blue (BTB), AHL substrate
C6-HSL and the enzyme undergoing measurement. When AHL molecules were degraded to donate
protons, the pH was weakly altered. Color changes due to BTB were measured using a microplate reader.

4.6. Site-Directed Mutagenesis of Moml

To study multi-site mutant proteins, we constructed site-directed single mutant via site-directed
mutagenesis [43]. Mutation sites and primers [44] are listed in Table S1. The mutated genes were
amplified using Primer STAR GXL DNA polymerase (Takara) and cyclized after phosphorylation.
Recombinant plasmids were expressed in E. coli BL21(DE3) and mutant proteins were purified as
previously described. The enzyme activity of each mutant protein was measured as described above.
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4.7. Kinetic Assay of Moml and Mutant Proteins Activities

The catalytic activities of MomL and mutant proteins were measured by a pH sensitive colorimetric
assay [45]. Briefly, 3.5nM enzyme, C6-HSL/3OC10-HSL (0.156 to 5 mM) were added to a MOPS (5 mM,
pH 7.1)/BTB (1 mM) system of total 100 uL. Due to the pH-sensitive dye (BTB) mediated color
change, OD630 was continuously measured using a microplate absorbance reader [9]. Initial rates were
calculated and a GraphPad Prism software was used for calculating Km and kcat values. A standard
curve using HCl was constructed to reflect the relationship between the absorbance change and the
proton concentration, the value of OD630 would decrease by 0.193 after adding with 100 nmol of HCl.

4.8. Effects of MomL and Mutant Proteins on the Pathogenicity of Pcc

Pcc was cultured to the exponential phase and inoculated in 5 mL of LB medium containing
equal amounts of enzymes (MomL, MomLI144V and MomLV149A), and ddH2O was added as a positive
control. The cultures were grown on a shaker (170 rpm) at 28 ◦C for 24 h. Extracellular pectate lyase
activity was determined using a DNS assay. First, 0.2% polygalacturonic acid reaction buffer (0.2%
polygalacturonic acid; 0.2 M NaCl in 0.05 M sodium acetate buffer at pH 5.2) was prepared. Then,
to obtain culture samples for enzyme assays, cultures were centrifuged at 4000 rpm for 5 min, and the
supernatants were filter-sterilized through a 0.22 μm filter at 4 ◦C or on ice. Two hundred microliters
of enzyme and 400 μL of 0.2% polygalacturonic acid reaction buffer were blended and immersed in a
tube maintained at a constant temperature of 48 ◦C for 30 min. Four hundred microliters of DNS were
added to the 600 μL reaction system, and the mixture was incubated in boiling water for 5 min and
centrifuged at 12,000 rpm for 1 min; the precipitate was then discarded. The supernatant was diluted
three times, and the absorbance was measured at 492 nm.

4.9. Pcc Survival Rate Assay

Pcc was cultured as mentioned above. A bacterial suspension was diluted with fresh LB and
plated on LB agar; after 15 h of growth at 28 ◦C, colonies were counted. The colonies on Pcc plates
were set to 100%.

4.10. Pcc Infection Experiment

Leaves were selected from the same Chinese cabbage, and 10 μL of Pcc bacterial suspension
with enzyme (MomL and mutant proteins) were added to a cut surface. The inoculated leaves were
incubated in sterile dishes at 28 ◦C for 24–48 h. Pcc alone was used as the positive control.
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Abstract: A novel, cold-adapted, and acid-base stable manganese superoxide dismutase (Ps-Mn-SOD)
was cloned from hadal sea cucumber Paelopatides sp. The dimeric recombinant enzyme exhibited
approximately 60 kDa in molecular weight, expressed activity from 0 ◦C to 70 ◦C with an optimal
temperature of 0 ◦C, and resisted wide pH values from 2.2–13.0 with optimal activity (> 70%) at
pH 5.0–12.0. The Km and Vmax of Ps-Mn-SOD were 0.0329 ± 0.0040 mM and 9112 ± 248 U/mg,
respectively. At tested conditions, Ps-Mn-SOD was relatively stable in divalent metal ion and
other chemicals, such as β-mercaptoethanol, dithiothreitol, Tween 20, Triton X-100, and Chaps.
Furthermore, the enzyme showed striking stability in 5 M urea or 4 M guanidine hydrochloride,
resisted digestion by proteases, and tolerated a high hydrostatic pressure of 100 MPa. The resistance
of Ps-Mn-SOD against low temperature, extreme acidity and alkalinity, chemicals, proteases, and
high pressure make it a potential candidate in biopharmaceutical and nutraceutical fields.

Keywords: expression; purification; deep-sea enzyme; pCold vector

1. Introduction

Reactive oxygen species (ROS) are necessary for various physiological functions, such as signaling
pathways and immune responses; the mass accumulation of ROS will damage bio-macromolecules,
leading to cell death and various diseases [1,2]. Superoxide dismutases (SODs, EC 1.15.1.1) are one of
the most important antioxidant enzymes that clear ROS by converting them into oxygen and hydrogen
peroxide. According to the different metal cofactors, several types, such as Cu,Zn-SOD, Mn-SOD,
Fe-SOD, cambialistic SOD (activated with either Fe or Mn), Ni-SOD, and Fe,Zn-SOD, have been
reported in many species [3–7].

Studies have shown that SODs are related to immune reactions in invertebrates, as exemplified
by bacterial and viral invasion [4,8], environmental pollution [9,10], and temperature stimulation [11].
Recently, Xie et al. indicates that antioxidant is related to the deep-sea environmental adaptability [12].
On the other hand, point mutations and activity loss of SODs lead to serious diseases and death
in vertebrates. For example, the mice model of mitochondria SOD-deficiency is characterized by
neurodegeneration, myocardial injury, and perinatal death [13,14]. A strong link is observed between
Alzheimer’s disease, tumor, amyotrophic lateral sclerosis, and SODs [15,16]. Hence, the physiological
significance of SODs allows their application in the therapeutic and nutraceutical fields. To date,
SODs have been reported to exhibit positive effects on inflammatory diseases, arthritis tumor, and
promotion [17–19]. An orally effective form of SOD (glisodin) has been developed by Isocell Pharma,
and it showed cosmetic and health benefits in human subjects [20,21]. Producing SOD using engineered
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bacteria is one of the most promising methods to obtain high yield and inexpensive SODs for
application. Therefore, the development of SODs with remarkable characteristics is particularly urgent.

Sea cucumbers are highly important commercial sea foods owing to their high nutritional
value, and they are distributed from shallow water to the deep sea [22]. Although deep sea is
an extremely low-temperature and high hydrostatic-pressured environment for most living organisms,
holothurians dominate benthic megafaunal communities in hadal trenches and form “the kingdom of
Holothuroidea” when food is abundant [23]. Extreme environments, such as the deep sea, are ideal for
the development of new enzymes; numerous novel enzymes with unique activities, such as proteases
and lipases, have been identified from the deep sea [24,25]. Considering the promising applications
of SODs in therapeutic and nutraceutical fields, relationship with the adaptability of the deep-sea
environment and limited studies in extreme organisms, especially in hadal sea cucumbers, we report
a novel manganese superoxide dismutase from hadal sea cucumber Paelopatides sp. (Ps-Mn-SOD),
which inhabits a depth of 6500 m in the Mariana Trench, analyzed its biochemical characteristics, and
evaluated its stability for potential use in the food and preliminarily nutraceutical fields.

2. Results

2.1. Sequence Characteristics

The ORF of Ps-Mn-SOD is 768 bp long, encoding 255 amino acids. A signal peptide was detected
at the N-terminal of deduced amino acid sequence. The N- and C-terminal domains spanned from
Lys-34 to Ser-127 and Pro-137 to Leu-242, respectively. Four conserved amino acid residues, namely,
His-63, His-119, Asp-209, His-213 are responsible for manganese coordination. A conserved residue of
Tyr-35 is responsible for the second coordination sphere of the metal [26]. A highly conserved Mn-SOD
signature sequence with the pattern D-x-[WF]-E-H-[STA]-[FY] existed in Ps-Mn-SOD (DVWEHAYY).
The predicted secondary structure contained 13 α-helices and 4 β-strands. The deduced theoretical
isoelectric point was 5.05, and the molecular weight was 29.29 kDa. The instability index of 36.97 classified
the protein as stable. The 3D model of Ps-Mn-SOD was predicted using the x-ray template of Bacillus subtilis,
which shared 45.27% sequence identity (PDB ID: 2RCV) [27]. This model shows that Ps-Mn-SOD is
presented as a homodimer, and each subunit embraces one manganese ion. The global and per-residue
model qualities were assessed using the QMEAN scoring function [28]. GMQE and QMEAN4 Z-scores
reached 0.64 and −2.63, respectively, suggesting the accuracy of predicted 3D model of Ps-Mn-SOD.
Figure 1 and Supplementary Figure S1 provide the related structural information of Ps-Mn-SOD.

 

Figure 1. Nucleotide and corresponding amino acid sequences of Ps-Mn-SOD. The signal peptide is
drawn with a red line. The signature sequence DVWEHAYY is underlined with dotted line. N- and
C-terminal domains are marked with purple and green shades, respectively. Four conserved amino
acid residues for manganese coordination are boxed. Asterisk points to the highly conserved Tyr-35
residue. Cylinders and arrows represent helices and strands, respectively.
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2.2. Homology and Phylogenetic Analysis

Multiple alignment and pairwise homology analysis between Ps-Mn-SOD and other invertebrates
were performed, and the results are shown in Figure 2 and Supplementary Table S1. Multiple
alignment of Ps-Mn-SOD with other invertebrates indicated that four amino acids were responsible for
manganese binding, and the signature sequences are highly conserved in different Mn-SOD sources
and were also identified in Ps-Mn-SOD (Figure 2). The highest similarity and identity were shared with
Apostichopus japonicus (83.9% and 78.0%), followed by Capitella teleta (66.9% and 47.9%), Exaiptasia pallida
(66.3% and 47.7%), Strongylocentrotus purpuratus (65.1% and 47.0%), Mizuhopecten yessoensis (64.4%
and 46.7%), and Stylophora pistillata (63.1% and 45.8%). To determine the type of SOD present, we
performed phylogenetic analysis based on the amino acid sequences of the determined SOD types
in Genebank (Figure 3). The results showed that the present SOD clustered with A. japonicus and
evidently a Mn-SOD type with high bootstrap values.

Figure 2. Multiple alignment of Ps-Mn-SOD with other invertebrates. Mn-SOD signature sequence is
boxed. Triangles point to the active sites for manganese coordination. Asterisk points to the highly
conserved Tyr-35 residue.
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Figure 3. Neighbor-joining phylogenetic tree of SODs based on amino acid sequence homology.
Bootstrap values below 50 are cut off. Ps-Mn-SOD is displayed in bold.

2.3. Expression, Purification, and Validation of Ps-Mn-SOD

The Ps-Mn-SOD gene was expressed with a His-tag in E. coli. Supplementary Figure S2 shows the
SDS-PAGE analysis results. Recombinant Ps-Mn-SOD was expressed under 0.1 mM IPTG at 15 ◦C for
24 h and produced a distinct band at approximately 30 kDa, consistent with the previously estimated
molecular weight (Supplementary Figure S2, lanes 1 and 2). The protein was purified under native
conditions due to its highly soluble expression in the supernatant (Supplementary Figure S2, lanes
3 and 4). The maximum protein yield approximated 4.39 mg/L culture. Western blot analysis was
performed to verify its successful expression (Supplementary Figure S2, lanes 5 and 6).

2.4. Characterizations of Ps-Mn-SOD

2.4.1. Effects of Temperature on Ps-Mn-SOD

The activity of Ps-Mn-SOD was determined from 0 ◦C to 80 ◦C, with the optimum temperature
observed at 0 ◦C. A stable activity was observed at low temperatures, with > 70% activity highlighted
from 0 ◦C to 60 ◦C. The activity was maintained at 2.53% at 70 ◦C and lost at 80 ◦C (Figure 4A).
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Figure 4. Effects of temperature (A), pH (B), urea and guanidine hydrochloride (C), and high
hydrostatic pressure (D) on Ps-Mn-SOD. Ps-SOD and Be-SOD represent SOD from Paelopatides sp. and
bovine erythrocytes, respectively.

2.4.2. Effects of pH on Ps-Mn-SOD

The activity of recombinant Ps-Mn-SOD was measured under pH 2.2–13.0, with an optimum pH
observed at 10.5 (Figure 4B). Ps-Mn-SOD could resist extreme pH values (> 20% at pH 3.0–13.0) and
showed optimal activity (> 70%) at pH 5.0–12.0.

2.4.3. Effects of Chemicals on Ps-Mn-SOD

The effects of metal ions on Ps-Mn-SOD activity were determined at 0.1 or 1 mM final
concentration (Table 1). Ps-Mn-SOD activity was inhibited by Mn2+, Co2+, Ni2+, Zn2+, and 1 mM Cu2+

and Ba2+. In particular, Co2+ showed more significant inhibition effect on Ps-Mn-SOD activity. Mg2+

and Ca2+ showed minimal effects.
Table 2 provides the effects of inhibitors, detergents, and denaturants on Ps-Mn-SOD activity.

Ps-Mn-SOD activity was strongly inhibited by ethylene diamine tetraacetic acid (EDTA) and SDS and
especially sensitive to SDS. Reductant dithiothreitol (DTT) and β-mercaptoethanol (β-ME) minimally
affected enzyme activity. Detergents of Tween 20, Triton X-100, and Chaps slightly enhanced enzyme
activity at 0.1% concentration.
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Table 1. Effects of metal ions on Ps-Mn-SOD. ** p < 0.01.

Divalent Metal Ions Concentration/mmol·L−1 Relative Activity/%

Control — 100 ± 2.39

Mn2+ 0.1 92.89 ± 1.53 **
1 84.99 ± 2.77 **

Co2+ 0.1 80.13 ± 1.23 **
1 61.49 ± 1.54 **

Ni2+ 0.1 95.70 ± 2.38 **
1 94.42 ± 2.92 **

Zn2+ 0.1 90.25 ± 1.76 **
1 90.99 ± 4.63 **

Cu2+ 0.1 98.39 ± 3.97
1 88.99 ± 5.44 **

Ba2+ 0.1 99.16 ± 2.18
1 95.94 ± 2.40 **

Mg2+ 0.1 100.68 ± 3.27
1 100.61 ± 2.16

Ca2+ 0.1 99.71 ± 1.13
1 100.39 ± 4.48

Table 2. Effects of inhibitors, reductant, and detergents. * p < 0.05; ** p < 0.01.

Divalent Metal Ions Concentration Relative Activity/%

Control — 100 ± 2.84

EDTA 1 mmol·L−1 64.33 ± 3.08 **
10 mmol·L−1 58.03 ± 2.59 **

DTT 1 mmol·L−1 96.36 ± 4.65
10 mmol·L−1 97.00 ± 5.46

β-ME 1 mmol·L−1 96.53 ± 4.47
10 mmol·L−1 101.85 ± 3.72

Tween 20 0.1% 109.96 ± 6.62 **
1% 105.01 ± 3.28 **

Chaps 0.1% 103.13 ± 2.32 *
1% 99.32 ± 3.66

Triton X-100 0.1% 105.02 ± 3.29 **
1% 99.22 ± 3.79

SDS 0.1% 5.21 ± 3.45 **
1% 6.11 ± 4.15 **

The enzyme could resist the strong denaturation of urea and guanidine hydrochloride (Figure 4C)
and maintain an almost full activity after 1 h treatment in 5 M urea or 4 M guanidine hydrochloride.

Hydrogen peroxide and sodium azide were used to determine the SOD type (Figure 5 and
Supplementary Figure S4). After treatment of the recombinant Ps-Mn-SOD using 10 mM hydrogen
peroxide and sodium azide at 25 ◦C for 1 h, the relative activities were 7.73% and 90.39%, respectively.
This showed that the SOD from Paelopatides sp. belongs to Fe/Mn-SOD family, in accordance with
previous phylogenetic analysis and 3D structure prediction.
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Figure 5. SOD type assay.

2.4.4. Effects of Digestive Enzymes on Ps-Mn-SOD

Digestion experiment was performed to test the stability of recombinant Ps-Mn-SOD in digestive
fluid. Residual enzyme activity was measured after different incubation times for 0–4 h at 37 ◦C
and pH 7.4. As shown in Table 3 and Supplementary Table S2, although the Ps-Mn-SOD sequence
putatively contains 30 chymotrypsin and 23 trypsin cleavage sites, the enzyme could still maintain
intact activity after 4 h treatment at an enzyme/substrate (w/w) ratio of 1/100.

Table 3. Cleavage effect of digestive enzyme on Ps-Mn-SOD at different time periods. Results are
shown as mean (n = 3) ± SD. ** p < 0.01.

Time (h) Relative Activity (%)

0 100 ± 2.21
1 108.66 ± 5.70
2 104.46 ± 4.54
3 103.73 ± 3.24
4 106.72 ± 4.80

2.4.5. Effects of High Hydrostatic Pressure on Ps-Mn-SOD

As shown in Figure 4D, the recombinant Ps-Mn-SOD could maintain full activity with increasing
hydrostatic pressure until 100 MPa. By contrast, the SOD from bovine erythrocytes exhibited reduced
activity of 84.57% when the pressure reached 100 MPa.

2.4.6. Kinetic Parameters

The kinetic parameters of recombinant Ps-Mn-SOD were determined using a series of xanthine
(0.006–0.6 mM) concentrations at 37 ◦C and pH 8.2 (Supplementary Figure S3) based on the
Michaelis–Menten equation. The Km and Vmax values of Ps-Mn-SOD were 0.0329 ± 0.0040 mM and
9112 ± 248 U/mg, respectively. The R2 value of the curve fitting was 0.9815.

3. Discussion

Mn-SODs are predominantly found in mitochondria, as the first line of antioxidant defense,
which are involved in cellular physiology, such as cell impairment and immune-responsive [8]. The
important biological functions of Mn-SODs have attracted increasing attention among researchers.
Novel Mn-SODs with remarkable characteristics will have great applications in food, cosmetic, and
pharmaceutical industries. In the present study, a novel and kinetically stable Mn-SOD derived from
hadal sea cucumber was cloned, expressed, and characterized.

Based on preliminary data, the Ps-Mn-SOD is frigostabile, consistent with the fact that the protein
was derived from hadal area, which maintained > 90% activity below 20 ◦C with the optimum
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temperature observed at 0 ◦C. In contrast, Mn-SOD from ark shell, Scapharca broughtonii, showed
<40% activity below 20 ◦C [4]. Mn-SOD from seahorse, Hippocampus abdominalis, showed <80% and
continuously reduced activity below 20 ◦C [8].

Mn-SODs in several sources have been found to function at wide pH values. For example,
a hyperthermostable Mn-SOD from Thermus thermophilus HB27 maintained >70% activity at pH
4.0–8.0 [29]; Mn-SOD from deep-sea thermophile Geobacillus sp. EPT3 maintained >70% activity at pH
7.0–9.0 [30]; and Mn-SOD from Thermoascus aurantiacus var. levisporus only maintained >40% activity
at pH 6.0–9.0 [31]. In contrast, the present Ps-Mn-SOD could maintain >70% activity at pH 5.0–12.0,
showing remarkably wide pH values adaptation. Furthermore, after 1 h treatment in extremely
acidic (pH 2.2) or alkaline (pH 13.0) conditions, Ps-Mn-SOD still maintained ~20% activity, showing
remarkable stability to extreme pH values. The pH assays also showed that Ps-Mn-SOD is more
stable under alkaline (pH 8.5–12.0) than acidic (pH 2.2–5.0) conditions. Metal ligands may undergo
protonation at low pH but exhibit stability in alkaline conditions [32]. Similar studies on seahorse and
bay scallop SODs were also reported [8,33].

Ps-Mn-SOD is relatively stable in chemicals, such as urea, guanidine hydrochloride, β-ME, DTT,
etc. It maintained almost 100% activity after 1 h treatment of 5 M urea or 4 M guanidine hydrochloride
at 25 ◦C, showing excellent resistance to strong protein denaturants. By comparison, the Mn-SOD
from deep-sea thermophile Geobacillus sp. EPT3 maintained > 70% residual activity in 2.5 M urea
or guanidine hydrochloride after 30 min treatment [30]. Fe-SOD from Antarctic yeast Rhodotorula
mucilaginosa showed relatively low tolerance to urea [34]. However, based on our obtained data
(unpublished and [35]), SODs from hadal sea cucumbers constantly exhibited excellent resistance to
perturbation of denaturants. In addition, Ps-Mn-SOD maintained 97.00% and 99.22% residual activity
after 1 h treatment of 10 mM DTT and 1% Triton X-100, respectively. While Mn-SOD from deep-sea
thermophile Geobacillus sp. EPT3 only maintained 84.10% and 70.30% activity after 30 min treatment
of corresponding chemicals [30].

As expected, Ps-Mn-SOD could also resist the perturbation by high hydrostatic pressure compared
to the homolog from atmospheric pressure organism, because it was derived from a hadal field.
Given the limitations of our equipment, the experiment was not performed at pressure more than
100 MPa. In fact, Ps-Mn-SOD might resist >100 MPa hydrostatic pressure. Similar results have
been reported in other deep-sea enzymes, such as RNA polymerase from Shewanella violacea [36],
N-acetylneuraminate lyase from Mycoplasma sp. [37], and lactate dehydrogenase b from Corphaenoides
armatus [38]. Nonetheless, the sensitivity of enzymes to high hydrostatic pressure is not always related
to the depth where the organisms lived. For example, two polygalacturonases from the hadal yeast
Cryptococcus liquefaciens strain N6 exhibited an almost constant activity from 0.1 to 100 MPa. While,
at the same pressure, polygalacturonase from Aspergillus japonicus, which lives under atmospheric
pressure, increased by approximately 50% [39]. However, limited studies reported in detail the pressure
assays of SODs, proving the difficulty in the interpretation of their pressure tolerance mechanism.

Altogether, these features render Ps-Mn-SOD a potential candidate in the biopharmaceutical and
nutraceutical fields.

4. Materials and Methods

4.1. Material and Reagents

Hadal sea cucumber was collected at the depth of 6500 m in the Mariana Trench (10◦ 57.1693′ N
141◦ 56.1719′ E). Total RNA was extracted using RNeasy Plus Universal Kits from Qiagen, Hilden,
Germany, and reverse-transcribed to cDNA. The transcriptome was obtained by sequencing assembly
and annotation by Novogene Company (Tianjin, China). The following reagents were purchased
from Takara, Tokyo, Japan: PrimeScriptTM II 1st strand cDNA Synthesis Kit, PrimeSTAR® GXL
DNA Polymerase, E. coli DH5α, and pG-KJE8/BL21 competent cells, pCold II vector, restriction
enzymes BamH I, and Pst I, T4-DNA ligase, and DNA and protein markers. The 1 mL Ni-NTA affinity
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column, BCA protein assay kit, primers, and trypsin/chymotrypsin complex (2400:400) were obtained
from Sangon Biotech Company, Shanghai, China. Polyvinylidene difluoride (PVDF) membrane was
obtained from Millipore Company, USA. The primary (ab18184) and secondary antibodies (ab6789)
were obtained from Abcam, Cambridge, UK. Pierce™ ECL Plus Western blot analysis substrate was
obtained from ThermoFisher, Waltham, MA, USA.

4.2. Cloning and Recombinant

For the manganese SOD (Ps-Mn-SOD) gene, the Mn-SOD sequences of Holothuroidea in GenBank
were submitted to the transcriptome database of Paelopatides sp. to run a local blast using Bioedit
7.0 software. The open reading frame (ORF) of Ps-Mn-SOD (deleted signal peptide) was amplified
by primers Ps-Mn-SOD-S: CGGGATCCAAGGCTCCGTATGAAGGCCTGGAGA and Ps-Mn-SOD-A:
AACTGCAGTCACAATTCTTCATGTTTAGATGGC using the cDNA as template (the underlined
restriction enzyme sites). The sequence was submitted to GenBank database with accession numbers
MK182093. The purified and digested PCR product was ligated with pCold II vector. The recombinant
plasmids, that is, pCold II-Ps-Mn-SOD, were transformed into E. coli DH5α, and positive clones were
verified by sequencing.

4.3. Protein Overproduction, Purification, and Confirmation

The recombinant plasmids were transformed into E. coli chaperone competent cells pG-KJE8/BL21,
which were inoculated in liquid Luria-Bertani medium (containing 100 μg/mL ampicillin, 20 μg/mL
chloramphenicol, 0.5 mg/mL L-arabinose, and 2 ng/mL tetracycline), proliferated at 37 ◦C
until the OD600 reached 0.4–0.6, cooled on an ice–water mixture for 40 min, added isopropyl
β-D-1-thiogalactopyranoside (IPTG) with a final concentration of 0.1 mM, and then incubated for 24 h at
15 ◦C to produce the recombinant protein. Cells were harvested, washed with 1 × phosphate-buffered
saline, resuspended in binding buffer (50 mM Na3PO4, 300 mM NaCl, and 20 mM imidazole, pH
7.4), and then sonicated on ice. The supernatant harboring the recombinant protein was separated
from cell debris by centrifugation at 12000 g and 4 ◦C for 20 min and then applied to 1 mL Ni-NTA
column for purification of the target protein based on its 6× His-tag, according to the manufacturer’s
instructions. The harvested target protein was dialyzed with 1 × tris buffered saline (TBS) at 4 ◦C
for 24 h against three changes of 1 × TBS and finally stored at −80 ◦C for further experiments. The
expression condition was analyzed on 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and confirmed using Western blot analysis. The recombinant protein on 12% SDS-PAGE
gel was transferred to a PVDF membrane, which was successively incubated with primary (diluted
1:5000) and secondary antibodies (diluted 1:10000), dyed with Pierce™ ECL Plus Western blot analysis
substrate, and detected under chemiluminescent imaging system. Additional details were as described
by Li et al. [35].

4.4. Bioinformatics Analyses

The amino acid sequence of Ps-Mn-SOD was translated using ExPASy translation tool (http:
//web.expasy.org/translate/). The signal peptide, secondary structure, motif sequences, and 3D
homology model were predicted by SignalP 4.1 Server (http://www.cbs.dtu.dk/services/SignalP/),
Scratch Protein Predictor (http://scratch.proteomics.ics.uci.edu/), InterPro Scan (http://www.ebi.ac.
uk/InterProScan/), and Swiss model server (http://swissmodel.expasy.org/) [40], respectively. The
physicochemical properties of Ps-Mn-SOD were predicted using ExPASy ProtParam tool (http://web.
expasy.org/protparam/). The possible cleavage sites of trypsin and chymotrypsin on Ps-Mn-SOD
were predicted using the peptide cutter software (http://web.expasy.org/peptide_cutter/). Multiple
alignments of Ps-Mn-SOD were processed using DNAMAN 7.0.2 software. Homology analysis was
constructed by pairwise alignment tool (https://www.ebi.ac.uk/Tools/psa/emboss_needle/). The
neighbor-joining phylogenic tree was generated in MEGA 7.0 with bootstrap values 1000.
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4.5. Enzyme Assays

SOD activity was determined via spectrophotometric method using the SOD assay kit from
Nanjing Jiancheng Institute of Biology and Engineering (Code No. A001-1-1, Nanjing, China). Each
measurement point contained three replicates, and the results are shown as mean (n = 3) ± standard
deviation (SD). The 1 × TBS was used as the blank control. One unit of SOD activity was defined as
the amount of enzyme that inhibited 50% of chromogen production at 550 nm.

The purified Ps-Mn-SOD was quantified, and residual activities were determined after incubation
under different variables, including temperature, pH, chemicals, digestive enzymes, and high
hydrostatic pressure. Considering temperature, proteins were treated from 0 ◦C to 80 ◦C for 15 min
with an interval of 10 ◦C [33,34]. Proteins were treated at pH 2.2–13 for 1 h at 25 ◦C [4,34]. The
enzymatic activity at optimum temperature and pH was set as 100%. With regard to chemicals, the
proteins were mixed with an equal treatment solution at different final concentrations for 40 min at
25 ◦C [34,41]. The incubation time of urea, guanidine hydrochloride, hydrogen peroxide, and sodium
azide was expanded to 1 h. The enzyme activity without chemicals was set as 100%. For proteolytic
susceptibility assay, the mass ratio of recombinant Ps-Mn-SOD and trypsin/chymotrypsin complex
was 1:100, and the group incubated for 0 h was considered with 100% enzyme activity [34,42]. For high
hydrostatic pressure, proteins were treated at 0.1, 30, and 100 MPa for 2 h at 5 ◦C. The enzyme activity
at 0.1 MPa was set as 100%, and bovine erythrocyte SOD was selected for comparison from atmospheric
organism. Kinetics of Ps-Mn-SOD were measured as previously described by Li et al. [35].

4.6. Statistical Analysis

Independent sample T-test was used for statistical analysis for each of the two groups using SPSS
21.0 (IBM Company, Armonk, NY, USA); p < 0.05 was considered statistically significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/2/84/s1,
Figure S1: The predicted 3D model of Ps-Mn-SOD. Red spheres represent manganese ions. (A) homodimer.
(B) close-up of the manganese ion binding site. Figure S2: Analysis of SDS-PAGE. M: protein marker, Lane 1:
total proteins before induction, Lane 2: total proteins after induction, Lane 3: inclusion body after ultrasonication,
Lane 4: supernatant after ultrasonication, Lane 5: Western blot of recombinant protein, Lane 6: purified protein.
Figure S3: The curve of kinetic parameters of Ps-Mn-SOD. Figure S4: SOD type assay. The result is expressed
using specific activity. Table S1. Pairwise alignment analysis between Ps-Mn-SOD and other species. Table S2.
The prediction of cleavage site of Ps-Mn-SOD.
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Abstract: L-tert-leucine and its derivatives are useful as pharmaceutical active ingredients, in
which leucine dehydrogenase (LeuDH) is the key enzyme in their enzymatic conversions. In the
present study, a novel cold-adapted LeuDH, psleudh, was cloned from psychrotrophic bacteria
Pseudoalteromonas sp. ANT178, which was isolated from Antarctic sea-ice. Bioinformatics analysis
of the gene psleudh showed that the gene was 1209 bp in length and coded for a 42.6 kDa protein
containing 402 amino acids. PsLeuDH had conserved Phe binding site and NAD+ binding site,
and belonged to a member of the Glu/Leu/Phe/Val dehydrogenase family. Homology modeling
analysis results suggested that PsLeuDH exhibited more glycine residues, reduced proline residues,
and arginine residues, which might be responsible for its catalytic efficiency at low temperature.
The recombinant PsLeuDH (rPsLeuDH) was purified a major band with the high specific activity
of 275.13 U/mg using a Ni-NTA affinity chromatography. The optimum temperature and pH for
rPsLeuDH activity were 30 ◦C and pH 9.0, respectively. Importantly, rPsLeuDH retained at least
40% of its maximum activity even at 0 ◦C. Moreover, the activity of rPsLeuDH was the highest in
the presence of 2.0 M NaCl. Substrate specificity and kinetic studies of rPsLeuDH demonstrated
that L-leucine was the most suitable substrate, and the catalytic activity at low temperatures was
ensured by maintaining a high kcat value. The results of the current study would provide insight into
Antarctic sea-ice bacterium LeuDH, and the unique properties of rPsLeuDH make it a promising
candidate as a biocatalyst in medical and pharmaceutical industries.

Keywords: leucine dehydrogenase; cold-adapted; Antarctic bacterium; sea-ice; homology modeling

1. Introduction

Leucine dehydrogenase (LeuDH; EC 1.4.1.9), a NAD+ dependent oxidoreductase, which catalyzes
reversible L-leucine and other branched chain L-amino acids deamination reaction to the formation of
the corresponding α-keto acid [1]. The enzyme was first identified in Bacillus cereus [2], and then was
found in some microorganisms Bacillus licheniformis [3], Bacillus sphaericus [4], Citrobacter freundii [5],
and Laceyella sacchari [6]. Moreover, crystal structures of the LeuDH from Sporosarcina psychrophila [7]
and Bacillus sphaericus have been described [8].

LeuDH is used as a biocatalyst to format amino acids for using in the pharmaceutical industry
by catalyzing the corresponding α-keto acids [9]. However, some of α-keto acids are unstable and
degraded during prolonged incubation at moderate temperatures, such as 37 ◦C [10]. Importantly,
cold-adapted enzymes that exhibit high levels of activity at room temperature (20–25 ◦C) should be

Mar. Drugs 2018, 16, 359; doi:10.3390/md16100359 www.mdpi.com/journal/marinedrugs353



Mar. Drugs 2018, 16, 359

useful for converting such unstable α-keto acids. What is more, cold-adapted enzymes have better
conversion rates, the specificity of substrate and product, fewer by-products, which are required
in the modern industry [11]. Although many LeuDHs have already been characterized, only a
few cold-adapted LeuDH have been reported, such as LeuDH from Alcanivorax dieselolei [12] and
Sporosarcina psychrophila [7].

Antarctic sea-ice, due to its specific geographical location and climate, is considered as an extreme
environment on the earth. To develop the ability to withstand the extreme environment, sea-ice
microorganisms have evolved several adaptive strategies and would be the new and promising
microbial sources of cold-adapted enzymes. In our previous studies, some cold-adapted enzymes were
isolated from Antarctic sea-ice bacteria and had become interesting for industrial applications [13,14].
It is well-known that L-tert-leucine and its derivatives are useful as pharmaceutical active ingredients
and chiral auxiliaries, while LeuDH is a key enzyme for the enzymatic production of L-tert-leucine.
Here, we briefly describe the homology modeling, expression, and characterization of cold-adapted
LeuDH from Antarctic sea-ice bacterium. This LeuDH had unique properties make it good candidate
for future medical and pharmaceutical industry applications.

2. Results and Discussion

2.1. Gene Cloning and Sequence Analysis

The psleudh gene was amplified from genomic DNA of the strain ANT178. It consisted of an ORF
of 1209 bp, encoded a protein of 402 amino acid resides with a theoretical pI of 5.08. Furthermore,
the DNA sequence of psleudh was submitted to the GenBank database with the accession number of
MH322031. Based on sequences alignment, PsLeuDH showed the highest sequence similarity (88.0%)
with LeuDH from Pseudoalteromonas nigrifaciens (ASM53600), followed by a sequence similarity of
65.0% with LeuDH from Colwellia piezophila (WP_019029130). More importantly, PsLeuDH had a
conserved Phe binding site (I344) and NAD+ binding sites (G233, G235, T236, V237, D256, I257, A261,
C290, A291, C312, and N314). The coenzyme binding domain of NAD+ in LeuDH was capable of
catalyzing the reversible oxidative deamination of L-leucine and several other branched chain amino
acids to form the corresponding 2-oxo acid derivatives. This domain could be classified as a member
of the Rossmann fold superfamily, comprising a plurality of different dehydrogenases, wherein the
amino acid dehydrogenase family comprises a common feature: a beta-sheet-alpha helix-beta sheet
conformation [15]. PsLeuDH had this structural feature from Figure 1, further demonstrating that
PsLeuDH was a member of the Glu/Leu/Phe/Val dehydrogenase family.
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Figure 1. Amino acid sequence alignment of PsLeuDH and related LeuDH. PsLeuDH,
Pseudoalteromonas sp. ANT178 LeuDH (MH322031); PnLeuDH, Pseudoalteromonas nigrifaciens
(ASM53600); CpLeuDH, Colwellia piezophila (WP_019029130); RsLeuDH, Rheinheimera salexigens
(WP_070050751); SbLeuDH, Shewanella baltica BA175 (AEG11165); BsLeuDH, Bacillus sphaericus
ATCC4525 (PDB ID:1LEH); BtLeuDH, Bacillus thuringiensis (WP_001162678); and LsLeuDH, Laceyella
sacchari (KR065697). , NAD binding site; �, Phe binding site.

2.2. Homology Modeling and Analysis of PsLeuDH

BsLeuDH (PDB ID:1LEH), encoded 364 amino acids, was isolated from mesophilic bacteria
Bacillus sphaericus ATCC4525 [16], which exhibited the highest sequence identity (51%) to PsLeuDH
using DALI server. The comparative analysis of the 3D structure of PsLeuDH and the mesophilic
enzyme Bs-LeuDH was shown in Figure 2. It could be seen that two LeuDHs had a similar NAD+

binding site and Phe binding site.
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Figure 2. Three-dimensional structure comparison of PsLeuDH and BsLeuDH model. PsLeuDH,
tv-blue; BsLeuDH, cyan; NAD+ binding site, yellow ball stick model; Phe binding site, red ball
stick model.

Comparison of structural adaptation characteristics and amino acid substitutions between
PsLeuDH and BsLeuDH was shown in Table 1. It can be seen that PsLeuDH exhibited several
cold-adapted features. Firstly, the number of electrostatic interactions of PsLeuDH was less than
BsLeuDH, which might make the structure of PsLeuDH more flexible [17]. PsLeuDH also had less
hydrophobic interactions compared to BsLeuDH, it might make PsLeuDH less rigid and contributed
to decrease in structural stability [18]. Secondly, PsLeuDH revealed higher glycine residues and fewer
proline and arginine residues that could affect the cold-adapted proteins properties which might offer
higher flexibility to proteins [19]. Several amino acid residues in BsLeuDH were replaced by glycine
residues in PsLeuDH. The glycine residues might improve the flexibility of the active site, and regulate
the entropy of protein unfolding [10], thus probably improving the catalytic efficiency of the enzyme
at low temperature. Additionally, proline might reduce the configuration entropy of the unfolding
of protein molecules [20] and reduce the stability of enzyme molecules. Additionally, the stability of
enzyme was also a significant factor to determine its catalytic characteristics. Some arginine residues
in PsLeuDH were replaced by other residues at the same position in BsLeuDH. One of the stability
factors in protein structure referred to salt bridges formed by arginine residues [19], arginine might
make protein molecules more stable through ionic interaction. Compared with mesophilic enzyme
BsLeuDH, PsLeuDH had higher flexibility and lower thermal stability, resulting in higher catalytic
efficiency at low temperature [21].

Table 1. Comparison of structural adaption features and amino acid substitutions between PsLeuDH
and its homolog (BsLeuDH).

Parameters PsLeuDH Bs-LeuDH Expected Effect on PsLeuDH

Electrostatic interactions

Protein stability
Salt Bridge (2.5 to 4.0) 17 22

Hydrogen Bonds (≤3.3 Å) 368 403
Cation-pi interactions 3 11
Aromatic interactions 6 8

Hydrophobic interactions 227 318 Thermolability

Glycine residues 42 36

Flexibility
Proline residues 9 11

Arginine residues 10 17
Glycine substitution

(PsLeuDH → BsLeuDH)
G163 → N107, G177 → D121, G238 → A185, G240 →

A187, G275 → A222, G401 →V346
Proline substitution

(PsLeuDH → BsLeuDH) A94 → P38, A143 →P87, S320 → P267, S385 → P330

Proline substitution
(PsLeuDH → BsLeuDH) P131 → N75, P63 → M7 Stability

Arginine substitution
(PsLeuDH → BsLeuDH)

R219 → F166, R264 → A211, R327 → H274, R378 →
I323
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2.3. Expression and Purification of the rPsLeuDH

The gene coding for the PsLeuDH was cloned into the pET-28a (+) vector and expressed in E. coli
BL21 (DE3) under IPTG induction (Figure 3, Lane 3). rPsLeuDH was purified in a single step using
His-tag affinity chromatography. A major band was observed on SDS-PAGE with about the molecular
weight 44.4 kDa (Figure 3, Lane 4, 5). It is noteworthy that the last purified rPsLeuDH exhibited the
highest specific activity of 275.13 U/mg.

Figure 3. Expression and purification analysis of PsLeuDH. Lane 1: molecular weight standard
marker; Lane 2: crude extract from the BL21/pET-28a (+); Lane 3: crude extract from the BL21/pET-28a
(+)-PsLeuDH with IPTG induction; Lane 4: rPsLeuDH eluted with 50 mM imidazole; Lane 5: rPsLeuDH
eluted with 100 mM imidazole.

2.4. Effects of Temperature and pH on Activity and Stability of rPsLeuDH

The temperature characteristic of rPsLeuDH was shown in Figure 4a. It exhibited the highest
activity at 30 ◦C, and that of a cold-adapted LeuDH was 30 ◦C [12], whereas thermophilic LeuDH was
approximately 40–65 ◦C [6,22], or (60–75 ◦C) [5]. It is worth pointing out that rPsLeuDH retained 40%
of the highest activity at 0 ◦C, suggested that the enzyme is a cold-adapted enzyme [23]. Furthermore,
the thermostability of rPsLeuDH was assessed in Figure 4b. It was stable and retained 85% of its initial
activity after incubating at 30 ◦C after 120 min. While, after incubating at 50 ◦C for 20 min, it was
only 30% of its activity lower than other cold-adapted LeuDHs from Alcanivorax dieselolei [12] and
Sporosarcina psychrophila [7]. However, thermostable LeuDH could retain full activity after incubation
at 65 ◦C for 10 min [24]. The above results indicated that rPsLeuDH had thermal instability, which was
another significant feature of cold-adapted enzyme [25]. The effect of pH on rPsLeuDH activity was
shown in Figure 4c. The activity of rPsLeuDH was higher under alkaline conditions (pH 7.0–10.0),
with the highest activity at pH 9.0. Similar results were described in other LeuDHs such as Sporosarcina
psychrophile (pH 8.5–11.0) [7], Laceyella sacchari (pH 9.5–11) [6] and Citrobacter freundii (pH 9.0 to 11.0) [5].
After 30 min of exposure to pH 6.0–10.0, the stability of rPsLeuDH showed a similar pattern with that
of the activity response to pH (Figure 4d). This broad range of pH dependence for the activity and
stability made the rPsLeuDH probably useful for medical industrial applications.
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Figure 4. Effects of temperature and pH on the activity and stability of rPsLeuDH. (a) Effect of
temperature on the activity of rPsLeuDH. (b) Effect of temperature on the stability of rPsLeuDH. (�) 30
◦C, (�) 40 ◦C, (�) 50 ◦C. (c) Effect of pH on the activity of rPsLeuDH. (d) Effect of pH on the stability
of rPsLeuDH. Data are presented as mean ± SD (n = 3).

2.5. Effects of NaCl Concentration and Different Reagents on the Activity of PsLeuDH

The effect of NaCl concentration on the rPsLeuDH activity was shown in Figure 5. It could
be seen that rPsLeuDH was stable at 0–3.0 M NaCl, with the highest activity at 2.0 M NaCl, which
may be related to high salinity in the Antarctic sea ice environment. The similar result was also
found in LeuDH from Bacillus licheniformis [3] and Thermoactinomyces intermedius [24] after high salt
concentration treatment. The effect of various reagents on the rPsLeuDH activity was listed in Table 2.
rPsLeuDH was completely inhibited by 1 mM Pb(NO3)2 and BaCl2. Inhibitions by 1 mM CrCl2 and
CdCl2 were 86.7% and 92.4%, respectively, while only partially inhibited by other metals salt in some
extent. In addition, rPsLeuDH was sensitive to Thiourea and ethanol, but Triton X-100 kept the
enzyme activity.
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Figure 5. Effect of salt concentration on the activity of rPsLeuDH.
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Table 2. Effects of different reagents on the activity of rPsLeuDH.

Reagent Concentration Relative Activity (%) Reagent Concentration Relative Activity (%)

None 100 ± 0.0
KCl 1 mM 99.7 ± 1.6 KCl 5 mM 40.0 ± 1.9

CoCl2 1 mM 90.1 ± 1.7 CoCl2 5 mM 70.0 ± 2.0
MgCl2 1 mM 87.9 ± 0.8 MgCl2 5 mM 65.8 ± 1.2
CaCl2 1 mM 87.9 ± 0.4 CaCl2 5 mM 68.1 ± 0.9
ZnCl2 1 mM 80.0 ± 2.5 ZnCl2 5 mM 72.2 ± 2.0
FeCl2 1 mM 75.1 ± 2.2 FeCl2 5 mM 62.4 ± 1.7
CuCl2 1 mM 61.0 ± 2.2 CuCl2 5 mM 41.0 ± 1.5
HgCl2 1 mM 29.2 ± 0.3 HgCl2 5 mM 12.3 ± 1.9
CrCl2 1 mM 13.3 ± 0.3 CrCl2 5 mM 5.8 ± 2.9
CdCl2 1 mM 7.6 ± 0.5 CdCl2 5 mM 0.0 ± 0.0

Pb(NO3)2 1 mM 0.0 ± 0.0 Pb(NO3)2 5 mM 0.0 ± 0.0
BaCl2 1 mM 0.0 ± 0.0 BaCl2 5 mM 0.0 ± 0.0
EDTA 1 mM 91.8 ± 2.7 EDTA 5 mM 84.2 ± 2.1

Thiourea 1 mM 51.5 ± 4.0 Thiourea 5 mM 34.3 ± 2.6
Triton X-100 0.2% 102.7 ± 1.4 Ethanol 25% 67.5 ± 1.4

2.6. The Substrate Specificity Analysis and Kinetic Parameters of rPsLeuDH

The substrate specificity analysis of rPsLeuDH was listed in Table 3. It could catalyze and
utilize five substrates, indicating that rPsLeuDH possessed a broad spectrum of substrates in catalytic
oxidation reaction. L-leucine was the most suitable substrate for rPsLeuDH, which was the similar
with other microbial LeuDH [6,22]. The kinetic parameters of rPsLeuDH were determined. Km and
Vm of L-leucine were calculated as 0.33 mM and 15.24 μmol/min·mg, respectively. Besides, the kcat

value of L-leucine was 30.13/s, demonstrating that rPsLeuDH had a high affinity to substrates and
was conducive to improving catalytic efficiency at low temperature.

Table 3. Substrate specificity analysis of rPsLeuDH.

Substrate Vm (μmol/min·mg) Km (mM) kcat (1/s) kcat/Km (mM−1 s−1)

L-lecine 15.24 0.33 30.13 91.30
L-tyrosine 13.35 0.48 26.39 54.98
L-proline 10.52 0.64 20.80 32.50

DL-methionine 8.38 0.75 16.57 22.09
L-arginine 7.13 0.84 14.09 16.77

2.7. The Thermodynamic Parameters of rPsLeuDH

Thermodynamic parameters such as ΔH, ΔS and ΔG at different temperature (0–30 ◦C) were
calculated and listed in Table 4. At 0, 10, 20, and 30 ◦C, the kcat value of rPsLeuDH were 12.25,
14.96, 20.20 and 30.13/s, respectively, indicating that the kcat value increased with increasing
temperature, which was similar to the kcat change trend of cold-adapted β-D-galactosidase at different
temperatures [26]. rPsLeuDH also exhibited lower ΔH, ΔS and ΔG and higher kcat at low temperature,
as compared to mesophilic enzyme, which may be mainly related to the conformation of cold adapted
protein [27]. On the other hand, it may also be related to increasing the efficiency of binding of the
substrate to the catalytic site [28].

Table 4. Thermodynamic parameter of the rPsLeuDH.

Temperature (◦C) ΔH (KJ/mol) ΔS (J/mol K) ΔG (KJ/mol) kcat (1/s)

0 18.27 −156.45 61.01 12.25
10 18.19 −157.75 62.90 14.96
20 18.11 −158.02 64.43 20.20
30 18.02 −157.28 65.70 30.13
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3. Materials and Methods

3.1. Microorganisms and Growth Conditions

The strain Pseudoalteromonas sp. ANT178, isolated from sea ice in Antarctica (68◦30′ E, 65◦00′ S),
was used as a source of psleudh gene. The strain ANT178 was cultivated in the 2216E sea water medium
(initial pH 7.5, 5 g/L peptone, and 1 g/L yeast extract) for 96 h at 12 ◦C. E. coli BL21 (DE3) was used as
the plasmid host.

3.2. Sequence Analysis of LeuDH Gene

The open reading frame and amino acid sequences of psleudh gene were computed (https://www.
ncbi.nlm.nih.gov/orffinder/). The theoretical molecular weight and pI were also analyzed using the
ExPASy Compute pI/Mw tool (http://web.expasy.org/computepi). Multiple sequence alignment of
the amino acids of PsLeuDH was performed using Bioedit 7.2 and ESPript 3.0 [29].

3.3. Protein Homology Modeling

A homology model of LeuDH was built with SWISS-MODEL. LeuDH from mesophilic bacteria
Bacillus sphaericus ATCC4525 (PDB ID:1LEH) [16] was selected as the template. The structure figures
were created with PyMOL software (DeLano Scientific LLC, San Carlos, CA, USA). Salt bridges were
carried out using VMD 1.9.3. (University of lllinois Urbana-Champaign, Champaign, IL, USA). For the
hydrogen bonds, a cut-off distance of 3.3 Å was set. Cation-pi interactions, aromatic interactions,
ionic interactions, and hydrogen bonds were predicted by the Protein Interactions Calculator program
(http://pic.mbu.iisc.ernet.in).

3.4. Molecular Cloning, Expression and Purification of rPsLeuDH

The genome of Pseudoalteromonas sp. ANT178 was sequenced and annotated using
high-throughput technologies (data not shown). The full-length gene of psleudh was amplified by
PCR using the primers 5′-GATGGATCCATGGAATTT TTATGTG-3′ (BamHI site underlined) and
5′-CAGAAGCTTGAAGACCGTTTT TAAG-3′ (HindIII site underlined) according to its genome
sequence. PCR was performed with Taq DNA polymerase (TaKaRa Bio, Dalian, China). The product
was then directly cloned into the corresponding sites of the pET-28a (+) vector and transformed
into E. coli BL21. The transformants with the psleudh gene were grown in Luria-Bertani (LB)
medium supplemented with 100 mg/L kanamycin and cultured by shaking at 37 ◦C until the OD600

reached 0.6–0.8. Then, 1.0 mM sopropyl-β-D-thiogalactopyranoside (IPTG) was added for induction.
The bacterial cells were cultured at 37 ◦C for 2–3 h, and then the culture temperature was shifted to
28 ◦C to induce the protein expression for 6 h. The induced cells centrifuged at 4 ◦C and 7500× g for
15 min and subjected to ultrasonic disruption with 150 W (JY96-IIN, Shanghai, China). The insoluble
debris was removed by centrifuged at 4 ◦C and 7500× g for 15 min, and the supernatant was harvested
as crude protein (21.99 mg). Purification of rPsLeuDH with the His-tagged was purified using Ni-NTA
affinity chromatography. The purified protein (1.11 mg) was eluted with 10, 50, 100 and 250 mM
imidazole buffer (20 mM Tris-HCl, 500 mM NaCl, pH 8.0) at a flow rate of 1.0 mL/min. The purity and
the molecular mass of the rPsLeuDH were determined by SDS-PAGE, using 12.0% polyacrylamide gels.

3.5. Assay of rPsLeuDH Activity

The standard enzyme assay were based on traditional method and modified on basis [1,30].
The oxidation reaction activity assay was determined by 200 μL reaction system. It contained 0.1 M
Glycine-NaOH (pH 10.4) buffer, 10 mM L-leucine and 10 μL purified enzyme (0.62 μg), which incubated
at 30 ◦C for 2 min. After adding 1 mM NAD+, the changes of absorbance at 340 nm within 1 min
were detected. Futhermore, the reductive amination reaction system containing (200 μL) 0.2 M
NH4Cl-NH4OH buffer (pH 9.0), 5 mM TMP and 10 μL purified enzyme at 30 ◦C for 2 min, after
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adding 0.2 mM NADH, changes in absorbance at 340 nm within 1 min were measured. One unit of
LeuDH activity was defined as the amount of enzyme catalyzed the formation or reduction of 1 μmoL
NADH/min at 30 ◦C.

3.6. Characterization of the Purified rPsLeuDH

The optimal temperature of the purified rPsLeuDH was determined with the standard assay at
temperatures from 0 ◦C to 60 ◦C. To evaluate the thermostability, the purified enzyme was incubated
at three different temperatures (30, 40, and 50 ◦C) for 120 min, and the residual activity was measured
by the standard enzyme assays. The optimal pH of the purified enzyme was determined at 30 ◦C
using Citric acid/Na2HPO4 buffer (0.2 M) and NH4Cl-NH4OH buffer (0.2 M) for pH ranges 4.0–8.0
and 8.0–10.0, respectively. To assess pH stability, the rPsLeuDH was pretreated at pH 4.0–11.0 in the
absence of substrate at 30 ◦C for 30 min, and the residual activity was measured by the standard
enzyme assays. The purified rPsLeuDH was incubated at 0–3.0 M NaCl at 30 ◦C for 30 min, and
remaining activity was assayed with the standard enzyme assays. The effects of different reagents on
the rPsLeuDH activity were assayed with the standard enzyme assay after pre-incubating enzyme in
different metal ions at 30 ◦C for 30 min. Enzyme activity assayed without any reagent was defined as
control (100%).

3.7. Kinetic Parameter of the rPsLeuDH

To assess the kinetics parameters, the Lineweaver-Burk plot method was used to calculate
the Km and Vm of rPsLeuDH [31]. The kinetic constants of NADH (0.025 mM–0.4 mM),
L-leucine (0.05 mM–2 mM), L-tyrosine (0.05 mM–2 mM), L-proline (0.05 mM–2 mM), DL-methionine
(0.05 mM–2 mM), L-arginine (0.05 mM–2 mM), TMP (0.05 mM–2 mM), and NAD+ (0.025 mM–0.4 mM)
were determined by the above method in rPsLeuDH.

3.8. Thermodynamic Parameter of the rPsLeuDH

The kcat parameter is the reaction rate constant for the enzymatic-substrate complex chemical
conversion into the enzyme and the product. kcat was calculated based on kinetics experiments, and the
thermodynamic related parameters were assayed by the modification method of Feller [27] as follows:

kcat = Ae
−Ea
RT (1)

ΔH = Ea − RT (2)

ΔS = R
(

Inkcat − 24.76 − InT +
Ea

RT

)
(3)

ΔG = ΔH − TΔS (4)

where A is the constant, Ea is the activation energy of the reaction, R is the gas constant (8.314 J mol−1

K−1), ΔH is the enthalpy of activation, ΔS is the entropy of activation, and ΔG is the free energy
of activation.

4. Conclusions

A novel cold-adapted leucine dehydrogenase gene (psleudh) was cloned from Antarctic sea-ice
bacterium and expressed in E. coli (DE3). Through homology modeling and comparison with its
homologous enzyme (BsLeuDH), it was suggested that more glycine residues, reduced proline
residues and arginine residues might be responsible for its catalytic efficiency at low temperature.
rPsLeuDH was purified and characterized with higher activity at 30 ◦C, high salt (3.0 M), remarkable
pH stability (pH 6.0–10.0), and higher specific activity (275.13 U/mg). These unique properties of
rPsLeuDH make it a promising candidate as a biocatalyst in the enzymatic production of L-tert-leucine
at room temperature.
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