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Biotransformation has accompanied mankind since the Neolithic community, when people settled
down and began to engage in agriculture. Before that time, “biotransformation” was just a “piece of
rotten meat”. Alcohol, accompanying humanity for more than nine millennia, may have been the
two-edged sword that helped to drive the development of fermentation technologies, ... followed by
leavened bread ... and then vinegar.

Modern biocatalysis started with “Enzymes” in the second half of 19th century; the term
“enzyme” was coined by prof. Kiithne [1]. Already in 1858, Pasteur described the first chiral
separation of tartaric acid by biotransformation with Penicillium glaucum [2]. One of the first
patented biotransformation processes—in modern terms—was the production of Neuberg ketol
((R)-1-phenyl-l-hydroxy-2-propanone), a precursor of (-)-ephedrin, which is still produced by the
same technology [3]. The fulminant development of biocatalytic procedures continued with the
industrial production of ascorbic acid (the biotransformation of p-sorbitol into rL-sorbose using
Acetobacter suboxydans); later in the 1950s, biocatalysis started to flourish by steroid-selective
bio-oxidation (prednisolon). Then, biotransformations became an indispensable part of our lives,
similar to computers and other hi-tech products.

Recent development demonstrates that biotransformation or biocatalysis became a true “Jack of
all Trades” as the product portfolio covers virtually all fields of human activities and needs. The Special
Issue “Molecular Biocatalysis 2.0” aims to cover a broad array of biocatalytic procedures to demonstrate
its versatility and applicability.

A number of papers are devoted to biocatalysis in glycobiology. This is quite logical, since the
chemical synthesis of glycostructures still involves demanding multistep cascades of reactions,
protection/deprotection steps, and purifications. In contrast, enzymatic systems often provide
a single-step selective process, yielding directly a “deprotected” product. This has been nicely
demonstrated in the one-pot enzyme cascade synthesis of high molecular weight hyaluronic acid,
which is largely used in cosmetic applications [4]. This elegant procedure, an alternative to the use
of animal tissues, combines two enzyme modules that in situ generate the respective precursors
UDP-GIcA and UDP-GIcNAc using the hyaluronan synthase from Pasteurella multocida (PmHAS).
This method was optimized to meet the kinetic requirements of PmHAS for high hyaluronic acid
productivity and molecular weight. Another glyco-biotechnology applicable in the food industry
describes the anchoring of a bacterial chitosanase on the cell walls of Lactobacillus plantarum, which is
a food-grade expression system [5]. The chitosanase displayed on L. plantarum cells is catalytically
active and can convert chitosan into chito-oligosaccharides—typically chitobiose and chitotriose as the
main products—widely used in pharmacology and medicine. The research groups from Madrid and
Prague joined their efforts in a detailed mapping of the acceptor specificity of the transglycosylation
reaction catalyzed by B-N-acetylhexosaminidase from Talaromyces flavus—both as wild type and
transglycosidase mutant variants [6]. This study, combined with molecular modelling, deciphered a
rather enigmatic problem of acceptor regioselectivity in the transglycosylation reactions and, moreover,
provided the first example of the enzymatic glycosylation of an N-acetylmuramic acid derivative.
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The application of biocatalysis in the modification of natural products for the nutraceutics industry
was demonstrated in the bioproduction of quercetin and rutinose catalyzed by rutinosidase from
A. niger [7]. This study also brought a novel concept of “Solid State Biocatalysis”, where both the
substrate (rutin) and the product (quercetin) remained in suspension, allowing thus working with
concentrations of up to 300 g/L (ca 0.5 M). These results demonstrated for the first time the efficiency of
the “Solid-State-Catalysis” concept, which is applicable virtually to any biotransformation involving
substrates and products of low water solubility.

Another increasingly attractive research area comprises selective enzymatic redox reactions.
Both biooxidations and bioreductions generate new interesting substances, which can hardly be
obtained by standard chemical methods. Indigo, a dye used, e.g., for a typical blue color of jeans,
is currently produced by a century-old petrochemical-based process. Fraaije et al. [8] showed that
the bacterial flavin-monooxygenase from Methylophaga sp. can be adapted to improve its ability
to convert indole (a commodity chemical) into indigo. This study, entangling computational and
structure-inspired enzyme redesign improvement, resulted not only in an upgraded biocatalyst but
also provided a better understanding of the structural elements and the detailed mechanism of this
important monooxygenase. Oxidases working with inorganic substrates form another interesting facet
of biocatalysis. The application of the manganese (Mn2*)-oxidizing bacteria Pseudomonas putida MnB1
as a whole-cell biocatalyst enabled the effective oxidation of 3-keto ester with biogenic MnO5, generated
in situ, in high yields [9]. On top of that, cells of P. putida MnB1 remain alive and are capable of the
continuous catalysis of the 3-keto ester forming reaction for several cycles. Horseradish peroxidase
(HRP) is an important heme-containing oxidase that has been studied for more than a century [10],
and it has a vast applicability both in biochemical (ELISA assays) and biotechnological processes.
A research group from Vienna produced recombinant HRP in E. coli as a fusion protein with quadruple
mutations at the glycosylation sites. This construct showed a twice better thermostability and an
eight-fold increased catalytic activity with 2,2"-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) as
the reducing substrate when compared to the non-mutated recombinant HRP benchmark enzyme [11].
Oxidases can also be used as highly selective sensors. This is the case of glucose oxidase (GO),
which is used in electrochemical glucose sensors, e.g., for monitoring and accurate glycemic control
for diabetic patient care. Engineered GO was able to catalyze direct single-step modification with a
redox mediator (phenazine ethosulfate) on its surface via a lysine residue rationally introduced into
the enzyme [12]. This modified GO showed a quasi-direct electron transfer response, which enables its
use in the third-generation sensors. It is considered as the ideal solution since the measurements can
be performed in the absence of a free redox mediator.

Nitrilases are crucial enzymes for nitrile metabolism in plants and microorganisms. These enzymes
have already found broad application in industry—e.g., in the large-scale production of acrylamide
from acrylonitrile and in the production of numerous pharmaceuticals [13]. Nitrilases were for the
first time described in Basidiomycota, and over 200 putative nitrilases were found in this division
via GenBank. The representatives of clade 1 and 2 (NitTv1 from Trametes versicolor and NitAg from
Armillaria gallica, respectively) and a putative CynH (NitSh from Stereum hirsutum) were overproduced
in E. coli, and their substrate specificities were analyzed in detail [14]. This study substantially broadens
the repertoire of nitrilases available for biocatalytic applications.

The above examples clearly demonstrate that molecular biocatalysis is a pluripotent methodology,
which strongly contributes with its inherent green concept to the sustainability of our daily lives.
Its nickname “A Jack of all Trades” is definitely not an overstatement.
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Abstract: In the last decades, interest in medical or cosmetic applications of hyaluronic acid (HA) has
increased. Size and dispersity are key characteristics of biological function. In contrast to extraction
from animal tissue or bacterial fermentation, enzymatic in vitro synthesis is the choice to produce
defined HA. Here we present a one-pot enzyme cascade with six enzymes for the synthesis of
HA from the cheap monosaccharides glucuronic acid (GlcA) and N-acetylglucosamine (GlcNAc).
The combination of two enzyme modules, providing the precursors UDP-GlcA and UDP-GIcNAc,
respectively, with hyaluronan synthase from Pasteurella multocida (PmHAS), was optimized to meet
the kinetic requirements of PmHAS for high HA productivity and molecular weight. The Mg?*
concentration and the pH value were found as key factors. The HA product can be tailored by different
conditions: 25 mM Mg?* and 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid (HEPES)-NaOH
pH 8 result into an HA product with high My, HA (1.55 MDa) and low dispersity (1.05). Whereas
with 15 mM Mg?* and HEPES-NaOH pH 8.5, we reached the highest HA concentration (2.7 g/L) with
ayield of 86.3%. Our comprehensive data set lays the basis for larger scale enzymatic HA synthesis.

Keywords: hyaluronic acid; in vitro synthesis; one-pot multi-enzyme; optimization; enzyme cascade

1. Introduction and Motivation

Hyaluronic acid (HA) is a natural, non-sulfated, linear polymer consisting of repeating disaccharide
units of [-3)GIcNAc(31-4)GlcA(B1-]5. In contrast to other glycosaminoglycans, HA is a polysaccharide
with a size of up to 10® Da. Due to the anionic character, HA is able to bind large amounts of water,
resulting in a viscoelastic gel [1-3]. HA occurs in many species. In humans, HA forms are found in
the extracellular matrix of connective tissues [3]. Some pathogenic bacteria (Pasteurella multocida and
Streptococcus strains) camouflage themselves with HA capsules to evade the host’s immune reaction [4].
Because of the unique rheological behavior and the non-immunogenic feature, HA is widely used
for medical and cosmetic applications such as drug/cosmetic agents, ophthalmic surgery, and tissue
engineering [5-10]. With the increasing demand for HA, the market is expected to develop from USD
7.2 billion in 2016 to USD 15.5 billion in 2025 [11].

Int. ]. Mol. Sci. 2019, 20, 5664; d0i:10.3390/ijms20225664 5 www.mdpi.com/journal/ijms
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Current industrial production of high molecular weight HA is based on harsh extraction from
rooster combs or bacterial fermentation with Streptococcus. Contaminations with bird proteins and
exotoxins can cause allergic reactions or infections. These processes result in a highly dispersed HA
product, which affects the biological properties of HA. Sometimes long and short HA chains have
even counteractive effects, making highly disperse products less predictable for medical uses [12-15].
Fermentation processes with genetically modified microbial strains aiming for high HA titer and low
dispersity are under development [12,16].

Enzymatic in vitro synthesis of HA with low dispersity was accomplished with a soluble class
2 hyaluronan synthase (PmHAS) from P. multocida [15]. PmHAS binds the nucleotide sugar substrates
UDP-GIcA and UDP-GIcNAc at two active sites, respectively, for HA polymerization [17-22]. However,
HA in vitro production is limited by the availability and high consumption of the expensive substrates
UDP-GIcA and UDP-GIcNAc. In this respect, in situ generations of both nucleotide sugars were coupled
to PmHAS in a one-pot synthesis of HA reaching a molecular weight between 0.02 and 0.5 MDa with
70% yield (1.4 g/L) [23]. For UDP-GIcA production, glucuronic acid kinase (AtGlcAK) and UDP-sugar
pyrophosphorylase (AtUSP) from Arabidopsis thaliana, as well as pyrophosphatase (PmPpA) from
P. multocida are proven candidates [24-30]. For UDP-GIcNAc, GlcNAc-1-phosphate kinase (BINahK)
from Bifidobacterium longum and UDP-GlcNAc pyrophosphorylases from Streptococcus zooepidemicus
(5zGImU) or Campylobacter jejuni (CjGImU) as well as PmPpA were successfully applied [23,31-34].
We recently demonstrated the in vitro one-pot synthesis of HA from sucrose and GlcNAc with in situ
regeneration of UDP-GIcA. We obtained HA with a molecular weight of 2 MDa with a low dispersity
(1.02) and HA titer of 4 g/L after 8 h. We showed that substrate inhibition by UDP-GIcA and a high
K value for UDP-GIcNACc afford a favorable UDP-sugar ratio for the production of HA by PmHAS.
In addition, in the presence of Mg?* or Mn?*, K* was found to enhance the polymerization rate of
PmHAS [31].

In order to circumvent the cofactor regeneration of NAD™ for UDP-GIcA synthesis, we aimed in
the present work for an optimized one-pot synthesis of HA with six recombinant enzymes (Scheme 1).
The one-pot synthesis contains three enzyme modules (EM): UDP-GlcA-, UDP-GIcNAc-, and
hyaluronan-module. In the EM UDP-GlcA and EM UDP-GIcNAc, AtGlcAK and BINahK phosphorylate
the monosaccharides GlcA and GlcNAc, respectively, to the corresponding sugar-1-phosphates with
ATP consumption. AtUSP and SzGImU convert them to UDP-GlcA and UDP-GIcNAG, respectively,
using uridine triphosphate (UTP). PmPpA hydrolyzes the AtUSP and SzGImU inhibiting byproduct
pyrophosphate (PP;). Finally, PmHAS utilizes the nucleotide sugars for HA chain polymerization.
As a straightforward development, we aimed to optimize and control this enzyme cascade for high
yields, high HA concentration and high molecular weight of HA. To investigate multiple parameters
for optimization of each enzyme module (EM) we analyzed enzyme reactions by high-throughput
multiplexed capillary electrophoresis (MP-CE) monitoring nucleotides and nucleotide sugars [35].
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Scheme 1. Enzyme cascade for one-pot hyaluronic acid synthesis. The one-pot synthesis is accomplished
by three enzyme modules (EM): UDP-GIcA, UDP-GIcNAc, and hyaluronan module. The EM
UDP-GIcA contains the enzymes AtGIcAK, AtUSP (both Arabidopsis thaliana), and PmPpA (Pasteurella
multocida). The EM UDP-GIcNAc contains the enzymes BINahK (Bifidobacterium longum), SzGlmU
(Streptococcus zooepidemicus), and PmPpA. In the hyaluronan module PmHAS (P. multocida) polymerizes
the HA chain using UDP-GIcA and UDP-GIcNAc as donor substrates.

2. Results and Discussion

2.1. Enzyme Production

The recombinant enzymes were produced in E. coli BL21 (DE3) and purified by immobilized
metal affinity chromatography (IMAC). The results of the sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blot analyses are summarized in the supplemental
data (Figure S1).

2.2. Characterization of AtGIcAK, AtUSP, and PmPpA in the EM UDP-GIcA

We already analyzed the EM UDP-GIcNAc in our previous study [31]. Therefore, we focused
in this study on the EM UDP-GIcA. Especially the enzymes AtGlcAK, AtUSP, and PmPpA were
investigated for their kinetics (Table 1), optimal pH value and temperature as well as metal ion
dependency (Figures S2-54).

Table 1. Kinetic data of enzymes in the EM UDP-GIcA.

Kinetic Constants ! AtGlcAK AtUSP PmPpA
Gle-1-P: 129.66 2.
Vmax (U/mg) GIcA: 7.70; ATP,pp 2: 35.83 UTP: 156.33 PP, app % 668000
GlcA: 0.62 Gle-1-P: 0.58 2.
Kan (mM) ATP,pp 2: 8.56 UTP: 0.44 PPy, app 7 3552.58
GleA: - .
Kis (mM) ATP: 2.87 - PP, app 2 0.0086

1 Kinetic constants were calculated with equation 1 and 22 Apparent kinetic constants.
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AtGlcAK was inhibited by ATP concentrations higher than 10 mM (Table 1 and Figure S2A,B)
resulting in different kinetic constants compared to published data [23,29,30]. The optimal pH value
and temperature is 7.5-9 °C, and 3545 °C, respectively (Figure S2C,D). The temperature optimum
corresponds to a prior study by Pieslinger et al., while we detected a broader pH optimum [30].
Mg?* concentrations should be at least equimolar to the optimal ATP concentration of 5 mM to reach
high specific enzyme activity (Figure S2E,F). For AtUSP, kinetic constants (Table 1 and (Figure S3A,B)
were similar to published data [23,25,27,36]. The highest specific activity was found at a temperature
of 4045 °C (Figure S3C) and at a pH value of 8.0-8.5 (Figure S3C). Excess of Mg2+ over the UTP
concentration results in high specific activity (Figure S3E). For PmPpA, a substrate concentration
higher than 5 mM PP; strongly inhibits the enzyme activity (Table 1 and Figure S4A). The enzyme
has a temperature optimum at 40 °C (Figure S4B), a pH optimum at 8.5-9 (Figure S4D), and at least a
three-fold Mg?* excess to the PP; concentration leads to high enzyme activities (Figure S4C).

2.3. Characterization of the EM UDP-GIcA

AtGIcAK, AtUSP, and PmPpA were combined for the one-pot synthesis of UDP-GIcA (Figure 1).
UDP-GIcA synthesis reaches 80% and 84% yield after 0.5 and 1 h, respectively. We significantly
improved the space-time-yield (STY) reaching 16.1 mmol L™ h~! for UDP-GIcA when compared
to a previous study on the same enzyme cascade reporting 89% yield after 12 h and a STY of
1.5 mmol L™' h™! [24]. Li et al. reached 50% yield after 10 h without PmPpA [23]. PmPpA is essential
for reaching high product yields and without PmPpA we observed only 32% after 24 h (Figure S5). We
want to point out, that we observed a relatively high UDP concentration (1.5 mM) in the purchased
UTP [37].
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Figure 1. Synthesis of UDP-GIcA with AtGlcAK, AtUSP, and PmPpA. One-pot synthesis was
performed under the following conditions: 100 mM 2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic
acid (HEPES) pH 8, 25 °C, 10 mM ATP, 10 mM UTP, 10 mM GlcA, 20 mM MgCly, 59 ug/mL AtGlcAK,
54 ug/mL AtUSP and 692 pg/mL PmPpA using a volume of 300 uL. Nucleotides and nucleotide sugars
were detected with multiplexed capillary electrophoresis (MP-CE).

Mn?2* is the preferred metal ion for PmHAS, while Mg2+ is the preferred metal ion for AtGIcAK
and AtUSP [30,36,38]. In our previous work, we found activation of PmHAS by K™ in the presence of
Mg?* or Mn?* [31]. Therefore, the influence of combining the metal ions Mn?*, Mg?*, and K* on the
enzyme activities and the performance of the EM UDP-GIcA was further investigated (Figure 2).
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Figure 2. Influence of Mg?*, Mn?*, and K* on the EM UDP-GIcA. Course of AtGlcAK (a) and AtUSP
(b) reaction within the EM UDP-GIcA with two different cofactor compositions. The reactions included
100 mM HEPES pH 8, 25 °C, 10 mM ATP, 10 mM UTP, 10 mM GlcA, 46 pug/mL AtGlcAK, 92 ug/mL
AtUSP, 239 pg/mL PmPpA, and either 10 mM Mg?*, and 10 mM Mn?* or 10 mM Mg?*, 10 mM Mn?*,
and 10 mM K*. The reaction volume was 300 uL. (c): Activity assay for AtGlcAK: 100 mM HEPES pH
8,25°C, 5 mM ATP, 5 mM GlcA, 5 mM Mg?*, 0-20 mM K*, and 62 ug/mL AtGlcAK. 100% activity =
2.34 U/mg. (d): Activity assay for AtUSP in the presence of PmPpA: 100 mM HEPES pH 8, 25 °C, 5 mM
UTP, 5 mM Glc-1-P, 5 mM Mg“, 0-20 mM K*, 58 ng/mL AtUSP, and 18 ug/mL PmPpA using a volume
of 300 uL. 100% activity = 121.46 U/mg.

All combinations of K* with Mg?* and Mn?* gave higher conversion rates of the EM UDP-GlcA
within the first hour compared to the corresponding reactions without K* (Figure 2a,b and Figure
S6A,B). After 6 h, ~90% yield for ADP and ~85% yield for UDP-GIcA were reached with and without
K*. When only Mn2* or Mg2+ are used as a metal ion, we noticed, that Mn?* has a positive effect on
UDP-GlIcA production (Figure S6A,B). The AtUSP/PmPpA system seems to prefer Mn?*, although
AtUSP activity was described to be equal for both metal ions [27]. The kinase AtGlcAK does not
prefer one of these cofactors, as described in the literature [30]. Important to note is that after 24 h
reactions with Mn?* gave lower yields of UDP-GlcA compared to Mg?* (Figure S6B). Mn?* causes
decomposition of UDP-GIcA into the 1,2-cyclic phosphate derivate and uridine monophosphate (UMP)
(Figure S6C) [31,39].

To gain more insight, the influence of K* on the enzyme activity of AtGlcAK and AtUSP/PmPpA
was investigated (Figure 2c,d). While the activity does not change in the AtUSP/PmPpA system in the
presence of K*, the AtGlcAK activity is increased 2.3-fold with 20 mM K* compared to the reaction
without K*. This is a novel feature of glucuronokinases [40,41]. PmHAS also shows higher activity in
the presence of K* (Figure S7), confirming our previous study [31]. However, K* has no beneficial
effect on the activities of AtUSP, BINahK, SzGImU, and PmPpA (Figure S7). A similar, but more
intense effect is known for pyruvate kinases, where K* increases the affinity for ADP-Mg?* [42,43].
For human pyridoxal kinase, activity is increased by K* [44,45]. For AtGlcAK we may assume that K*
promotes binding of the ATP-Mg?* complex or release of the phosphorylated sugar from the active
site. In conclusion, all enzymes of the EM UDP-GIcA are active in the presence of Mn2* and K*. Thus,
we can apply our previously published optimal conditions for good conversion rates of PmHAS and
high molecular weight for HA: these are 15 mM Mg?*, 10 mM K*, and 1.5 mM Mn?* [31].
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2.4. One-Pot Synthesis: Combination of the EM UDP-GIcA with the EM HA

Kinetic data of PmHAS from our previous study reveal a substrate inhibition by UDP-GIcA
(Ksi 0.57 mM) and a relatively low affinity for UDP-GIcNAc (Ky, 23.4 mM) [31]. In general, a high
UDP-GIcNAc/UDP-GIcA ratio with a constant supply of UDP-GIcA at low concentrations was
favorable for the synthesis of 2 MDa HA. In the present study, we varied substrate concentrations
in the EM UDP-GIcA at a constant UDP-GIcNAc concentration (15 mM) to investigate the effect
of UDP-GIcA formation on PmHAS activity (formation of UDP) and HA synthesis (Figure 3 and
Figure S8).
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Figure 3. Combination of the EM UDP-GIcA with the EM HA. For the reaction 300 uL were placed in
a 96 well plate under the following conditions: 100 mM HEPES pH 8, 25 °C, 15 mM UDP-GIcNAc,
X mM ATP/UTP/GlcA, 15 mM Mg2*, 10 mM K*, 1.5 mM Mn?*, 230 pg/mL AtGIcAK, 92 ug/mL
AtUSP, 239 pg/mL PmPpA, and 569 pug/mL PmHAS. The course of UDP-GIcA synthesis (a) and UDP
formation (b), as well as the concentration of HA determined with CTM (c), and the size of HA
determined with agarose gel electrophoresis (d), are depicted. S1: high-M,y HA > 2 MDa, Figure
S8 depicts the concentrations of all nucleotides and nucleotide sugars during the time course of the
enzymatic reactions.

At low substrate concentrations for the EM UDP-GIcA (2.5 and 5 mM) UDP-GIcA is completely
converted after 8 h reaction time (Figure 3a). PmHAS reaches a high activity (0.85 umol UDP mL~! h™1)
as calculated from the slope of UDP formation (Figure 3b) and the highest HA size at 5 mM start
concentration after 8 h (Figure 3d). At high GlcA concentrations (15 mM) HA formation is limited,
the PmHAS activity decreases to 0.38 pmol UDP mL~! h~! and the highest UDP-GIcA concentration
of 8 mM after 8 h is reached. At 10 mM substrate concentration, the activity of PmHAS still reaches
0.72 umol UDP mL~! h™1, however, HA size is low after 8 h. In conclusion, these data reflect the
activity of PmHAS being high at UDP-GIcA concentrations < 5 mM with immediate HA formation
within 8h. At higher UDP-GIcA concentrations, PmHAS activity reaches a limit and shows delayed
HA formation. This limit is reached with 10 mM substrate concentrations in the EM UDP-GIcA. Using
10 mM of GlcA, UTP, and ATP, UDP-GIcA is completely converted after 24 h resulting in 1.8 g/L HA
and the highest HA size. As a compromise between PmHAS activity, high molecular weight, and
concentration after 24 h, 10 mM starting concentrations of substrates in the EM UDP-GIcA was used
for the next experiment.

2.5. One-Pot Synthesis: Combination of EM UDP-GIcA and EM UDP-GIcNAc with EM HA

We combined both nucleotide sugar modules with the HA module in a volume of 5 mL and
started the one-pot synthesis with 10 mM GIcA and GIcNAc, respectively (Figure 4). Within 3 h
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reaction time, UTP is nearly completely converted resulting in ~10 mM UDP-GIcNAc and ~6 mM
UDP-GIcA (Figure 4a) starting the production of HA (Figure 4b,c). These concentrations are favorable
for an optimal reaction rate of PmHAS (1.26 umole mL~! h~! UDP) as calculated from the slope of
UDP formation (Figure 4a). Interestingly, the size of the HA chain (median values for HA chains’
My,) gradually increases to M, 0.86 MDa within 8 h reaction time (Figure 4d). It is possible to stop
the reaction at certain time points to get the preferred HA size. However, the concentration levels of
HA are relatively low (Figure 4b). That is also the reason why we could not measure the size of HA
before 4 h, although HA is already produced (Figure 4c). Within 8 h, 0.28 g/L. HA with an average
M,, of 0.86 MDa and dispersity of 1.11 is reached. After 24 h, the final HA concentration was ~1.4 g/L
with an average My, of 0.7 MDa and dispersity of 1.16. Interestingly, the maximum HA chain length
ranges between 1.54 MDa after 8 h and 2.2 MDa after 24 h. In addition, MP-CE analysis reveals
that ~1 mM UMP is formed and ~1 mM UDP-GlcNAc is not utilized after 24 h (Figure 4a). Mn?*
degrades UDP-GIcA into a 1,2-cyclic phosphate derivate and UMP. UDP-GIcNAc is stable under these
conditions [39]. In summary, ~1 mM UDP-GIcA is not available for the HA synthesis and, because
of stoichiometric reasons, 1 mM UDP-GIcNAc are left. Thus 2 mM from 20 mM UTP are not used
for the HA production resulting in 90% yield. One way to increase the yields is by varying the Mn?*
concentration, although it is already adjusted to the PmHAS activity [31]. The other way is to decrease
the pH value because the decomposition is more intense in a basic environment [39]. Compared with
the work of Li et al., we reached a higher yield (90% vs. 70%) in shorter reaction time (24 vs. 40 h) [23].
A maximum HA chain length of 0.55 MDa was obtained [23]. These differences are probably due to a
different approach to synthesize HA, e.g., equal concentrations of UDP-GlcA and UDP-GIcNAc were
applied resulting in a lower activity of PmHAS [31].
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Figure 4. Combination of EM UDP-GIcA and EM UDP-GIcNAc with the EM HA. Conditions: 100 mM
HEPES pH 8, 25 °C, 10 mM GlcA, 10 mM GlcNAc, 20 mM ATP, 20 mM UTP, 15 mM Mg?*, 10 mM K*,
1.5mM Mn2*, 108 pg/mL AtGIcAK, 11 pg/mL AtUSP, 108 pg/mL BINahK, 109 pg/mL SzGlmU, 46 pg/mL
PmPpA, and 1191 pg/mL PmHAS. A volume of 5 mL was used. (a): Time course of nucleotide and
nucleotide sugar concentrations. (b): HA concentration analyzed with CTM. (c): HA size analysis by
agarose gel electrophoresis with standards S1: Select-HA™ HiLadder (Hyalose LLC) with a composition
of defined HA preparations (495, 572, 966, 1090, and 1510 kDa). high-M,y HA > 2 MDa, S2: high-My,
HA > 2 MDa. (d): Quantitative measurement of the HA-size with SEC-RALS/LALS. Distribution of
HA chains” Mw is presented as a box plot diagram. The box represents 50% of the HA chains, while
each whisker represent 25% of HA chains. The line within the box indicates the median value of HA
chains’ My,.
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2.6. Influence of pH on the One-Pot Synthesis of HA

To investigate further the influence of the UDP-sugar ratio on the PmHAS activity in this one-pot
synthesis, we varied two system parameters: pH and Mg?*. Control of UDP-sugar formation should
lead to an optimal HA production with control over HA size. Variation of the pH value shall be a key
factor to adjust UDP-sugar ratios since the EM UDP-GIlcA and EM UDP-GlcNAc perform differently
at specific pH values (Figure 5a and Figure S9). Especially the activity of AtGlcAK is reduced at a pH
value higher than 8 (Figure S2D), while the EM UDP-GIcNAc has a broad pH spectrum [31]. After 2h
10 mM UDP-GIcNAc are produced at pH 8.5 or 9 (Figure 5a), while the UDP-GIcA concentration is
lower (5-7 mM). High UDP-GIcNAc/UDP-GIcA ratios lead to higher PmHAS activity as demonstrated
for the high UDP yield in Tris-HCl pH 9 (68.8%) after 8 h (Figure 510) reaching final yields of 82% and
86% at pH 8.5 and 9.0, respectively (Figure 5b). These data reflect the relative broad pH optimum of
PmHAS as demonstrated in our previous study [31]. As we mentioned earlier, one way to increase
the yield could be the decrease of the pH value to reduce the decomposition of UDP-GIcA by Mn?*.
However, a decrease of the pH value has a greater effect on the functionality of the enzymes (Figure 5b).
Final HA concentrations differ for the different buffers at pH values between pH 8 and pH 8.5-9
(Figure 5¢). High HA concentrations were obtained at pH 8 with Tris-HCI (1.95 g/L), at pH 8.5 with
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid HEPES-NaOH (2.68 g/L), and at pH 9 with
3-(Cyclohexylamino)-1-propanesulfonic acid (CAPSO)-NaOH (2.54 g/L). The size of the HA is also
dependent on the pH value (Figure 5d,e). The qualitative analysis showed that the largest HA chains
are produced at a pH value of 8.5 and 9 (Figure 5d). This result is confirmed by size exclusion
chromatography, showing the highest M, with Tris-HCI at pH 8 (1.31 MDa), pH 8.5 (1.50 MDa), and
pH 9 (1.38 MDa) (median values for HA chains” M,, in Figure 5e and Table S1). The dispersity of
these samples in Tris-HCl is between 1.1 and 1.3 (Table S1). We conclude that the best buffer and pH
value is HEPES or Tris-HCl at pH 8.0-8.5 for one-pot synthesis of HA in an My, range of 1.3-1.5 MDa.
Setting this system parameter, the beneficial UDP-GlcA/UDP-GlcNACc ratio in the starting phase of the
one-pot synthesis adjusts PmHAS activity for HA polymerization.
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Figure 5. Controlling HA one-pot synthesis with pH value. 100 mM buffer pH X, 25 °C, 10 mM GlIcA,
10 mM GIcNAc, 20 mM ATP, 20 mM UTP, 15 mM MgCl,, 10 mM KCl, 1.5 mM MnCl,, 124 ug/mL
AtGIcAK, 117 ug/mL AtUSP, 1202 pg/mL BINahK, 255 ug/mL SzGImU, 369 ug/mL PmPpA, 1289 and
ug/mL PmHAS. A volume of 5 mL was used. Time course of the reaction of all pH conditions analyzed
with MP-CE. All graphs can be found in the supplemental data (Figure S9). (a): Concentrations
of nucleotide sugars UDP-GIcA and UDP-GIcNAc after 2 h. (b): Yield of the reaction after 24 h
are calculated by the generated UDP concentration and the UTP starting concentration. (c): HA
concentration after 24 h measured with CTM. (d): Qualitative analysis of the HA-size with agarose gel
electrophoresis after 24 h. S1: Select-HA™ HiLadder (Hyalose LLC) with a composition of defined
HA preparations (495, 572, 966, 1090, and 1510 kDa), S2: high-My, HA > 2 MDa. (e): Quantitative
measurement of the HA-size with Size-Exclusion Chromatography with Right-Angle/Low-Angle Light
Scattering (SEC-RALS/LALS). Distribution of HA chains” Mw is presented as a box plot diagram. The
box represents 50% of the HA chains, while each whisker represent 25% of HA chains. The line within
the box indicates the median value of HA chains’ Myy.

2.7. Influence of Magnesium on the One-Pot Synthesis of HA

In our previous study metal cofactor concentrations were set at 15 mM Mg?*, 1.5 mM Mn?* and
10 mM K™ for optimal HA synthesis [31]. In the present study using the EM UDP-GIcA, we varied the
Mg?* concentration to find the optimal system parameter settings for this one-pot synthesis. (Figure 6
and Figure S11). Most interestingly, a variation of Mg?* concentration has a significant influence on the
UDP-GIcNAc/UDP-GIcA ratio (Figure 6a). With 20 mM and 25 mM, a high ratio can be adjusted after
2 h reaction time. At a low Mg?* level (up to 10 mM Mg?*), UDP-GICcA is in excess of UDP-GIcNAc.
At 15 mM Mg?*, both nucleotide sugars are synthesized and converted in equal amounts. These ratios
are observed during the entire reaction time (Figure S11) and significantly affect HA synthesis. The
ratio of both nucleotide sugars controls the activity of PmHAS as seen in the UDP yield (Figure 6b),
HA titer (Figure 6¢) as well as HA M,y (Figure 6d,e, Table 52). While for PmHAS the UDP-GIcNAc
concentration should be as high as possible, the optimal UDP-GIcA concentration lays between 3
and 7 mM [31]. The best ratio is reached with 25 mM Mg?* and results in the highest UDP yield
(80.2%) (Figure 6b), a high HA concentration (1.49 g/L) (Figure 6¢) and the largest HA size (median
value for HA chains” M,, = 1.55 MDa) (Figure 6e) with an excellent dispersity of 1.049 (Table S2).
In contrast, PmHAS activity is lower with an excess of UDP-GIcA over UDP-GlcNAc and results in
the formation of lower molecular size HA. Most important, each Mg?* concentration gives a distinct
HA M,, with excellent dispersity and good yield (Figure 6b—e, Table S2). In conclusion, with defined
Mg?* concentration in one-pot HA synthesis, we adjust PmHAS activity by the obtained ratios of
UDP-GIcNAc and UDP-GIcA and in this way HA size and titer.
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Figure 6. Controlling HA one-pot synthesis with Mg?* concentration. 100 mM HEPES-NaOH pH 8,
25°C,10 mM GlcA, 10 mM GIcNAc, 20 mM ATP, 20 mM UTP, X mM MgCl,, 10 mM KCl, 1.5 mM MnCl,,
1240 pg/mL AtGlcAK, 117 pug/mL AtUSP, 1202 ug/mL BINahK, 255 ug/mL SzGImU, 369 pg/mL PmPpA,
and 1289 pug/mL PmHAS. A volume of 5 mL was used. (a): Ratio of the intermediate nucleotide sugars
UDP-GIcA and UDP-GIcNAc after 2 h. Nucleotides and nucleotide sugars measured with MP-CE.
Graphs can be found in the supplemental data (Figure S11). (b): Yield of the reaction calculated with
the generated UDP concentration and used UTP starting concentration. (c): HA concentration after
24 h measured with CTM. (d): Qualitative analysis of the HA-size with agarose gel electrophoresis after
8 and 24 h. S1: Select-HA™ HiLadder (Hyalose LLC) with a composition of defined HA preparations
(495, 572, 966, 1090, and 1510 kDa), S2: high-M,y HA > 2 MDa. (e): Quantitative measurement of the
HA-size with SEC-RALS/LALS. Distribution of HA chains’ M,y is presented as a box plot diagram.
The box represents 50% of the HA chains, while each whisker represent 25% of HA chains. The line
within the box indicates the median value of HA chains’ M.

Comparing the pH value and the Mg?* concentration as control parameters in the one-pot
synthesis of HA, we have different kinds of scenarios. Setting the pH value at pH 8.5-9.0, we
adjust a good ratio of the UDP-sugars, but PmHAS does not perform at its pH optimum [31,38].
At 25 mM Mg?* concentration, a beneficial UDP-sugar ratio is reached, and also the activity of PmHAS
increases with higher Mg2+ concentrations in the presence of K™ and Mn?*. In both cases, it seems
that excess of UDP-GIcNAc over UDP-GIcA gives higher HA yields. Moreover, control over HA
polymer size is gained by adjusting the UDP-sugar ratio, preferentially by pH and Mg?* concentration.
A similar effect was reported for the microbial HA production with S. zooepidemicus, where the
addition of GlcNAc or overexpression of genes involved in UDP-GIcNAc synthesis resulted in higher
molecular weight of HA, whereas overexpression of UDP-GIcA genes had the opposite effect [46-48].
The HAS enzyme in S. zooepidemicus is classified as a class 1 type, whereas PmHAS is a class 2
type. [4,18,49]. Both types differ in form, membrane linkage and catalytic reaction [50]. Nevertheless,
both enzymes may share biochemical features for HA production and having adapted similarly to
their environment [51]. Previous studies showed that PmHAS mode of action could be divided into
de novo and polymerization synthesis, where the polymerization step is much faster [13,15]. Studies
showed that the GlcA-transferase domain needs at least HA4 and the GlcNAc-transferase domain
needs at least HA3 oligosaccharides for polymerization speed [52]. Interestingly the GlcA-transferase
activity is enhanced with longer HA oligosaccharides [22]. HA chain length and polydispersity are
greatly dependent on the amount of de novo synthesized chains in the early stages of the reaction. The
more HA chains are created, the more the UDP-sugars are distributed among the HA chains. This
results in shorter polymers [13,15]. It is possible that a certain UDP-sugar ratio could influence the
preference of PmHAS for polymerization or de novo synthesis at the beginning of the reaction, which
then would result in different HA sizes after 24 h.
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2.8. Comparison with Industrial Production Processes

Depending on the demand, the size of the HA chain can be adjusted with the in vitro one-pot
synthesis through the UDP-GlcA/UDP-GIcNAc ratio. Another way to regulate the size is, to stop
the reaction earlier. The dispersity for all shown reactions is relatively low. With HA extraction
from animal tissue, size and dispersity are very hard to control. Both characteristics are hampered
trough intrinsically low yields and high dispersity within the tissue and endogenous hyaluronidase
activity [53]. Also with bacterial fermentation, low dispersity is still a challenge and is dependent
on culture conditions [12,54]. On top of that, extraction from animal tissue and production with
pathogenic Streptococcus strains bears the risk of biological contamination, which increases the effort
and cost of product purification. [3]. The named issues would cease with this in vitro approach.

With the conditions of 15 mM Mg?* and HEPES-NaOH pH 8.5, we could reach an My, of 1.49 MDa
with a final HA concentration of 2.7 g/L. and with 20 mM Mg?* and HEPES-NaOH pH 8 we could
reach 1.36 MDa with a final HA concentration of 2.2 g/L. These characteristics can compete with results
from bacterial fermentation [55]. However, in our approach, the reaction volume of 5 mL is only lab
scale. A scale-up will be necessary for HA production and therefore the preparation of the enzymes
will become important [53]. Considering that purification of enzymes is labor and cost-intensive, good
long-term storage stability is favorable. Therefore, in the present work the activity of every enzyme
was evaluated over four weeks (Figure S7). All enzymes were stored in 100 mM HEPES pH 8 at 4 °C.
BINahK, SzGImU, and PmHAS are very stable. The AtUSP activity was reduced by ~55% after three
weeks. AtGlcAK and PmPpA are most crucial by losing ~70% and ~64% of their activity after one
week, respectively. Due to the very high initial activity of PmPpA, this residual activity is still sufficient
for HA synthesis. However, the activity loss of AtGlcAK is an issue that will need to be addressed. To
enhance the storage stability, immobilization or addition of additives can be used [56]. For example,
sucrose enhances the stability of some enzymes significantly [31]. Protein engineering could also help
to improve stability or other characteristics as it was recently shown that a PmHAS variant with better
activity and chain length specificity was created [57].

3. Materials and Methods

Nucleotides and nucleotide sugars are from Carbosynth Limited UK (Compton, UK). All other
chemicals are from Carl Roth GmbH (Karlsruhe, Germany), if not further mentioned.

3.1. Enzyme Production

3.1.1. Cloning of Recombinant Genes

The synthetic genes of GlcAK from Arabidopsis thaliana (Gene ID: 819902), USP from Arabidopsis
thaliana (Gene ID: 835333) and PpA from Pasteurella multocida (Gene ID: 29387852) were modified with
restriction recognition sequences (Table 2).

Table 2. Modification of recombinant genes.

Gene N-Terminal C-Terminal

gleak Ndel GGAATTCCATATGGAATTCC Xhol CCGCTCGAGCGG
usp Xhol CCGCTCGAGCGG BamHI CGGGATCCCG
ppa Ndel GGAATTCCATATGGAATTCC Xhol CCGCTCGAGCGG

The start codons were removed from the sequence of glcak and ppa because of the attachment
of the Ndel sequence, in which is already a start codon. The stop codons were also removed to
clone this sequence into the pET-22b(+) vector with C-terminal Hise-tag. The start codon of usp was
removed to clone this gene into pET-16b(+) with N-terminal Hisjo-tag. All genes were optimized
for Escherichia coli codon usage and were ordered from GenArt™. The genes were cloned into
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pET-22b(+) and pET-16b(+), respectively. The cloning was confirmed by sequencing and restriction
analysis. The genes for BINahK from Bifidobacterium longum (GenBank accession number: AB303839.1),
SzGImU from Streptococcus zooepidenticus (GenBank accession number: AF347022) and HAS!7% from
Pasteurella multocida (GenBank accession number: AF036004.2) were already cloned into pET-22b(+)
vectors in our previous work [31].

3.1.2. Transformation and Cultivation

All constructs pET-22b-atglcak, pET-16b-atusp, pET-22b-pmppa, pET-22b-blnahk, pET22b-szglmu and
pET-22b-pmhas’7%3 were transformed into E. coli BL21 (DE3) via heat shock. The transformed clones
were selected on agar plates with lysogeny broth (LB) medium containing ampicillin (100 pg/mL).
Clones were further cultivated in baffled shaking flasks. The pre-culture was grown in 20 mL LB
medium with ampicillin (37 °C, 120 rpm). The main culture (1 L) with terrific broth was inoculated
with 1% (v/v) pre-culture (37 °C, 80 rpm). When the ODg of the main culture reached 0.6-0.8, the
expression of the proteins was induced by adding 0.1 mM isopropyl 3-p-1-thiogalactopyranoside
(IPTG, AppliChem GmbH, Darmstadt, Germany) and the temperature was reduced to 25 °C. After
20 h the cells were centrifuged (7000 rpm, 4 °C), the supernatant was discarded and the cells were
stored at —20 °C.

3.1.3. Enzyme Purification

Frozen cells (4 g) were suspended with 10 mL binding buffer (20 mM sodium phosphate, 500 mM
sodium chloride, 30 mM imidazole, pH 7.4), disrupted with ultrasound and subsequently centrifuged
(30min, 15,000 rpm, 4 °C). The recombinant enzymes containing a His-Tag were purified by immobilized
metal ion affinity chromatography (IMAC) using 5 mL HisTrap HP columns from GE Healthcare and
the Aktapurifier 100 controlled with the program Unicorn. Target enzymes were eluted using elution
buffer (20 mM sodium phosphate, 500 mM sodium chloride, 500 mM imidazole, pH 7.4). The elution
buffer was changed by dialysis with 100 mM HEPES pH 8. Protein concentration was measured by the
Bradford protein assay. The purification was confirmed by sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and Western blot using a Hise-tag monoclonal antibody, which is
conjugated with horseradish peroxidase (Roche Diagnostics GmbH, Mannheim, Germany). The same
method for PmHAS and the enzymes of the EM UDP-GIcNAc was used as described in our previous
study [31].

3.2. Enzyme Assays

3.2.1. Activity Assays

All enzyme activities were tested in a reaction volume of 300 pL in a 96 well plate at 25 °C and pH
8 (100 mM HEPES-NaOH). The composition of each enzyme reaction is listed as follows: AtGlcAK:
5 mM ATP, 5 mM GIcA and 10 mM MgCl,. AtUSP: 5 mM UTP, 5 mM Glc-1-P, 10 mM MgCl,. Gle-1-P
was used instead of GlcA-1-P because of cost reasons. Glc-1-P is hardly available. BINahK: 5 mM ATP,
5 mM GlcNAc and 10 mM MgCl,. SzGImU: 5 mM UTP, 5 mM GlcNAc-1-P, 10 mM MgCl,. PmHAS:
10 mM UDP-GIcA, 10 mM UDP-GIcNAc, 10 mM MnCl,. PmPpA: 5 mM PP;, 10 mM MgCl,. For
K* experiments, 10 mM KCI was added. Several samples were taken within 10 min. For PmHAS,
several samples were taken within 6 h. Reactions were stopped with a solution consisting of SDS,
para-aminobenzoic acid (PABA, Sigma Aldrich, Munich, Germany) and para-aminophthalic acid (PAPA,
Sigma Aldrich) in a ratio of 1:1 resulting in a final concentration of 7 mM SDS, 1 mM PABA and
1 mM PAPA. The reactions for AtGlcAK, AtUSP, BINahK, SzGImU, and PmHAS were analyzed with
multiplexed capillary electrophoresis and for PmPpA with a phosphate assay kit (MAK308, Sigma
Aldrich, Munich, Germany). For the kinases ADP, for AtUSP UDP-GIlcA, for SzGImU UDP-GlcNAc,
for PmHAS UDP, and for PmPpA P; as products were monitored. The activity (U = umol/min) was
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determined via the slope during the linear phase and the volumetric activity (U/mL) was calculated.
With the enzyme concentration from the Bradford assay, the specific activity (U/mg) was calculated.

3.2.2. Kinetic Assays

Kinetics for AtGlcAK, AtUSP, and PmPpA were assayed in a volume of 300 uL in a 96 well plate.
The following conditions were used for AtGlcAK: 25 °C, 100 mM HEPES pH 7.5 and 5 mM MgCl,.
ATP or GlcA, respectively, was set to a constant concentration of 5 mM, while the other one was set
in a range from 0.5-30 mM. Kinetics for AtUSP were tested with 5 mM UTP or 5 mM Glc-1-P, while
the other substrate was varied between 0.25-25 mM. Conditions were 25 °C, 100 mM HEPES pH 8
and 15 mM MgCl,. PmPpA: 25 °C, 100 mM HEPES pH 8. MgCl, concentrations were adjusted to PP;
concentrations (1:1). PP; ranged from 1-40 mM. Samples were taken at serval times within 10 min.
Reactions were stopped as described for the activity tests. The kinetic parameters were determined with
the Michaelis-Menten equation (Equation (1)) or with substrate inhibition (uncompetitive) equation
(Equation (2)) using the program SigmaPlot 10.0 (SPSS Software GmbH, Erkrath, Germany).

[S]
= Vmax‘— 1
’ Ky + 5] @
1
0= Vmax'————2 )
Ky | 9]
T+ 5+ x

[S]: Concentration of the substrate (mM). Kys: Michaelis constant (mM). v: Rate of formation of
product (umol min~! mg‘l). Vmax: Maximal rate of the system (pumol min~! mg‘l). Kjs: Dissociation
constant of the enzyme-substrate-substrate complex.

3.2.3. One-Pot Syntheses with the EM UDP-GIcA and Whole Cascade

All reactions were tested with 300 pL in a 96 well plate or with 5 mL in a 5.5 mL reaction vessel.
All reactions took place at 25 °C. Conditions vary depending on the one-pot synthesis and are directly
described in the caption of the figures. Buffers, substrates, cofactors were prepared and a sample of this
master mix served as the initial state. Enzymes were added and similar to the activity assays samples
were taken at certain time points. Reactions were stopped 1:1 with a solution of SDS, PABA, and PAPA
(see 3.2.1 activity assays). Samples were analyzed with MP-CE and if HA was produced, agarose
gel electrophoresis, Cetyltrimethylammonium bromide (CTAB) turbidimetric, and SEC-RALS/LALS
assays were performed.

3.3. Analysis of Enzymatic Syntheses

3.3.1. Multiplexed Capillary Electrophoresis (MP-CE) Analysis

All enzymatic reactions (except for PmPpA) were analyzed by a multiplexed cePRO 9600™ system
(Advanced Analytical Technologies, Ames, IA, USA) [35]. The separation of nucleotides and nucleotide
sugars for 96 samples was performed in a 96-capillary array, where each capillary had an effective
length of 55 cm, a total length of 80 cm and an inner diameter of 50 pm. 10 kV voltage was applied with
an electrophoresis buffer (70 mM ammonium acetate, 1 mM EDTA, pH 9.2). Samples were injected by
vacuum (0.7 psi, 10 s). PABA and PAPA were used as an internal standards with a concentration of
1 mM each. The analytes were detected by UV measurement (254 nm) and the resulting data were
evaluated with the pK;-Analyzer software (Advanced Analytical Technologies, Ames, IA, USA). The
amount of the analytes were calculated by means of the peak areas.

3.3.2. Phosphate Assay Kit

The enzymatic syntheses with PmPpA were analyzed by a phosphate assay kit (Sigma-Aldrich,
MAKB308) in accordance with the manufacturer’s instructions. The standard curve ranged from

17



Int. . Mol. Sci. 2019, 20, 5664

4-40 pM P; made from a 1 mM P; stock solution. The test sample was diluted to fit in the standard
range; 50 pL diluted sample was mixed with 100 pL of the malachite green reagent in a 96 well plate
and incubated for 30 min at room temperature. The absorbance was measured at 620 nm.

3.4. Analysis of Hyaluronic Acid

3.4.1. Agarose Gel Electrophoresis

The molecular weight of hyaluronic acid was analyzed by agarose gel electrophoresis as described
in the literature [58]. Samples and standards were mixed with 4 uL loading buffer (ThermoFisher
scientific) and applied on a 0.5% agarose gel. The separation was done with 105 V for 55 min in TAE
buffer (40 mM TRIS acetate, 1 mM EDTA, pH 8). In the dark, the gel was washed 30 min with 30%
ethanol, dyed for 24 h with Stains-All solution (Sigma-Aldrich, 30% ethanol, 6.25 ug/mL Stains-All),
discolored with water and documented at the GelDoc (BioRad, Diisseldorf, Germany). Two markers
were used: (a) Select-HA™ HiLadder (Hyalose LLC) with a composition of defined HA preparations
(495, 572, 966, 1090 and 1510 kDa), (b) high-M,, HA > 2 MDa (Contipro Biotech, Dolni Dobroug¢,
Czech Republic).

3.4.2. CTAB Turbidimetric Method (CTM)

CTM is a method to measure the concentration of HA, which is based on the formation of turbidity
between HA and cetyltrimethylammonium bromide (CTAB) [59-61]. 25 uL of acetate buffer (200 mM
sodium acetate, 150 mM sodium chloride, pH 6) were mixed with 25 uL sample (1:20 dilution). CTAB
solution of 100 uL (25 g/L CTAB in 2% w/v sodium hydroxide) was added, incubated for 5 min at
room temperature and the readings were taken at 400 nm. From all absorption values, the associated
t = 0 min value was subtracted and the HA concentration was calculated with linear regression. The
standard curve was provided by dilutions of high-M,, HA (Contipro Biotech, My, > 2 MDa) ranging
from 6.25-200 pg/mL.

3.4.3. Size-Exclusion Chromatography with Right-Angle/Low-Angle Light Scattering
(SEC-RALS/LALS)

SEC-RALS/LALS (Viscotek TDA 305, Malvern Instruments, Kassel, Germany) was used to
determine the molecular weight distribution (M, and M;,) and relative molecular mass dispersity within
the HA samples, by using two linearly connected columns (A6000M, A7000, Malvern Instruments)
for separation. Samples were diluted with 10 mM PBS (pH 7.4) up to a volume of 180 uL. 80 uL of
this dilution was injected and were eluted with PBS at a flow rate of 0.35 mL/min and 35 °C. HA
concentrations were determined by RI-detector. PEO standard (0.5 mg/mL in PBS, Malvern Instruments)
was used for the calibration. The OmniSEC software employs triple detection (RI, RALS/LALS) and
allows for a one-point calibration. We analyzed each sample twice and results are the mean value of
two runs. The dispersity was calculated with the quotient of M,, and M,, (Equation (5)).

Mn = Z;}gﬁ ©)
Mw — Z;mﬁf )
DI = % )

M;: Molar mass of chains with i units. #;: Number of chains with i units. m;: Total mass of chains
with i units. DI: Dispersity index
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4. Conclusions

In this study, we aimed to understand and control the key factors for complex one-pot synthesis
of HA. The one-pot synthesis contains six different enzymes and the HA chain is built up from the
cheap monosaccharides GlcA and GlcNAc. As an advanced development, we present an optimized
one-pot synthesis including the insights we got in our previous study [31]. For the one-pot synthesis,
we used a specific metal ion composition of Mg?*, Mn?*, and K*, adjusted for the combination of
PmHAS and the EM UDP-GlcNAc. Surprisingly, we found out that K* enhances also the activity
of AtGIcAK, a novel feature for this plant glucuronokinase. The pH value and Mg?* concentration
are key factors to control HA synthesis. Depending on these key factors, we could indeed tailor HA
size, yield, and dispersity. We obtained high molecular weight HA (1.54 MDa) with low dispersity
(1.05) at high (25 mM) Mg?* concentrations in HEPES-NaOH buffer (pH 8). The yield was 80.2%
with a final HA concentration of 1.4 g/L.. High HA concentration (2.7 g L) is reached with 15 mM
Mg?* in HEPES-NaOH (pH 8.5) with a yield of 86.3%, an average size of 1.49 MDa and a dispersity of
1.2. Future development should include scale-up, where immobilization of the enzymes may become
important. In addition, the development of a regeneration system for the nucleotides ATP and UTP is
demanding to reduce costs [62,63]. In conclusion, we demonstrated that manufacturing of high M.,
and low dispersity HA product can be tailored with an in vitro one-pot synthesis.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/22/
5664/s1.
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Abbreviations

ADP Adenosine diphosphate

AMP Adenosine monophosphate

AtGlcAK Glucuronic acid kinase from Arabidopsis thaliana

ATP Adenosine triphosphate

AtUSP UDP-sugar pyrophosphorylase from Arabidopsis thaliana
BINahK GlcNAc-1-phosphate kinase from Bifidobacterium longum
CAPSO 3-(Cyclohexylamino)-1-propanesulfonic acid

GGlmU UDP-GIcNAc pyrophosphorylase from Campylobacter jejuni
CTAB Cetyltrimethylammonium bromide

CT™M CTAB turbidimetric method

EM Enzyme module

GIcA Glucuronic acid

GIcNAc N-acetylglucosamine

HA Hyaluronic acid

HCl1 Hydrogen chloride

HEPES 2-[4-(2-Hydroxyethyl)piperazin-1-yl]ethanesulfonic acid
IMAC Immobilized metal affinity chromatography

IPTG Isopropyl 3-p-1-thiogalactopyranoside

K* Potassium cation

MES 2-Morpholin-4-ylethanesulfonic acid
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Mg+ Magnesium cation

Mn?* Manganese cation

MOPS 3-Morpholinopropane-1-sulfonic acid

MP-CE Multiplexed capillary electrophoresis

Mw Molecular weight

NaOH Sodium hydroxide

PABA para-Aminobenzoic acid

PAPA para-Aminophthalic acid

PBS Phosphate-buffered saline

P Inorganic phosphate

PmHAS Hyaluronan synthase from Pasteurella multocida
PmPpA Pyrophosphatase from Pasteurella multocida

PP; Inorganic Pyrophosphate

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEC-RALS/LALS
SzGImU

Size-Exclusion Chromatography with Right-Angle/Low-Angle Light Scattering
UDP-GIcNAc pyrophosphorylase from Streptococcus zooepidemicus

TRIS 2-Amino-2-(hydroxymethyl)propane-1,3-diol

ubP Uridine diphosphate

uMP Uridine monophosphate

UTP Uridine triphosphate

uv Ultraviolet
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Abstract: Quercetin is a flavonoid largely employed as a phytochemical remedy and a food or dietary
supplement. We present here a novel biocatalytic methodology for the preparation of quercetin from
plant-derived rutin, with both substrate and product being in mostly an undissolved state during
biotransformation. This “solid-state” enzymatic conversion uses a crude enzyme preparation of
recombinant rutinosidase from Aspergillus niger yielding quercetin, which precipitates from virtually
insoluble rutin. The process is easily scalable and exhibits an extremely high space-time yield.
The procedure has been shown to be robust and was successfully tested with rutin concentrations of
up to 300 g/L (ca 0.5 M) at various scales. Using this procedure, pure quercetin is easily obtained by
mere filtration of the reaction mixture, followed by washing and drying of the filter cake. Neither
co-solvents nor toxic chemicals are used, thus the process can be considered environmentally friendly
and the product of “bio-quality.” Moreover, rare disaccharide rutinose is obtained from the filtrate at a
preparatory scale as a valuable side product. These results demonstrate for the first time the efficiency
of the “Solid-State-Catalysis” concept, which is applicable virtually for any biotransformation
involving substrates and products of low water solubility.

Keywords: Aspergillus niger; quercetin; rutin; rutinose; rutinosidase; “solid-state biocatalysis”

1. Introduction

Flavonoids, which occur in plants, vegetables and fruits, are generally considered as efficient
antioxidants and chemoprotectants. They are a plentiful but a structurally homogeneous group of plant
natural products, whose structure is derived from phenylchromene hydroxylated or methoxylated at
various positions. A number of flavonoids are present in natural sources in the form of glycosides.
The flavonol quercetin is one of the most common and abundant flavonoids in the plant kingdom. It is
a prominent bioactive flavonol in the human diet and its daily intake has increased considerably due
to its use as a food supplement [1] and mainly due to the general medical recommendation to “eat five
servings of fruits and vegetables a day” [2].

Flavonol quercetin (3,2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-benzopyran-4-one; 1)
frequently occurs in the human diet (typically in apples, onions, buckwheat etc.) in the form of
glycosides—the most prominent being quercetin-3-O-f3-D-glucopyranoside (isoquercitrin) [3] and
quercetin-3-O-rutinoside (rutin; 3) (Figure 1) [4]. They have a broad range of positive effects in
humans [5] and they are used in a number of medicines and over-the-counter preparations and often in

Int. J. Mol. Sci. 2019, 20, 1112; d0i:10.3390/ijms20051112 25 www.mdpi.com/journal/ijms



Int. ]. Mol. Sci. 2019, 20, 1112

food supplements. Quercetin is largely utilized as a phytochemical remedy for a variety of diseases [5],
such as diabetes/obesity and circulatory dysfunctions, inflammation and mood disorders or as an
adaptogen. Furthermore, it may be used as an efficient and affordable radioprotectant (e.g., for a
large population in case of attack with a “dirty bomb”—radiological dispersal device that combines
radioactive material with conventional explosives) [6]. Quercetin used to be considered potentially
harmful, since it gave a positive reaction in the Ames’ test, which implied its mutagenicity and
potential cancerogenicity [7]. Nevertheless, these doubts have recently been dispelled and the Federal
Drug Agency in the US issued GRAS notice for pure quercetin [8]. This certification led to the recent
commercial boom in quercetin marketing.

(0]
HO o
HO
HO
OH OH HO = OH
Rutinosidase from 2 rutinose
0 HO
i ‘ (o) l OH
3 rutin Ho |
HO
(6] OH
1 quercetin

Figure 1. Bioconversion of rutin to quercetin using rutinosidase.

The structure of quercetin is quite unique in terms of antioxidant and antiradical activity: the
catechol moiety together with the free OH group at C-3 in conjugation with the C-4 oxo group
ensures electron delocalization on ring B. Furthermore, the configuration of OH groups at C-3, -5
and -7 together with the C-4 oxo group make quercetin one of the most potent antioxidants ever
discovered [5]. The free C-3 OH group, often glycosylated in natural quercetin glycosides (e.g., rutin,
quercitrin, isoquercitrin), is crucial for the high antioxidant activity of quercetin [9,10]. This is the
reason why free quercetin has a considerably higher antioxidant activity than its glycosides.

The direct extraction of quercetin from natural sources is impractical, mostly due to the complexity
of the matrix and its occurrence in various (glycosylated) forms. An alternative method described
in the literature is the oxidation of taxifolin (dihydroquercetin), obtained from Siberian woods,
with NaNO; [11]. This multistep method does not yield high-purity quercetin and uses relatively
toxic chemicals.

A common starting material for quercetin production is rutin (3)—a commodity chemical obtained
from various plant materials by extraction (typically from the Brazilian tree Fava d’anta, Dimorphandra
mollis). Quercetin is currently prepared by acid hydrolysis of rutin, for example, by boiling with
diluted HC1[12,13]. This process yields quercetin and the monosaccharides D-glucose and L-rhamnose
because rutinose bound to quercetin via the 3-glycosidic linkage is completely hydrolyzed. Boiling in
a strong acid may lead to a partial decomposition of all reactants, which deteriorates the purity and
quality of the final product. Such a product can also hardly be declared to be of “bio” quality.

There are also enzymatic methods for producing quercetin from rutin [13]. These methods
typically employ mixtures of enzymes (e.g., 3-D-glucosidases and «-L-rhamnosidases) that yield
mixtures of the respective monosaccharides and quercetin. Since rutin has a relatively low water
solubility (5 g/L at pH 5; 15 g/L at pH 8) and all enzymatic methods described so far require a
completely dissolved rutin, they employ cosolvents such as MeOH, EtOH or DMSO [14,15]. The use of
cosolvents complicates the procedure as they are flammable, toxic and their residues may contaminate
the final product (especially DMSO, which is not easy to remove by evaporation). Moreover, co-solvents
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often inactivate the enzymes employed and thus decrease the final yields and extend reaction times.
Therefore, their use must always be a compromise between the increase in rutin solubility and enzyme
denaturation. The low rutin solubility also limits the possibilities of enzyme recycling or the use of
immobilized enzymes-cf. [16].

Our new biosynthetic method allows working with rutin in highly concentrated aqueous
suspensions (up to ca 300 g/L, ca 0.5 M) without any co-solvents. This method directly yields a
precipitated product (1) in a virtually quantitative yield that can easily be filtrated and purified just
by washing at the filter. The filtrate contains a still active enzyme, which can be reused despite the
presence of rutinose from the first reaction—rutinose has no inhibitory activity on the enzyme. The rare
and so far unexplored sugar rutinose (2) is produced as a side product and can be crystallized from
the concentrated filtrate in a high purity (Figure 1). This disaccharide has a potential application in
cosmetics. We present here a novel concept of “Solid State Biocatalysis” that enables an exceptionally
high space-time-yield.

2. Results
2.1. Production of Rutinosidase

2.1.1. Production of the Wild-Type Rutinosidase from Aspergillus niger

The production and purification of the wild-type rutinosidase from A. niger have been previously
described in detail [17]. In the scope of this work, the use of the crude, wild-type enzyme for
the production of quercetin and rutinose has been tested. Besides the production of rutinosidase
(day 6; rutinosidase activity 0.31 U/mL), the co-production of x-L-rhamnosidase (0.30 U/mL) and
-D-glucosidase (0.49 U/mL) during fermentation were observed. This made the use of the crude
enzyme unfeasible, mainly due to the parallel cleavage of rutinose and other unwanted reactions.
Moreover, the crude wild-type enzyme is not stable (probably due to the presence of proteases in
the medium), which was also demonstrated in the tests with rutin bioconversion (see Section 2.2.1).
In summary, without enzyme purification, which is not feasible economically at a large scale, the crude
wild-type enzyme cannot be used for this process.

2.1.2. Production of Recombinant Rutinosidase from Aspergillus niger in Pichia pastoris

After cloning procedure we observed diminished stability of crude recombinant rutinosidase
below pH 3.5 in the cultivation media that were acidified during cultivation in flasks. This instability
was obviously caused by the production of (unspecified) serine protease(s), because addition of the
protease inhibitor phenylmethanesulfonylfluoride (PMSF, 1 mM) fully restored enzyme stability [18].
The stability of the enzyme was evaluated in the deglycosylation reaction of rutin (100 g/L). We tested
flask production in the BMMH medium with the pH set to values of 3.0; 4.0; 5.0; 6.0. Rutinosidase
activity in the medium was 0.080; 0.056; 0.062; and 0.046 U/mL, respectively. Although the specific
enzyme production was the highest in the most acidic medium (pH 3.0), the performance of the
enzyme produced under these conditions was the worst since the conversion was not completed even
after 24 h. The highest initial activity and the highest stability were found for the enzyme produced at
pH 5.0 (Figure 2). This figure shows the fastest turnover of the substrate with enzyme obtained by
the cultivation at pH 5.0 (green curve), which is the most stable. Enzyme obtained from the medium
of pH 3.5 has a high activity but its overall performance is afflicted by its lower stability. This also
demonstrates the importance of pH control of the fermentation for enzyme stability.
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Figure 2. Bioconversion of rutin to quercetin using crude recombinant rutinosidase produced at various
pH (rutin concentration 100 g/L; reaction volume 10 mL; 40 °C; pH 3); rutinosidase was produced in
the media with the starting pH set to 3-6.

2.1.3. Scale-Up of the Production of Recombinant Rutinosidase

The production of recombinant rutinosidase by P. pastoris KM71H was scaled up in 3-L laboratory
bioreactors. Glycerol was depleted after approximately 20 h, during which the exponential growth
of biomass was observed (Figure 3). Then, two methanol pulses of 3 g/L were added at hour 21 and
hour 32. Fed-batch methanol feeding was started at hour 35, according to the optimized protocol
described by [19]. During the fed-batch phase, methanol was fed according to the actual level of
dissolved oxygen and never exceeded a concentration of 3 g/L, which is toxic for this P. pastoris Mut®
strain. The concentration of methanol started to increase slightly at the end of the fermentation and
also the growth of biomass steadied, which indicated that the biomass reached the stationary phase
and the fermentation was terminated. SDS-PAGE electrophoresis (Figure S1, Supplementary Material)
showed a band of approx. 66 kDa, representing the produced rutinosidase. The absence of other
significant protein bands demonstrates the great advantage of controlled fermentation, which produces
no other extracellular proteins than the desired rutinosidase. The overall productivity of the produced
rutinosidase was 5.69 mgpr0t~L_1 h 1.
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Figure 3. Fed-batch cultivation of P. pastoris expressing rutinosidase with methanol feeding according
to the actual level of dissolved oxygen. Conditions: 1.5 L BSM, 5% inoculum, 30 °C, pH 5.0, DO 20%,
stirring cascade 50-1000 rpm; after 35 h fixed at 600 rpm.

2.2. Bioconversion of Rutin to Quercetin

2.2.1. Bioconversion of Rutin to Quercetin Using Wild-Type Rutinosidase

The first tests of a larger-scale conversion of rutin to quercetin were performed with the wild-type
enzyme. The reaction was successfully accomplished at analytical scale with the purified wild-type
rutinosidase (up to 100 g/L rutin). However, for a practical large-scale biotechnological application
protein purification is not economically feasible. Therefore we also tested crude rutinosidase
(centrifuged medium from the cultivation of A. niger, adjusted to pH 3 with phosphoric acid, diluted
twice with water). The rutin concentrations were 50, 100, 150 and 200 g/L. Only the reaction with
50 g/L was completed within 24 h whereas higher concentrations of rutin led to incomplete conversion
(Figure S2, Supplementary Material). It seems that the enzyme is partially inactivated during the
reaction with a higher rutin concentration, possibly by some proteases in the crude medium. Moreover,
the crude medium also contains a considerable activity of x-L-rhamnosidase (rutinosidase 0.305 U/mL,
a-L-thamnosidase 0.30 U/mL), which causes degradation of rutinose—valuable by-product of
this bioconversion.

2.2.2. Bioconversion of Rutin to Quercetin Using Recombinant Rutinosidase

Optimization of Reaction Conditions

The recombinant rutinosidase from A. niger produced in P. pastoris has a temperature optimum of
50 °C at pH 3.5; temperatures exceeding 55 °C resulted in a loss of activity [17]. The stability of the
recombinant (crude, dialyzed) enzyme at different pH and temperatures was tested. The enzyme loses
virtually all activity in ca 2 h at 50 °C. (Figure S3a, Supplementary Data). Therefore a lower temperature
(40 °C), where the enzyme has an activity of ca 60% compared to the optimum temperature but is quite
stable, was selected.
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Nevertheless, even at 50 °C the performance of rutinosidase during rutin bioconversion was very
satisfactory. The complete conversion of rutin at a concentration of 200 g/L was accomplished within
5-6 h (Figure S3b, Supplementary Material). It is obvious that the enzyme in the presence of substrate
is much more stable than in a mere buffer.

The pH optimum of recombinant rutinosidase is at pH 3.0. At pH 5.0 the enzyme still maintains
50% of its maximum activity and at pH 2.0 and pH 7.0 it is virtually inactive [17]. To support the above
hypothesis the performance of the enzyme in a real reaction system with a high rutin concentration
(200 g/L) was tested at different pH. The results showed (Figure 4b) that at pH 2.0 the enzyme is
inactive and its performance is suboptimal at pH 5.0. However, from pH 2.5 to 4.5 the enzyme
performance is—in this experimental setup—practically the same. Therefore, for further experiments
pH 3.0 was selected as the optimum one for rutin bioconversion.
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Figure 4. Optimization of reaction conditions for bioconversion of rutin to quercetin. (a) Bioconversion
of rutin using various amounts of pure rutinosidase (rutin 200 g/L; reaction volume 3 mL; 35 °C, pH
3.0). (b) Bioconversion of rutin in 0.2 M glycine buffer at various pH (rutin 200 g/L, reaction volume
3mL, 35 °C, purified rutinosidase 0.2 U/mL).

Furthermore, the activity of enzyme in the reaction system containing 200 g rutin/L was optimized.
The critical rutinosidase activity seems to be ca 0.1 U/mL. At a rutinosidase activity of 0.2 U/mL, the
reaction was completed within ca 6 h (Figure 4a).

Enzyme Storage and Stability

For the purposes of potential biotechnological applications, it is vital to assess the possibilities
of long-term storage of the enzyme. The enzyme (both wild type and purified recombinant) is stable
for several months at 6 °C. Moreover, we found that recombinant rutinosidase may be lyophilized
from the crude medium without any notable loss of catalytic activity. The rutinosidase activity of the
lyophilized sample resuspended in 50 mM citrate-phosphate buffer pH 3.0 was at least 90% compared
to the fresh enzyme with pNP-rutinoside. The comparison of rutin bioconversion reactions with the
lyophilized enzyme after shock or slow freezing (Figure S4a,b Supplementary Material) shows that
shock freezing is a preferable method due to its mildness and full preservation of rutinosidase activity.

Optimization of the Substrate Concentration and Scale-Up

The substrate concentration is crucial to achieve the optimal space-time-yield. The substrate
concentrations considerably higher than 100 g/L, for example, 200, 300, 450 g/L rutin in reaction
volumes of 30 and 100 mL and also a concentration of 450 g/L in a volume of 500 mL were tested.
The crude recombinant enzyme prepared in the fermenter under controlled pH (0.8 U/mL) gave 100%
conversion in all reaction setups within 24 h. For practical applications, 200 g/L (Figure 5) seems to be
the highest suitable substrate concentration due to the fact that at very high rutin concentrations the
reaction mixture tends to become significantly more viscous (especially after reaction completion) and
it needs to be diluted with water for future processing.
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Figure 5. Bioconversion of rutin to quercetin under optimum conditions. Rutin 200 g/L; reaction
volume 30 mL; 40 °C; pH 3.0; crude recombinant rutinosidase activity 0.8 U/mL.

Reaction scale-up was tested with a substrate concentration of 200 g/L in volumes of 50, 100,
250 mL and 2 L (Figure S5, Supplementary Material) using as little as 0.2 U/mL rutinosidase. In all
the reaction set-ups, the conversion was completed within ca 6 h yielding quercetin in virtually
quantitative yield.

2.3. The Concept of “Solid-State Biocatalysis”

Since the bioconversion of rutin into quercetin and rutinose proceeds in a very thick suspension,
we were interested to see how the reaction runs at the microscopic level. The monitoring of the reaction
mixture with an optical microscope (Figure 6) showed that the starting material was indeed present in
crystalline form and over the course of the reaction (2 and 5 h) multiple small crystals of the product
(most probably quercetin) were formed, which gradually substituted the large crystals of rutin as the
reaction proceeded (Figure 6c¢).

Figure 6. Microscopic monitoring of “Solid-State Biocatalysis” after (a) 0 h, (b), 2 h and (c), 5 h
of reaction (rutin 100 g/L, crude recombinant rutinosidase). OLYMPUS CX41 optical microscope
equipped with OLYMPUS U-CMAD3 digital camera, magnification 400 x.
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3. Discussion

The above results clearly demonstrate that the rutinosidase from Aspergillus niger is a highly
attractive enzyme for biotechnological application. Its heterologous expression elegantly solved the
problem of contaminating «-L-rhamnosidase and -D-glucosidase activities co-produced with the
wild-type enzyme, and, at the same time, allowed a multiple-litre production scale-up, which can be
further upscaled if convenient. Moreover, due to the production selectivity, the robust crude medium
can directly be applied for a one-step bioproduction of a GRAS-classified phytochemical quercetin
with a high space-time yield. Here, we must highlight the necessity of a thorough search for the
optimum reaction conditions. As previously confirmed with other glycosidases, the temperature
optimum may not copy the temperature stability [20]. Admittedly, the mere activity measurement
profiles under given conditions do not always reflect the real situation during the biocatalytical process.
There, the enzyme active site is protected against the detrimental effect of extreme conditions such as
high temperature by the proceeding biocatalytical reaction. This was clearly visible comparing the
results of stability measurements and the real reaction outcome at 50 °C (Section 2.2.2). Interestingly,
this effect is observed even though no inhibition by the released hydrolytic product (rutinose) occurred.
Rutinosidase inhibition with rutinose has been tested and up to 0.5 M rutinose (corresponding to ca
300 g/L starting concentration of rutin) the rutinosidase activity remains unchanged (data not shown).
Apparently, since the enzyme active site is constantly occupied by the incoming reaction substrate
in excess, its architecture is well protected against the impact of detrimental conditions. Thus, the
enzyme is obviously more stable in a bioconversion reaction with a high rutin concentration than the
enzyme incubated under the same conditions in a mere buffer.

The crucial finding presented in this work is the particular biocatalytic set-up that we denoted
as “Solid-State-Biocatalysis.” From the above data, it is obvious that the bioconversion of rutin into
quercetin and rutinose catalyzed by rutinosidase proceeds in a very thick suspension (tested up
to 450 g/L ~ 0.7 M), where both the starting material and product remain primarily in the solid
phase (the typical solubility of both reactants is ca 1-3 g/L, with quercetin being less soluble than
rutin). Numerous authors tested this and other similar reactions, typically the partial hydrolysis of
rutin into isoquercitrin with «-L-rhamnosidase, with the addition of various cosolvents [21]. In these
reaction set-ups, authors barely achieved concentrations of dissolved rutin higher than approx. 10 g/L,
following the commonly accepted scheme that enzymatic reactions proceed solely or at least in majority
in the liquid phase. In the present case, in contrast, the majority of substrate is present in the solid
phase. We suppose that the reaction proceeds in the (over)saturated microenvironment solution of
the substrate crystals. The formed product, also badly water soluble, precipitates quickly out of this
microenvironment, thereby constantly shifting the reaction equilibrium to the full conversion.

There are obviously two major driving forces of the reaction: (i) the high affinity of the biocatalyst
for the substrate, enabling its conversion at a low concentration and (ii) the thermodynamic shift
of equilibrium towards product formation caused by continuous product “removal” due to its
precipitation. This type of reaction apparently runs well when both reactants are poorly soluble
and the catalyst is efficient. Interestingly, when a cosolvent (e.g., 5% DMSO) is added into the reaction
mixture, the reaction is slower and the conversion is not complete. This corroborates the above
hypothesis because with the addition of the cosolvent, the product occurs in higher concentrations
(inhibition with a higher concentration of quercetin) in the reaction mixture due to its increased
solubility. A partial inactivation of the enzyme by the cosolvent cannot be excluded either.

Another advantage of the “Solid-State Biocatalysis” setup is the resistance of rutinosidase towards
product inhibition by the disaccharide rutinose. On the contrary, the accumulation of rutinose in the
reaction mixture and the running catalytic reaction stabilize the enzyme, as observed in our stability
studies (see Section 2.2.2 and Figure S3, Supplementary Material). Rutinose in a higher concentration
may also diminish the solubility of quercetin, lowering thus its concentration.

The main product of this enzymatic process is pure quercetin that does not involve any harmful
and irritant chemicals, which makes it applicable in the cosmetics and food industries as a “Bio-quality”

32



Int. ]. Mol. Sci. 2019, 20, 1112

product. This procedure also yields the valuable side product rutinose, which has not been available
in multigram /kilogram scale for a reasonable price so far. Rutinose can be obtained from the filtrate of
the reaction mixture after short boiling with charcoal, calcium hydroxide and Celite (each 0.5 g/L),
which removes protein and phosphate impurities and decolorizes the solution. After filtration
and evaporation, pure rutinose (>97%) is obtained by crystallization or lyophilization. This opens
possibilities for research and potential application of this disaccharide for example, in cosmetic
applications because a-L-rhamnose and/or a-L-thamnosides were found to interact with specific
receptors on keratinocytes, which play an important role in cell and (skin) tissue aging [22].

4. Materials and Methods

4.1. Materials

The enzymes and buffers for DNA manipulations were obtained from New England Biolabs
(Ipswich, MA, USA). Media components were from Oxoid (Basingstoke, UK) or Carl-ROTH (Karlsruhe,
Germany). Rutin was from Alchimica (Prague, Czech Republic) and other chemicals were purchased
from Sigma-Aldrich.

4.2. Biological Material

An EasySelect Pichia pastoris KM71H Expression Kit was purchased from Invitrogen (Waltham, MA,
USA). This expression system employs the AOX1 (alcohol oxidase 1) promoter, inducible by methanol.

The culture of Aspergillus niger K2 CCIM is deposited in the Collection of Microorganisms of the
Institute of Microbiology of the Czech Academy of Sciences, Prague. The culture is maintained on
slants [g/L]: agar-agar, 20; bacto-peptone, 5; and malt extract, 35.

4.3. Media

The inoculum for P. pastoris cultivation was prepared in BMGY medium (Buffered
Glycerol-Complex Medium) [g/L]: yeast extract, 10; peptone, 20; 100 mM potassium phosphate,
pH 6.0; Yeast Nitrogen Base (YNB, Oxoid cz., Brno, Czech Republic), 13.4; biotin 0.0004; glycerol, 10.

Buffered Methanol-Complex Medium (BMMY) has the same composition as BMGY but instead
of 1% (w/v) glycerol methanol (0.5%, v/v) is added.

For large-scale productions, minimal media were used. BMGH medium (Buffered Minimal
Glycerol Medium) [g/L]: 100 mM potassium phosphate pH 6.0; YNB, 13.4; biotin 0.0004; glycerol, 10
for overnight preculture and BMMH medium (Buffered Minimal Methanol Medium) [g/L]: 100 mM
potassium phosphate pH 6.0; YNB, 13.4; biotin 0.0004; methanol, 5).

Fed-batch fermentations were carried out in BSM medium (Basal Salt Medium) [g/L]: 85%
H3POy, 26.7 mL; CaSO4-2H,0, 1.17; K350y, 18.2; MgSO4-7H,0, 14.9; KOH, 4.13; and glycerol, 40;
and supplemented with 4.35 mL/L of PTM; (trace salts solution) [g/L]: CuSO4-5H,0, 6; Nal, 0.08;
MnSQO,-H,O, 3; NaMoO4-2H,0, 0.2; H3BO3, 0.02; CoCly, 0.5; ZnCl,, 20; FeSO4-7H,0, 65; biotin, 0.2;
H,SOy4 conc. 9.2 g). Methanol added in fed-batch experiments was also supplemented with PTM;
(1.2 mL/L pure methanol).

The production medium for A. niger cultivation of consisted of [g/L]: rutin, 5.0; KH,POy, 15.0;
NH4Cl, 4.0; KCl, 0.5; yeast extract, 5.0; casein hydrolysate, 1.0; and 1.0 mL of trace element Vishniac
solution [23] at pH 5.0. The pH of the medium was adjusted to 5.0. After sterilization, each flask was
supplemented with 1.0 mL of sterile 10% MgSO,-7H,0O (w/v).

4.4. Preparation of Enzymes

4.4.1. Cultivation of Aspergillus niger

The production medium (200 mL) was inoculated with a suspension of spores in a 0.1% (v/v)
Tween 80 solution and cultivated in 500-mL Erlenmeyer flasks on a rotary shaker at 28 °C and 250 rpm.
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The mycelium of A. niger K2 CCIM was cultivated for 12 days at 28 °C and 250 rpm in Erlenmeyer
flasks in the presence of 0.5% w/v rutin as the rutinosidase inducer. The mycelium was subsequently
removed by filtration through an asbestos-cellulose filter (C10, Vertex CZ, Prague, Czech Republic).
The filtrate was directly used (as a crude wild rutinosidase) for rutin conversion.

4.4.2. Heterologous Expression of Rutinosidase in Pichia pastoris

The expression vector pPICZaA-RUT, obtained as described previously [17] was linearized
with restriction endonuclease Sacl and electroporated to competent P. pastoris cells according to
the manufacturer’s instructions (EasySelect Pichia Expression Kit, Invitrogen; Waltham, MA, USA).
The electroporated cells were grown at various concentrations of zeocin (100 pug/mL) on YPD (Yeast
Extract Peptone Dextrose Medium; yeast extract OXOID 1%, bacteriological peptone OXOID 2%,
glucose 2% (LACHNER, Neratovice, Czech Republic)) agar plates for 2 days at 28 °C.

The production of recombinant rutinosidase was performed according to the manufacturer’s
instructions as follows: the colonies were inoculated into 100 mL of BMGY medium pH 6.0 and
incubated overnight with shaking at 28 °C. The cells were collected by centrifugation (5000x g, 10 min,
20 °C) and the pellet was resuspended in 30 mL of BMMY medium (see Section 4.3 Media) in a 300 mL
baffled flask. The production of rutinosidase was induced by the addition of methanol (0.5% v/v)
every 24 h for 4 days. The flasks were incubated at 28 °C and 220 rpm.

For the large-scale production of rutinosidase, we used 1 L of BMGH medium for overnight
preculture. The cells were then collected and resuspended in 200 mL of BMMH medium and incubated
at 28 °C on a rotary shaker with methanol induction (0.5% v/v) every 24 h for 4 days.

4.4.3. Fermentation Scale-Up

Fermentation Media

The inoculum was prepared in BMGY medium. Fed-batch fermentations were carried out
in BSM medium; methanol added in fed-batch experiments was also supplemented with PTM;
(1.2 mL/L methanol).

Bioreactor Cultivation

The inoculum for the fermentation cultivation was prepared in 100 mL of BMGY medium.
The fermentation was essentially performed as described previously [20] in 3-L laboratory fermenters
(Brunswick BioFlo® 115, Eppendorf, Hamburg, Germany). Then, 1.5 L of BSM media supplemented
with 6.53 mL of PTM; was inoculated with inoculum (ODggy approx. 10-12) to a concentration of 5%
v/v. The fermentation conditions were as follows: 30 °C, pH 5 maintained with ammonium solution
(28-30%), DO (dissolved oxygen) 20% maintained by agitation cascade from 50 to 1000 rpm, aeration
0.66 vvm with the addition of 200 uL of Struktol J650 (Schill + Seilacher “Struktol” GmbH, Hamburg,
Germany) as an antifoaming agent. After the complete depletion of glycerol (approx. 20 h), two
methanol pulses of 3 g/L were added after 20 and 31 h. After the depletion of the second pulse, the
agitation was fixed at 600 rpm, the agitation cascade was stopped and additional methanol (3 g/L)
was added. The methanol feed was connected to the actual level of dissolved oxygen as described in
Reference [20]. Whenever the level of DO rose above 20%, the methanol feed was turned on by an
automated program and when the DO level rose above 30%, signalling an excess of methanol and the
inability of the culture to utilize it, the pump was turned off again.

4.5. Purification of Recombinant Rutinosidase

Recombinant rutinosidase was purified from the culture medium of P. pastoris after 6 days of
cultivation with methanol induction. The cells were harvested by centrifugation (5000 g, 10 min
at 4 °C). The supernatant was dialyzed against 6 L of 10 mM sodium acetate buffer, pH 3.6, for 2 h
(dialysis tubing cellulose membrane, Sigma-Aldrich, cut-off 10 kDa). The pH of the solution was then
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adjusted to 3.6 with 10% acetic acid and filtered. This solution was loaded into a Fractogel EMD SO3~
column (15 x 100 mm) in 10 mM sodium acetate buffer, pH 3.6. The protein was eluted using a linear
gradient of 0-1 M NaCl (5 mL/min). Fractions were collected and then analyzed for rutinosidase
activity using p-nitrophenol rutinoside as a substrate. The fractions containing rutinosidase activity
were concentrated by ultrafiltration using cellulose membranes with a 10 kDa cut-off (Millipore,
Merck, Darmstadt, Germany). The concentrated protein was then purified to homogeneity by gel
filtration in a Superdex 200 10/300 GL column (10 x 300 mm, 10 mM citrate-phosphate buffer, pH 5.0,
150 mM NaCl).

Protein concentrations were determined by Bradford assay calibrated for bovine serum albumin.
The purity of recombinant rutinosidase was checked by 12% SDS-PAGE.

4.6. Storage of Enzymes

The purified or crude rutinosidase (as a cultivation medium from transformed P. pastoris)
could be stored with no notable loss of activity in a fridge (ca 6 °C) for a minimum of 6 months.
For lyophilization, the crude medium was rapidly frozen in a liquid nitrogen bath (shock freezing)
or frozen in a deep freezer (—80 °C, slow freezing). The material was then lyophilized to dryness.
The loss of specific activity of rutinosidase was in both cases under 10%. The lyophilized enzyme can
be stored in a fridge in a tightly closed vessel for a minimum of 6 months with no loss of activity.

4.7. Enzyme Activity Assay

The rutinosidase activity was measured spectrophotometrically using p-nitrophenyl rutinoside
as a substrate at a starting concentration of 2 mM. The reaction mixture contained substrate (10 mM
solution, 10 uL), 50 mM citrate-phosphate buffer pH 5.0 (10 uL) and the enzyme solution (30 uL).
After incubation of the reaction mixture at 35 °C for 10 min with shaking at 850 rpm, 0.1 M
NapCO;3 (1 mL) was added to the reaction mixture. The released p-nitrophenol was determined
spectrophotometrically at 420 nm. One unit of enzymatic activity was defined as the amount of
enzyme releasing 1 umol of p-nitrophenol per minute in 50 mM citrate-phosphate buffer at pH 5.0.

Enzymatic Preparation of Colorimetric Substrate p-Nitrophenyl Rutinoside

The colorimetric substrate p-nitrophenyl rutinoside (not commercially available) was prepared
by the glycosylation of p-nitrophenyl glucopyranoside using a-L-rhamnosidase (A. terreus) and a
free thamnose yielding the title substrate, however with very low yields (ca 3%) [17]. Therefore,
we developed another method for the preparation of this compound, taking advantage of the
high transglycosylation activity of rutinosidase from A. niger towards phenolic substances [17,24].
The following protocol was used: p-nitrophenol (100 mg) and rutin (200 mg) were dissolved in DMSO
(1.1 mL) and crude rutinosidase (cultivation medium of transformed P. pastoris; 6.4 mL, 0.4 U/mL)
was added. The pH was adjusted to 3.0 and the mixture was incubated at 40 °C for 24 h. The reaction
was monitored by TLC and HPLC. The reaction was stopped by boiling for 10 min, filtered, the pH
was adjusted to 7.5-7.7 and unreacted p-nitrophenol was removed by extraction (3 x 30 mL EtOAc).
The aqueous phase was evaporated, the residue was dissolved in 20% v/v methanol in water (2 mL)
and loaded into a Sephadex LH-20 column (eluted with 20% v/v methanol). Fractions containing the
product (TLC, Silicagel 60 Fjs4, Merck; n-propanol/H,O/NH4OH = 7:2:1, v/v/v) were pooled and
evaporated to yield 47 mg (32% related to rutin) of the title compound.

4.8. Bioconversion of Rutin to Quercetin

4.8.1. Analytical Scale

Purified recombinant rutinosidase from P. pastoris was used for the optimization of
biotransformation conditions.
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pH Optimum

Rutin (3, 200 g/L) was suspended in the enzyme solution, which contained 0.2 M glycine-buffer
and the pure enzyme (0.2 U/mL). The buffer pH was adjusted to 2.0; 2.5; 3.0; 3.5; 4.0; 4.5 or 5.0.
The solution (3 mL) was incubated at 35 °C with shaking (750 rpm) for 7 h. Samples were taken every
30 min for the HPLC analysis.

Enzyme Activity

Rutin (3, 200 mg/mL) was suspended in the solution (3 mL) containing 0.2 M glycine-buffer pH
3.5 and the pure enzyme of various activities (0.021; 0.2; 0.4 or 0.8 U/mL). The reaction mixture was
incubated at 35 °C with shaking (750 rpm) for 24 h. The reaction was monitored by HPLC. 1 U is
defined as the amount of enzyme converting 1 uM of substrate within 1 min under the given conditions.

Temperature Optimum

Rutin (3, 200 g/L) was suspended in a solution (10 mL) containing 0.2 M glycine-buffer pH 3.5
and pure enzyme (0.2 U/mL). The reaction mixture was incubated at 10 °C; 20 °C; 35 °C; 40 °C or
50 °C with shaking (750 rpm) for 24 h. Samples were taken every 30 min for the HPLC analysis.

Thermostability

The crude medium (P. pastoris) containing rutinosidase was adjusted to pH 3.0 and was incubated
at 50 °C for 150 min. Every 10 min, samples (30 pL) were taken and the enzyme activity was measured
using the above procedure.

4.8.2. Scale-Up of Bioconversion of Rutin to Quercetin

Bioconversion Scale-Up Using Crude Wild-Type Rutinosidase (A. niger)

For the scale-up process, the centrifuged crude medium from the cultivation of the production
strain A. niger containing rutinosidase (0.3 U/mL) was used. The crude medium was diluted twice
with water and the pH was adjusted to 3.5. The medium itself had a good buffering capacity. Rutin (3;
50 g/L;100 g/L; 150 g/L or 200 g/L) was suspended in the buffered enzyme solution, incubated at
40 °C with shaking (750 rpm) and the reaction conversion was monitored by HPLC.

Bioconversion Scale-Up Using Crude Recombinant Rutinosidase (P. pastoris)

For the scale-up process, the crude medium (prepared in a fermenter—see scale up) from
transformed P. pastoris (containing typically 0.4 U/mL) was adjusted to 0.2 U/mL with water and
the pH was adjusted to 3.5 with H3PO,. The medium itself had a good buffering capacity. Rutin (3;
200 g/L; 300 g/L or 450 g/L) was suspended in the buffered enzyme solution, incubated at 40 °C
with shaking (750 rpm) and the reaction conversion was monitored by HPLC. Rutin was completely
consumed after 24 h; then the reaction was stopped by heating to 99 °C for 5 min. The reaction mixture
was then centrifuged (5000 g, 10 min at 20 °C) or filtered.

4.8.3. Microscopic Monitoring of the Solid State Biocatalysis

The progress of bioconversion of rutin to quercetin catalyzed by the crude recombinant
rutinosidase (rutin 100 g/L) was monitored with an OLYMPUS CX41 optical microscope equipped
with an OLYMPUS U-CMAD3 digital camera (Olympus Europa SE & Co., KG, Hamburg, Germany).
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4.9. Analytical methods

Analytical HPLC

HPLC analyses were performed in a Shimadzu Prominence LC analytical system (Shimadzu,
Kyoto, Japan) consisting of the following Shimadzu components: LC-20AD binary HPLC pump,
CTO-10AS column oven, SIL-20ACHT cooling autosampler, CBM-20A system controller and
SPD-20MA diode array detector. The sample (20 uL) was dissolved in DMSO (150 pL) and analyzed
by a Chromolith Performance RP-18e column (100 x 3 mm, Merck, Germany) coupled with an RP-18e
guard cartridge kit (5 x 4.6 mm, Merck, Darmstadt, Germany). Binary gradient elution was used:
mobile phase A (v/v): 5% acetonitrile, 0.1% formic acid; mobile phase B (v/v): 80% acetonitrile, 0.1%
formic acid; gradient: 7-25% B for 0-3 min, 30% B for 3-5 min; 7% B for 5-7.5 min. The flow rate was
1.5 mL/min at 25 °C and the injection volume was 0.1 uL; peaks were detected at 360 nm. Retention
times [min]: rutin, 2.380; quercetin, 3.964. The authenticity of the compounds, for example, rutin
and quercetin, was re-confirmed by MS spectra using LC-MS with commercial samples. Structure of
rutinose was confirmed by 'H and 3C NMR [17].

Glycerol and methanol concentrations were measured by HPLC with an Agilent Technologies
1220 Infinity LC apparatus combined with an Agilent Technologies 1260 Infinity RI detector (Agilent
Technologies, Waldbronn, Germany), a WATREX Polymer IEX H form 8 pum, 250 x 8 mm as the main
column and a WATREX Polymer IEX H form 8 pum, 40 x 8 mm (WATREX, Prague, Czech Republic) as
a guard column, at a flow rate of 0.8 mL/min of 9 mM sulfuric acid at 45 °C.

5. Conclusions

We present a novel biotechnological process for the production of the bioactive flavonoid quercetin
from the inexpensive starting material rutin. The main feature of the process can be described as
“solid-state” enzymatic conversion with both substrate and product being mostly in an undissolved
state. The enzymatic reaction itself thus proceeds in the microenvironment solution of the reactants.
This new concept of “solid-state biocatalysis” takes advantage of the low water solubility of both
the starting material and product. Using this approach with a specific diglycosidase, rutinosidase,
quercetin is obtained from the quantitative bioconversion of rutin. Recombinant rutinosidase is used
as a crude enzyme directly from a bioreactor cultivation (after biomass centrifugation). In addition, the
procedure leads to the formation of the valuable and commercially unavailable disaccharide rutinose
as a second product of the reaction. This work demonstrates an elegant approach to biotransformation
under mild conditions in the absence of co-solvents and toxic chemicals, potentially transferable
to conversions of other natural compounds and food additives. Thanks to the new biocatalytic
methodology void of any harmful chemicals, the new process, which results in the products quercetin
and rutinose, can be declared as environmentally friendly or a “bio” quality product on the market.

Supplementary Materials: Supplementary materials can be found at http:/ /www.mdpi.com/1422-0067/20/5/
1112/s1.
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Abbreviations

GRAS Generally-Recognized-As-Safe
DMSO Dimethylsulfoxide

DCW Dry Cell Weight

DO Dissolved Oxygen

BMMY Buffered Methanol-Complex Medium
BMGY Buffered Glycerol-Complex Medium
BMGH Buffered Minimal Glycerol Medium
BMMH Buffered Minimal Methanol Medium

BSM Basal Salt Medium

PTM; Trace Salt Solution

YNB Yeast Nitrogen Base

vvm volume of air per volume of liquid per minute
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Abstract: Lactic acid bacteria (LAB) have attracted increasing interest recently as cell factories for the
production of proteins as well as a carrier of proteins that are of interest for food and therapeutic
applications. In this present study, we exploit a lactobacillal food-grade expression system derived
from the pSIP expression vectors using the alr (alanine racemase) gene as the selection marker for the
expression and cell-surface display of a chitosanase in Lactobacillus plantarum using two truncated
forms of a LP X TG anchor. CsnA, a chitosanase from Bacillus subtilis 168 (ATCC23857), was fused
to two different truncated forms (short-S and long-L anchors) of an LP X TG anchor derived from
Lp_1229, a key-protein for mannose-specific adhesion in L. plantarum WCFS1. The expression and
cell-surface display efficiency driven by the food-grade alr-based system were compared with those
obtained from the erm-based pSIP system in terms of enzyme activities and their localisation on
L. plantarum cells. The localization of the protein on the bacterial cell surface was confirmed by flow
cytometry and immunofluorescence microscopy. The highest enzymatic activity of CsnA-displaying
cells was obtained from the strain carrying the alr-based expression plasmid with short cell wall anchor
S. However, the attachment of chitosanase on L. plantarum cells via the long anchor L was shown to be
more stable compared with the short anchor after several repeated reaction cycles. CsnA displayed on
L. plantarum cells is catalytically active and can convert chitosan into chito-oligosaccharides, of which
chitobiose and chitotriose are the main products.

Keywords: surface display; cell wall anchor; Lactobacillus plantarum; whole-cell biocatalyst

1. Introduction

Chitin, which can be found in the outer exoskeleton of arthropods, such as crabs, lobster,
shrimp, and in the fungal cell wall, is the second most abundant biopolymer after lignocellulose in
nature [1]. An enormous amount of chitin is annually disposed into the sea, which requires a need
for bioremediation or recycling of the chitin biomass [2]. Chitosan is a natural nontoxic biopolymer,
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which can be obtained from the partially de-acetylation of chitin under alkaline conditions and is
composed of (3-1,4-N-acetyl-D-glucosamine (GlcNac) and D-glucosamine (GlcN) [3]. Despite its
biological activities, its applications were limited due to its high molecular weight and solubility at
acidic pH [4]. However, the depolymerisation products from chitosan, so-called chito-oligosaccharides
(CHOS), which possess potential properties for pharmaceutical and medical applications, are of interest
due to their nontoxic and high solubility properties [3,4]. CHOS can be produced by enzymatic
hydrolysis using chitosanases or chitosan N-acetyl-glucosaminohydrolases (EC3.2.1.132) [3,5]. These
enzymes catalyse the endohydrolysis 3-1,4-glycosidic bond between D-glucosamine of chitosan and
have been found in various organisms including Gram-positive bacteria, Gram-negative bacteria, and
fungi [5-9]. Among them, the chitosanases from family GH46, especially Bacillus subtilis 168, showed
the potential for bioconversion of chitosan to produce CHOS [5,10]. The chitosanase from B. subtilis
168, which is encoded by csnA gene, was demonstrated to be efficiently produced and secreted in
Lactobacillus plantarum using the inducible promoter-based pSIP expression vectors containing either
an antibiotic resistance or the alr gene as selection markers [11].

Recently, bacterial cell-surface display has become an attractive strategy for the development of
whole-cell biocatalysts. By fusing with an anchoring motif, the protein of interest can be simultaneously
synthesized and subsequently displayed on the bacterial cells. Obtained cells harbouring fusion target
protein/enzyme after fermentation can be directly used as biocatalysts for the reaction processes. This
concept offers known advantages such as the immobilisation of enzymes with a significant reduction
of production cost and utilisation of the bacterial biomass as the immobilisation matrix instead of
traditional carrier materials. With a long history of use in food industry and possession of GRAS
(generally regarded as safe) status, L. plantarum has been exploited as host for cell-surface display of
heterologous proteins [12-21]. In our previous study, we reported cell-surface display of a chitosanase
via a lipoprotein anchor (Lp_1261) and an LP x TG motif-containing a cell wall anchor from a cell
surface adherence protein (Lp_2578) of L. plantarum WCFS1 [22], using the original erm-based pSIP
expression system [23,24]. It was shown that surface display of the chitosanase in lactobacilli using the
Lp_2578 derived cell wall anchor resulted in higher enzyme activity than Lactobacillus strains with
Lp_1261 derived lipoprotein anchor [22].

Nevertheless, the use of antibiotic resistance gene as the selection marker in original pSIP
vectors [23,25], which requires the supplement of erythromycin in cultivation media, might lead
to the limitation of this system in some applications, e.g., production of food ingredients and
additives. Therefore, a food-grade selection marker based on complementation would be a more useful
alternative [26]. We have previously developed a food-grade, complementation-based host/marker
expression system derived from the pSIP expression vectors using the alr (alanine racemase) gene
as the selection marker for intracellular expression of 3-galactosidases in L. plantarum [27]. In the
present study, we exploit this food-grade expression system for the expression and cell-surface display
of a chitosanase derived from B. subtilis 168 (ATCC23857) in L. plantarum. We have constructed
two variants of LP x TG anchor derived from Lp_1229 with different lengths of the linker between
the anchoring motif and the chitosanase to investigate the effect of anchor length on the enzymatic
activity of chitosanase displaying cells. The expression and cell-surface display efficiency driven by
the food-grade system were compared with those obtained from the erm-based pSIP system in term of
enzyme activities and their localisation on L. plantarum cells.

2. Results

2.1. Expression of Chitosanase (CsnA) in L. plantarum

Four new expression vectors were constructed to display a chitosanase from Bacillus subtilis 168
on the surface of L. plantarum (Figure 1A-C) using both erm-based and alr-based expression systems
(erythromycin and alanine racemase as selection markers, respectively) in lactobacilli. The enzyme
was C-terminally anchored to the cell wall using two different truncated forms, namely S (Short) and L
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(long) anchors, of an LP x TG anchor derived from the Lp_1229 sequence, which encoding a protein
containing predicted mucus binding domains in L. plantarum [28,29]. For the immunodetection of
the recombinant proteins, a Myc-tag was fused C-terminally to the CsnA sequence. The short anchor
S (85 residues) consisting of the LP X TG motif, which is the actual consensus sequence LPQTNE
in L. plantarum [30,31] (in bold, underlined, Figure 1A), and a linker of 47 residues upstream of the
LP x TG motif were fused C-terminally to CsnA-Myc sequence using a valine residue (V in bold,
Figure 1A). The longer anchor L (194 residues) contains a linker of 156 residues upstream of the LP
x TG motif, which consists of one Mub B2-like domain of 69 residues (mucus binding domain; in
italics, Figure 1A) [28,32] that is separated from consensus sequence LPQTNE by 77 residues, and
10 residues upstream of Mub B2-like domain (Figure 1A). The CsnA-Myc sequence was fused to
L anchor at threonine residue (T in bold, Figure 1A). For efficient secretion, a signal peptide (SP)
derived from Lp_0373, which was previously shown to efficiently secrete heterologous proteins in
L. plantarum [33-35], was fused to CsnA through the Sall linker (Figure 1A).

A Psppa

SP0373  Sall CsnA-Myc Miul  Lp1229-cwa (S/L)

TKNAPTVTTESKTVNETIHYVYTDGTIAHDDYVAQPITFTRTVSTDAVIGEKTYG
GWSAAQQFAAVDSPAIKGYTPDOSKISTQTVTGDSSDLEFTVVYKADSTSTKP
VKPEQPTIPTTPTEPVKPGQLTTPAKPDQPMTSDKSVQTITIKFVGQRLPQT
NETDQQHMTLSGLLLLAMSGLLGLLGMAKRQHKE

BglII

C BglII Sall

EcoRI

Figure 1. The expression cassette (A), erm-based and alr-based expression vectors (B,C) of C-terminal
cell-wall anchor of chitosanase (CsnA) in L. plantarum. (A) Myc tag sequence was fused to the C-terminus
of CsnA for protein detection. All parts of the expression cassette can be easily exchangeable using the
indicated restriction enzymes (Bg!1I, Sall, Mull, EcoRI). The signal peptide (SP) derived from Lp_0373
was fused to CsnA via Sall site. The short anchor S (85 residues) consists of a linker of 47 residues
between the LP x TG motif, which is the consensus sequence LPQTNE in L. plantarum [30,31] (bold,
underlined), and the C-terminus of CsnA-Myc with a valine as the fusing point (V in bold). The long
anchor L (194 residues) contains a linker of 156 residues upstream of the LP X TG motif including
one Mub B2-like domain of 69 residues (mucus binding domain; in italics) fused to CsnA-Myc with
a threonine residue (T in bold). (B) Schematic overview of the plasmid encoding CsnA fused to a
LP x TG cell wall anchor using different lengths of Lp_1229 derived anchor and Lp_0373 derived SP
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for secretion. The plasmid contains an erythromycin antibiotic resistance gene (erm) as selection marker.
(C) Schematic overview of the plasmid encoding CsnA fused to a LP X TG cell wall anchor using
different lengths of Lp_1229 derived anchor and Lp_0373 derived SP for secretion. The plasmid contains
alanine racemase gene (alr) as selection marker. See text for more details.

All engineered plasmids, pLp0373_CsnA_S/L and p*"Lp0373_CsnA_S/L, were then transformed
into L. plantarum WCFS1 or D-alanine auxotroph strain, L. plantarum TLG02 [27], respectively. To analyse
the production of the chitosanase, Western blot analysis of the crude, cell-free extracts was performed
using anti-Myc antibodies for detection of the enzyme. Figure 2 shows that all four recombinant strains
harbouring the plasmids of both expression systems produced the expected proteins. The L. plantarum
WCEFS1 strain harbouring an empty vector (pEV) (lane 1, Figure 2A) and the L. plantarum TLG02
strain without plasmid (lane 1, Figure 2B) used as the negative controls did not produce any target
protein as expected, while the strain harbouring pSIP_CsnAcwa2 (lane 2, Figure 2A), in which
the chitosanase from B. sutbtilis 168 is fused to an LP X TG anchor derived from the Lp_2578
(cwa2) [12,22], was used as a positive control. Figure 2A,B show the presence of chitosanases with two
cell wall anchors S/L at expected molecular weights of ~39 kDa and ~52 kDa, respectively (Figure 2A,
lanes 3—4 for the strains harbouring pLp0373_CsnA_S/L; Figure 2B, lanes 2-3 for strains harbouring
pLp0373_CsnA_S/L, respectively).
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Figure 2. Western blot analysis of cell-free extracts from transformed and induced L. plantarum cells
harbouring various expression plasmids. (A) erm-based expression system (1) pEV, empty vector as
negative control; (2) pSIP_CsnAcwa2: inducible expression vector for cell wall anchoring of CsnA using
cwa?2 derived from the Lp_2578 protein as positive control [22]; (3) pLp0373_CsnA_S (expected protein
size 39 kDa); (4) pLp0373_CsnA_L (expected protein size 52 kDa). (B) alr-based expression system
(1) L. plantarum TLGO2 as negative control [27]; (2) p?"Lp0373_CsnA_S (expected protein size 39 kDa);
3) pal‘Lp03737CsnA7L (expected protein size 52 kDa). M indicates molecular mass markers (Biorad).

2.2. Enzymatic Activity of CsnA-Displaying Cells

Chitosanase activities of living recombinant lactobacillal cells were measured using 0.5% (w/v) of
chitosan as the substrate to evaluate the functionality of the surface-displayed enzymes. Figure 3A,B
shows the time course of the cultivations of CsnA-displaying L. plantarum strains harboring erm-based
and alr-based expression plasmids, respectively, and the highest levels of chitosanase-displaying
activities (U/g dry cell weight) of recombinant bacteria from both systems were obtained at 4 h
after induction (ODgpp ~ 1.0-1.2). A significant decrease in activities (U/g dry cell weight; U/g
DCW) was observed as the cultivation was extended after 8 h of induction. The highest enzymatic
activities of CsnA-displaying cells of 1975 U/g DCW and 2160 U/g DCW were obtained from the
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strains carrying the plasmids with short cell wall anchor S, pLp0373_CsnA_S and p"Lp0373_CsnA_S,
respectively (Figure 3A,B). On the other hand, the highest enzymatic activities of CsnA-displaying
cells obtained from the strains carrying the plasmids with long cell wall anchor L, pLp0373_CsnA_L
and paler0373_CsnA_L, were 1300 U/g DCW and 1690 U/g DCW, respectively (Figure 3A,B). It was
also confirmed that the enzymatic activities obtained from CsnA-displaying cells were indeed from
surface-anchored chitosanase as no enzymatic activities were detected from Lactobacillus cells carrying
the empty plasmid pEV (negative control) or from the host strains.
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Figure 3. Enzymatic activity of CsnA displaying cells. Time course of cultivations of CsnA-displaying
L. plantarum recombinant strains harboring the plasmids of erm-based expression system (A) and
alr-based expression system (B) in MRS medium at 37 °C. Experiments were performed in triplicates,
and the standard deviation was always less than 5%.

2.3. Surface Localization of CsnA in L. plantarum and the Stability of CsnA-Displaying Cells

Even though significant enzymatic activities of CsnA-displaying cells were obtained from the
strains carrying the plasmids with short cell wall anchor S, only slight shift in the fluorescence signal
was detected for the strain harbouring the plasmid of erm-based expression system pLp0373_CsnA_S
and we could not observe a clear shift in the fluorescence signal for the strain harbouring the plasmid
of alr-based expression system p*"Lp0373_CsnA_S compared to the control strain (Figure 4A). On the
other hand, flow cytometry analysis confirmed surface display of the chitosanase for the strains carrying
the plasmids with long cell wall anchor L, pLp0373_CsnA_L and palerO373_CsnA_L, as indicated
by the clear shifts in the fluorescence signals observed for these strains compared to the negative
control strains (Figure 4A). Interestingly, immunofluorescence microscopy clearly confirmed the surface
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localization of the Myc-tag in all recombinant strains carrying the plasmids with both short and long
cell wall anchors. However the number of CsnA-displaying cells from the strains carrying the plasmids
with short cell wall anchor S, pLp0373_CsnA_S and palerO373_CsnA_S, were notably lower compared
to the strains carrying the plasmids with long cell wall anchor L (Figure 4B), even though the same
number of cells in all samples were used at the beginning of the experiments.

These results are supported by the observations of the stability of CsnA-displaying cells. We
measured the enzyme activities of surface-displayed chitosanase of Lactobacillus cells during four
repeated cycles with a washing step between the cycles to remove proteins released from lysed cells.
Interestingly, CsnA-displaying cells from the strains carrying the plasmids with short anchor S showed
less stable after repeated cycles compared to the strains carrying the plasmids with long anchor L.
The enzymatic activities of Lactobacillus cells harbouring the plasmids with S anchor, pLp0373_CsnA_S
and p*Lp0373_CsnA_S, decreased significantly as indicated by activity losses of ~50% and 35%,
respectively, after four assay/washing cycles (Figure 5A,B). The chitosanase displaying cells via L anchor
of erm- and alr-based expression systems retained more than 70% and ~90% after four assay/washing
cycles, respectively, of their initial chitosanase activities, indicating that these enzyme-displaying cells
can be reused for several rounds of biocatalysis at 37 °C (Figure 5A,B). Hence, the observation that a
lower number of cells harbouring pLp0373_CsnA_S and p*"Lp0373_CsnA_S exposed the fluorescence
signals in immunofluorescence microscopy analysis can be explained by the fact that a high number of
cells lost the anchored chitosanase during the preparation of the cells prior to the analysis due to the
unstable attachment of the enzyme to the cell wall.
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B

Figure 4. Surface localisation of chitosanase in L. plantarum cells analysed by flow cytometry (A) and
immunofluorescence microscopy (B). The L. plantarum strains are denoted by different numbers in the
flow cytometry histograms (A) and in the micrographs (B): pLp0373_CsnA_S (A1,B1); pLp0373_CsnA_L
(A2,B2); p"Lp0373_CsnA_S (A3,B3); p'Lp0373_CsnA_L (A4,B4); L. plantarum WCFS1 harboring an
empty vector pEV (red line in A1-A2; B5) and L. plantarum TLGO2 (black line in A3-A4; B6) were used
as negative controls.

Furthermore, the thermal stability of L. plantarum TLGO02 cells carrying the plasmid
pLp_0373_CsnA_L at various temperatures was investigated. It was shown that chitosanase
displaying cells are very stable at the storage temperature of —20 °C with a half-life of ~9 months (data
not shown). The activity of CsnA-anchored cells was also stable at 37 °C. In fact, the displaying cells
lost 50% of initial chitosanase activity only after five weeks. CsnA-displaying cells retained 50% of
initial enzyme activity for ~24 h at 50 °C (data not shown), which is of great interest from an application
point of view for chitosan conversion.
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Figure 5. Enzymatic activity of CsnA displaying cells of repeated activity measurements. 0 indicates the
first measurement after harvesting, while 1, 2, 3, 4 indicate the number of replications. (A) L. plantarum
cells harbouring the erm-based expression plasmids (B) L. plantarum cells harbouring the alr-based

expression plasmids. Experiments were performed in triplicates, and the standard deviation was
always less than 5%.

2.4. Chitosan Conversion and Products Analysis by Thin Layer Chromatography (TLC)

Due to their high stability, L. plantarum TLG02 cells harbouring the plasmid paler_O373_CsnA_L
were selected for enzymatic hydrolysis of chitosan at 37 °C and 50 °C. Chitosan solutions were prepared
from two different sources, low molecular weight and chitosan from crab shells medium molecular
weight, as described in the materials and methods. The conversion of chitosan to chito-oligosaccharides
(CHOS) by CsnA-displaying cells was analyzed by TLC analysis. Analysis of product formation by
TLC revealed that surface-displayed chitosanase can degrade low and medium molecular weight
chitosan into CHOS (Figure 6A-D). However, high molecular weight chitosan was hardly hydrolysed
(data not shown). Chitobiose (C2) and chitotriose (C3) are main products from the conversions of both
substrates (Figure 6D). Chitotetraose (C4) was found in the reaction mixtures from the conversions
of both substrates after 5 min of the conversions at 50 °C (Figure 6C,D) and it was further degraded
with prolonged incubation time in the reaction with low molecular weight substrate (Figure 6C).
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Interestingly, chitopentaose (C5) was present in the reaction mixture with medium molecular weight
substrate at the beginning of the conversion at 50 °C and was then hydrolysed after 15 min (Figure 6D).
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Figure 6. Formation of chito-oligosaccharides (CHOS) from chitosan (0.5% w/v) by chitosanase-displaying
L. plantarum cells harboring paler0373_CsnA_L at 37 °C (A,B) and 50 °C (C,D) using two different
substrates: chitosan low molecular weight (A,C) and chitosan from crab shells medium molecular weight
(B,D) as analysed by thin layer chromatography (TLC). Standards: commercial chito-oligosaccharides (TCI
Deutschland GmBH, Eschborn, Germany) which contains chitobiose (C2), chitotriose (C3), chitotetraose
(C4), chitopentose (C5), chitohexaose (C6) and D-glucosamine (GIcN).

3. Discussion

In present study, we constructed an expression system for the surface display of a chitosanase
from B. subtilis in L. plantarum based on the pSIP603 expression vector with alr gene as the selection
marker [27] and the newly constructed system was compared with the original erm-based expression
system. Two truncated forms S/L with corresponding lengths of 85 and 195 residues from an LP x TG
anchor derived from the Lp_1229 sequence were employed to anchor the chitosanase to the cell wall
of L. plantarum. The S-anchor contains the predicted proline-rich region (PxxP repetitive sequences)
located upstream of the C-terminal LPQTNE anchoring motif, whereas the L-anchor extends further
and consists of the Mub B2-like domain (mucus binding domain) (Figure 1), which is supposed to
generate flexibility of the protein chain and play an important role in the adherence of LAB to the
mucus layer covering the epithelial cells of the intestine [29,36]. It was expected that, with the inclusion
of the Mub B2-like domain in the linker of L-anchor, CsnA would be more exposed at the surface.
Surprisingly, recombinant strains harbouring both the erm- and the alr-based expression plasmids
with the short anchor S resulted in significantly higher chitosanase activities than the long anchor L
(p < 0.001 with both alr- and erm-based systems). The activity of surface-displayed enzyme decreases
as the length of the anchor is increased. Nevertheless, the attachment of chitosanase on L. plantarum
cells via the short anchor S was shown to be significantly less stable compared with the long anchor L
after several repeated reaction cycles (p < 0.05 with erm-based system and p < 0.001 with alr-based
system). It could be an explanation for the observations from flow cytometry and immunofluorescence
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microscopy analyses that the fluorescence signals obtained from the cells harbouring the plasmids with
the long anchor L were stronger than those with the short anchor S. Several washing steps required
during the preparation for immuno-detection may result in the release of chitosanase from lactobacillal
cells carrying the plasmids with the short anchor S. As a result, the long anchor L demonstrates more
stable surface localization of chitosanase among these two truncated versions of the LP x TG anchor
derived from the Lp_1229 sequence. Furthermore, the food-grade alr-based pSIP expression system
yields significantly higher production of displayed CsnA than the conventional erm-based system
(p < 0.01 with S anchor and p < 0.001 with L anchor).

Interestingly, the attachment of chitosanase on L. plantarum cells using these Lp_1229 derived
anchors, especially the short anchor S, was more efficient than the cell wall anchor (cwa2) derived
from the Lp_2578 protein (p < 0.001), of which the highest chitosanase activity was 1360 U per gram
dry cell weight (~1.7 mg per g dry cell weight) [22]. The long anchor L has almost the same length
as cwa?2 (194 residues) and the strain carrying the erm-based plasmid, pLp0373_CsnA_L, showed
no significant difference in displayed-chitosanase activity, whereas the strain carrying the alr-based
plasmid, p"Lp0373_CsnA_L, had significantly higher displayed chitosanase activity compared to the
cwa? (p < 0.01). However, it should be noted that the plasmid constructed for surface display of CsnA
using cwa2 contain N-terminal signal peptide derived from the gene encoding Lp_3050 [22], which is
different from the signal peptide Lp0373 used in this study.

4. Materials and Methods

4.1. Bacterial Strains and Chemicals

The bacterial strains used in this study are listed in Table 1. Lactobacillus plantarum WCFS1, isolated
from human saliva as described by Kleerebezem et al. [31] was originally obtained from NIZO Food
Research (Ede, The Netherlands) and maintained in the culture collection of the Norwegian University
of Life Sciences (NMBU), As, Norway. L. plantarum WCFS1 and TLG02 were grown in deMan, Rogosa
and Shape (MRS) broth without/with the addition of 200 pg/mL of D-alanine (Sigma), respectively, at
37 °C without agitation. Escherichia coli HST08 (Clontech, Mountain View, CA, USA) and E. coli MB2159
used in the transformation experiments involving the subcloning of DNA fragments were cultivated
in Luria-Bertani (LB) broth without/with the addition of 200 pg/mL of D-alanine, respectively, at 37 °C
with agitation. The agar plates were prepared by adding 1.5% agar to the respective media. When
needed, erythromycin was supplemented to media to final concentrations of 5 ug/mL for L. plantarum
and 200 ug/mL for E. coli.

Table 1. Strains and plasmids used in this study.

Strain or Plasmid Relevant Characteristic (s) Reference Source
Strains
L. plantarum
WCFS1 wild type, host strain [31]
TLGO02 Aalr, D-alanine auxotroph, food-grade expression host [27]
E. coli
HSTO08 cloning host Clontech
MB2159 D-alanine auxotroph, cloning host [37]
Plasmids
pLp0373_ManB_S Erm"; pSIP401 derivate encoding the Lp_0373 signal (unpublished)

peptide translationally fused to manB-myc, followed by
the short cell wall anchor (S) from Lp_1229
pLp0373_ManB_L Erm"; pSIP401 derivate encoding the Lp_0373 signal (unpublished)
peptide translationally fused to manB-myc, followed by
the long cell wall anchor (L) from Lp_1229
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Table 1. Cont.

Strain or Plasmid Relevant Characteristic (s) Reference Source
pSIP409-CsnA-native Erm"; spp- based expression vector pSIP409 for [11]
expression of csnA with native signal peptide
pEV Erm’; pSIP401 derivative, empty vector, no signal [13]
sequence, no csnA (negative control)
pSIP603-GusA Erm?; pSIP401 derivative, gusA controlled by Pgypa, alr [27]
replaced erm
pLp0373_CsnA_S Erm"; pLp0373_ManB_S derivative with csnA-myc This study
instead of manB-myc
pLp0373_CsnA_L Erm’; pLp0373_ManB_L derivative with csnA-myc This study
instead of manB-myc
p*"Lp0373_CsnA_S pSIP603 derivative with SPLp0373-csnA-myc-S instead This study
of gusA
pAIrLp0373_CsnA_L pSIP603 derivative w1th0?1g’1;52373-csnA-myc-L instead This study

4.2. DNA Manipulation

Plasmids were isolated from E. coli strains using the Monarch plasmid miniprep kit (New England
Biolabs, Frankfurt am Main, Germany), following the instructions of the manufacturers. PCR products
and digested fragments were purified using the Monarch DNA Gel extraction kit (New England Biolabs,
Frankfurt am Main, Germany) and the DNA amounts were estimated by Nanodrop 2000 (Thermo
Fisher Scientific, Waltham, MA, USA). DNA amplifications were performed using Q5® High-Fidelity
DNA Polymerase (New England Biolabs, Frankfurt am Main, Germany) and the primers listed in
Table 2. Sequences of PCR generated fragments were verified by DNA sequencing performed by
a commercial provider (Microsynth, Vienna, Austria). The digestion by restriction enzymes (New
England Biolabs) and the ligation of DNA fragments by In-fusion HD Cloning kit (Clontech, Mountain
View, CA, USA) were performed following the instructions of the manufacturers. The plasmids
with erythromyecin resistance gene (erm) and the plasmids with alanine racemase gene (alr) as the
selection markers were transformed into E. coli HST08 and E. coli MB2159 chemical competent cells,
respectively, following the manufacturers’ protocols for obtaining the plasmids in sufficient amounts.
The constructed plasmids were transformed into electrocompetent cells of L. plantarum WCFS1 or
L. plantarum TLG02 WCFS1 according to the protocol of Aukrust and Blom [38].

Table 2. Primers used in this study.

Primer Sequence 5" — 3’ Restriction Site

Underlined
Fwd1l_CsnA_Sall TGCTTCATCAGTCGACGCGGGACTGAATAAAGATC Sall

Fwd2_CsnA-Bglll ATTACAGCTCCAGATCTACCGGTGGGCC Bglll
Revl_CsnA TGAGATGAGTTTTTGTTCGTCGACAGATCCTTTGATTAC
Rev2_CsnA CAGATCCTCTTCTGAGATGAGTTTTTGTTCGTCGACAGA

Rev3_ CsnA_Mlul_S CTGGTTTAACACGCGTCAGATCCTCTTCTGAGATG Milul

Rev4_CsnA_Mlul_L GAGCATTCTTGGTACGCGTCAGATCCTCTTC Mlul

Rev5_CsnA_S/L_EcoRI GGGGTACCGAATTCAAGCTTCTACTCTTTGTGCTGTC EcoRT

@ The nucleotides in italics are the positions that anneal to the DNA of the target gene.

4.3. Plasmid Construction

Two truncated forms S and L of the cell wall anchor were derived from Lp_1229, a 1010 amino
acid protein encoded by msa gene involved in mannose specific adhesion in L. plantarum cell wall,
which contains LPQTNE motif. The short anchor S comprises 85 C-terminal residues, whereas the long
anchor L has the total length of 195 amino residues containing one Mub B2-like domain (mucin binding
domain). The anchoring sequences (S, L) used in this study were taken from pLp0373_ManB_S and
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pLp0373_ManB_L (Table 1), which are derivatives of the pSIP401 vector that has been developed for
inducible gene expression in lactobacilli [24]. These pLp0373_ManB_S and pLp0373_ManB_L were used
for the construction of the expression plasmids in this study and they all contain a bacterial mannanase
gene manB, which was fused N-terminally to the signal peptide Lp_0373 [33] and C-terminally to a
30-bp fragment encoding the myc tag (GAACAAAAACTCATCTCAGAAGAGGATCTG), followed by
the anchoring sequences S and L, respectively.

For construction of the erythromycin-based expression plasmids pLp0373_CsnA_S and
pLp_0373_CsnA_L, the csnA-myc fragment was generated by three PCR steps using
pSIP409_CsnA_native [11] as the template: PCR1 with primers Fwd1l_CsnA_Sall and Revl_CsnA to
introduce a N-terminal Sall sites, PCR2 with primers Fwd1l_CsnA_Sall and Rev2_CsnA, PCR3 with
primers Fwd1_CsnA_Sall and Rev3_CsnA_MIul_S or Rev4_CsnA_Mlul_L, which are compatible with
short anchor S or long anchor L encoding fragments, respectively, to introduce a C-terminal Mlul sites.
The resulting PCR fragments were ligated into the Sall/Mlul digested plasmids: pLp0373_ManB_S and
pLp0373_ManB_L using In-Fusion HD Cloning kit (Clontech, Mountain View, CA, USA) resulting in
two plasmids pLp0373_CsnA_S and pLp_0373_CsnA_L, respectively (Figure 1A,B).

For the construction of the food-grade expression plasmids, the expression cassettes,
Pyppa-SPLp0373-csnA-myc-S/L (~1.3-1.6 kb, Figure 1A) containing the promoter Pg,4 (of pSIP401), the
signal peptide Lp_0373, csnA gene fused to the myc tag followed by one of the anchoring sequences
S/L were amplified using the primer pair Fwd2_CsnA_Bglll and Rev5_CsnA_S/L_EcoRI and the
newly constructed plasmids pLp0373_CsnA_S and pLp0373_CsnA_L as templates. The resulting
PCR fragments were then ligated into ~5.8 kb BglII-EcoRI digested fragment of pSIP603 vector, in
which the erythromycin resistance gene (ern) was replaced by the alanine racemase gene (alr) as the
selection marker [27], using In-Fusion HD Cloning kit (Clontech, Mountain View, CA, USA) yielding
two food-grade expression plasmids named p?"Lp0373_CsnA_S and p?"Lp_0373_CsnA_L (Figure 1C).

4.4. Gene Expression in L. plantarum

The expression plasmids pLp0373_CsnA_S and pLp0373_CsnA_L were constructed in E. coli
HSTO8 before electroporation into L. plantarum WCFS1 competent cells and transformants were selected
on MRS agar plates containing 5 pg/mL erythromycin. To generate the food-grade expression strains,
the food-grade expression plasmids p**Lp0373_CsnA_S and p**Lp0373_CsnA_L were constructed in
E. coliMB2159 before electroporation into electro-competent L. plantarum TLG02, a D-alanine auxotroph
expression host and the selection of transformants was performed on MRS agar plates.

Gene expression was carried out by diluting the overnight cultures of L. plantarum strains
harbouring the plasmids in 100 mL of fresh pre-warm MRS broth (for erm-based systems, 5 pug/mL of
erythromycin was added) to an ODgg of ~0.1, and incubated at 37 °C without agitation. The cells
were induced at an ODg of 0.3 by adding the peptide pheromone IP-673 [39] to final concentration of
25 ng/mL. Cells were harvested at ODgq of ~1.0-1.2 by centrifugation (4000x g, 4 °C, 10 min), washed
twice with phosphate buffered saline (PBS) containing 137 mM NaCl, 2.7 mM KCl, 2 mM KH,PO,,
and 10 mM Na;HPOy (pH 7.4), and then re-suspended in PBS buffer.

4.5. Enzymatic Activity Measurement

Chitosanase activity was determined as described previously [10,22] with some modifications.
Chitosanase-displaying cells were collected from the cultures by centrifugation at 4000x g for 10 min at
4 °C. Cell pellets obtained from cultures were washed twice with PBS and re-suspended in 200 uL of
PBS. Chitosan (PT Biotech Surindo, Jawa Barat, Indonesia) was completely dissolved in 1% (w/v) of
acetic acid at 80 °C for 30 min before adjusting the pH of the solution to 5.5 with 1 M NaOH. The reaction
was conducted with 100 uL of an enzyme-displaying cells suspension in PBS buffer and 400 uL of a
0.5% (w/v) chitosan solution at 37 °C for 5 min with mixing at 800 rpm. The cells and the supernatant
were separated by centrifugation (4000x g, 4 °C, 2 min). The amount of reducing sugar released in the
supernatant of the enzymatic reaction was determined by the dinitroasalicylic acid (DNS) assay. DNS

52



Int. J. Mol. Sci. 2020, 21, 3773

assay was carried out with 100 pL of the reaction supernatant mixed with 100 uL of DNS solution at
99 °C for 10 min, followed by cooling on ice for 5 min. The mixture was then diluted with 800 uL of
de-ionised water before measuring the absorbance at 540 nm using 1-5 pmol/mL of D-glucosamine as
standards. One unit of chitosanase activity was defined as the amount of enzyme releasing 1 pmol of
reducing sugars (or reducing end equivalents) per minute under the given conditions.

4.6. Western Blotting

The cells obtained from 50 mL of cultures were disrupted with glass-beads (170 um; Sigma
Aldrich, Darmstadt, Germany) using the Precelly 24 glass bead mill (PEQLAB Biotechnology GmbH,
Erlangen, Germany) and cell-free extracts (crude extracts) were obtained after 5 min of centrifugation
at 10,000x g and 4 °C. Protein concentrations in the cell-free extracts were measured by Bradford
assay [40] and separated on SDS-PAGE gels before being transferred to a nitrocellulose membrane
using the Trans-Blot Turbo Transfer system (Bio-Rad Laboratories, Hercules, CA, USA) following the
instructions of the manufacturer. After nonspecific protein interactions were blocked by incubating the
membrane with 50 mL of 1% BSA dissolved in Tris-buffered saline-Tween 20 (TBS-T) for one hour on
the shaker at room temperature, the membrane was immediately incubated with 1 pL of monoclonal
murine anti-Myc antibody (Invitrogen, Carlsbad, CA, USA; diluted 1:5000) in TBS-T buffer containing
0.5% of BSA at 4 °C overnight. After three times washing with 15 mL of TBS-T buffer, the membrane
was incubated with 2.5 uL of a secondary antibody, which was polyclonal rabbit anti-mouse antibody
conjugated with horseradish peroxidase (HRP) (Dako, Glostrup, Denmark), diluted 1:2000 in TBS-T
buffer containing 0.5% BSA for 1 h in the dark at room temperature. Before visualization, the membrane
was rinsed again three times with 15 mL of TBS-T, following by incubation with a Clarity Western ECL
Blotting Substrate (Bio-Rad Laboratories, Hercules, CA, USA). The protein bands were visualized by
the ChemiDoc™ XRS+ imaging system (Bio-Rad Laboratories, Hercules, CA, USA).

4.7. Flow Cytometry Analysis

Cell staining for flow cytometry was carried out as previously described [22] with some
modifications. One mL of cell culture (ODgyy of ~0.5) was obtained 2 h after induction, and the
cells were incubated in 50 uL PBS containing 2% of BSA (PBS-B) with 0.1 uL monoclonal anti-Myc
antibody (Invitrogen, Carlsbad, CA, USA; diluted 1:250 in PBS-B) at room temperature for 40 min.
Subsequently, the cell suspension was centrifuged at 5000x g for 3 min at 4 °C, washed three times with
500 puL PBS-B, and then incubated with 0.2 uL anti-mouse IgG antibody (Alexa Fluor 488 conjugated;
Cell Signalling Technology, Frankfurt am Main, Germany) diluted 1:500 in 50 uL PBS-B for 40 min
at room temperature, in the dark. After collecting the cells by centrifugation (4000x g, 3 min at
4 °C) and washing three times with 500 uL PBS-B, the stained cells were resuspended in 100 pL of
PBS and analysed using a Gallios Flow cytometer (Beckman Coulter, Brea, CA, USA), following the
manufacturer’s instructions. The data were analysed by Kaluza Analysis software (Beckman Coulter,
Brea, CA, USA).

4.8. Indirect Immunofluorescence Microscopy Analysis

Cell fixation and staining for indirect immunofluorescence microscopy were carried out as
previously described [22,41-43] with some modifications. One mL of cell culture (ODgg of ~0.5) was
harvested 2 h after induction by centrifugation at 4000x g for 10 min at 4 °C, and re-suspended in
100 pL PBS (pH 7.4). The cells were fixed with ethanol to final concentration of 70% (w/w) for 1 h
at —20 °C [41,42]. Fixed cells were washed twice with PBS and was resuspended in 100 uL of PBS.
An amount of 30 pL of fixed cells was transferred onto a microscope slide and the cells were absorbed
on the slide for 2 h at room temperature until the trace was dried. Fixed cells were then incubated with
100 pL of PBS containing 10% of BSA for 1 h to block nonspecific protein interactions. Subsequently,
the cells were stained with anti-Myc antibody (Invitrogen, Carlsbad, CA, USA) and anti-mouse IgG
antibody (Alexa Fluor 488 conjugated; Cell Signalling Technology, Frankfurt am Main, Germany) as
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described above. The stained cells were washed three times with 100 uL of PBS (5 min for each washing
step) and the slide was mounted with 5 pL of mounting medium containing 50% glycerol in PBS [43].
The stained cells were observed under a Leica DMI6000B ‘Live cell’ wide-field fluorescence microscope
(Leica Microsystems; Wetzlar, Germany) using the 488-nm argon laser line. The fluorescence detection
window was set between 505 nm and 550 nm and the images were acquired with a PL APO 63x/1.40
oil immersion objective.

4.9. Catalytic Stability and Thermal Stability of Chitosanase Displaying Cells

Chitosanase displaying cells were collected from cultures by centrifugation at 4000x g for 10 min
at 4 °C. Cell pellets were washed twice with PBS and re-suspended in 100 uL of PBS and chitosanase
activities were measured at 37 °C as described above. This procedure was repeated for several cycles
of activity measurements with intermediate two washing steps to determine the number of use cycles
of surface displayed chitosanase.

In order to determine the thermal stability of chitosanase displaying cells at various temperatures
(=20, 37, and 50 °C), L. plantarum TLGO2 cells harbouring p**Lp_0373_CsnA_L were collected
from 20 mL culture by centrifugation at 4000 g for 10 min at 4 °C and re-suspended in 1 mL of
PBS prior to incubation at these temperatures. At certain time intervals, the enzymatic activity of
chitosanase-displaying cells was measured using chitosan as the substrate under standard assay
conditions. The half-life value (t 1 ) of activity was determined when residual activity reaches 50%.

4.10. Chitosan Conversion

Conversion of 0.5% (w/v) chitosan low molecular weight and chitosan from crab shells medium
molecular weight, which were prepared in 1% (w/v) of acetic acid at 80 °C for 30 min before adjusting
the pH of the solution to 5.5 with 1 M NaOH, catalysed by surface displayed chitosanase was carried
out on a 2-mL scale with 5 U of chitosanase per mL of reaction mixture at 37 °C and 50 °C for 24 h.
Surface-displayed chitosanase was obtained from the expression strain L. plantarum TLG02 harbouring
the plasmid p**Lp_0373_CsnA_L. Agitation was applied at 150 rpm and the samples were taken
at regular intervals. The reactions were stopped by heating the samples at 99 °C for 5 min prior to
further analyses.

4.11. Thin Layer Chromatography (TLC) Analysis

TLC was performed by high performance TLC (HPTLC) silicagel plate (Kiselgel 60 F245, Merck,
Kenilworth, NJ, USA) as previously described [10,44] with some modifications. Approximately 0.5 uL
of samples were applied to the plate and eluted twice in ascending mode with an iso-propanol/25%
ammonia/water mixture (7:1:2). Thymol reagent was used for visualization. A commercial
chito-oligosaccharides (TCI Deutschland GmBH, Eschborn, Germany) with a mixture of C2-C6,
which contains chitobiose, chitotriose, chitotetraose, chitopentose, chitohexaose, and D-glucosamine
(GIeN) (Sigma Aldrich, Darmstadt, Germany) were used as standards.

4.12. Statistical Analysis

All measurements were conducted in triplicates, and the standard deviation was always less than
5%. Student’s t test was used for the comparison of data.

5. Conclusions

We have demonstrated the successful anchoring of a bacterial chitosanase onto the cell surface
of L. plantarum using a food-grade lactobacillal expression system and two truncated forms of the
LP X TG cell wall anchor derived from the Lp_1229 sequence. CsnA displayed on L. plantarum cells
is catalytically active and can convert chitosan into chito-oligosaccharides, of which chitobiose and
chitotriose are the main products. The successful development of the food-grade alr-based expression
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system, which overcomes certain drawbacks of the original erm-based system, for the surface display of
an active chitosanase in L. plantarum will certainly result in a stable, food-grade, whole-cell biocatalyst
that could be of interest for the production of oligosaccharides of prebiotic potential.
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Abstract: Fungal -N-acetylhexosaminidases, though hydrolytic enzymes in vivo, are useful
tools in the preparation of oligosaccharides of biological interest. The $-N-acetylhexosaminidase
from Talaromyces flavus is remarkable in terms of its synthetic potential, broad substrate
specificity, and tolerance to substrate modifications. It can be heterologously produced in Pichia
pastoris in a high yield. The mutation of the Tyr470 residue to histidine greatly enhances its
transglycosylation capability. The aim of this work was to identify the structural requirements
of this model -N-acetylhexosaminidase for its transglycosylation acceptors and formulate a
structure-activity relationship study. Enzymatic reactions were performed using an activated glycosyl
donor, 4-nitrophenyl N-acetyl-f-p-glucosaminide or 4-nitrophenyl N-acetyl-f-p-galactosaminide,
and a panel of glycosyl acceptors of varying structural features (N-acetylglucosamine, glucose,
N-acetylgalactosamine, galactose, N-acetylmuramic acid, and glucuronic acid). The transglycosylation
products were isolated and structurally characterized. The C-2 N-acetamido group in the acceptor
molecule was found to be essential for recognition by the enzyme. The presence of the C-2 hydroxyl
moiety strongly hindered the normal course of transglycosylation, yielding unique non-reducing
disaccharidesin alow yield. Moreover, whereas the gluco-configuration at C-4 steered the glycosylation
into the 3(1-4) position, the galacto-acceptor afforded a (1-6) glycosidic linkage. The Y470H mutant
enzyme was tested with acceptors based on 3-glycosides of uronic acid and N-acetylmuramic acid.
With the latter acceptor, we were able to isolate and characterize one glycosylation product in a low
yield. To our knowledge, this is the first example of enzymatic glycosylation of an N-acetylmuramic
acid derivative. In order to explain these findings and predict enzyme behavior, a modeling study
was accomplished that correlated with the acquired experimental data.

Keywords: (3-N-acetylhexosaminidases; substrate specificity; transglycosylation; Glide docking;
Talaromyces flavus; muramic acid; non-reducing carbohydrate
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1. Introduction

The study of carbohydrates is essential to understand their role in the diverse biological activities
in which they occur, mainly as part of glycoconjugates. Inflammation, coagulation, metastasis,
immunomodulation, bacterial and viral infection are some of the processes which can be understood
in depth through the synthesis of glycomimetics [1-4].

{3-N-Acetylhexosaminidases (EC 3.2.1.52, CAZy GH20) are known in nature for their hydrolytic
activity. They catalyze the cleavage of the non-reducing end of oligosaccharide chains containing
N-acetyl-p-p-glucosaminide (GlcNAc) or N-acetyl-3-p-galactosaminide (GalNAc) units. However,
in vitro, the reaction equilibrium can be shifted in favor of transglycosylation by changing the kinetic
conditions (activated glycosyl donor, donor/acceptor ratio) and/ or by mutating the enzyme in the
active site [5,6].

The broad range of substrates accepted makes these enzymes ideal synthetic tools with non-natural
substrates [7]. In this context, 3-N-acetylhexosaminidases from fungi have been demonstrated as
attractive catalysts for this purpose [8-10]. Moreover, genetic engineering has enabled the modification
of these enzymes, making them more convenient for the synthesis and expanding the spectrum of
identified substrates [11].

The standard reaction wused to test the transglycosylation performance of
[3-N-acetylhexosaminidases involves the use of an activated glycosyl donor such as pNP-GlcNAc
or pNP-GalNAc and a glycosyl acceptor, for example, GIcNAc. The ratio between the donor and
acceptor substrates must be low enough to promote the synthesis and minimize the hydrolysis.
Chitooligosaccharides, the natural substrates of 3-N-acetylhexosaminidases, consist of subunits linked
by a B(1-4) glycosidic bond, which is thus the preferred linkage when oligosaccharide chains are
formed [12]. 3-N-Acetylhexosaminidases utilize a specific type of retaining catalytic mechanism of
glycosidases, termed substrate-assisted catalysis. It is typical of the formation of an oxazolinium
reaction intermediate (Supplementary Materials, Scheme S1).

In this work, we have focused on the 3-N-acetylhexosaminidase from Talaromyces flavus CCF 2686
(TfHex), a representative of transglycosylating 3-N-acetylhexosaminidases, due to its great substrate
flexibility, which enhances its potential in synthetic reactions, and the availability of the molecular
model of this enzyme. In addition, site-directed mutagenesis has allowed the improvement of its
synthetic properties, generating a considerable increase in its transglycosylation capability through
the substitution of the enzyme active site residue tyrosine 470 by histidine [11,13]. The TfHex Y470H
mutant has been demonstrated as an efficient synthetic tool [14]. When quantifying its hydrolytic
activity, the wild-type enzyme (TfHex WT) is ca. 200 times more efficient than TfHex Y470H. While
TfHex WT is more active when hydrolyzing pNP-GalNAc, TfHex Y470H has a preference for the
pNP-GlcNAc donor substrate.

So far, the acceptor specificity of these enzymes has not been thoroughly analyzed since previous
studies have mainly focused on donor recognition [8,15]. Therefore, this work aims to explore the
synthetic potential of TfHex WT and TfHex Y470H with a range of acceptor substrates, by gathering
the structural requirements of the enzyme and exploring the spectrum of feasible reactions. In the
frame of this study, a variety of natural monosaccharides derived from a gluco- or galacto-configuration
were selected as acceptors: N-acetylglucosamine (GlcNAg; 1), glucose (Glc; 2), N-acetylmuramic acid
(MurNAg; 3), glucuronic acid (GlcA; 4), galactose (Gal; 6), and N-acetylgalactosamine (GalNAg; 5),
as well as other non-natural glycosides of N-acetylmuramic acid and glucuronic acid, functionalized at
the anomeric position [16]. These compounds share a similar structure, but differ in the position or
presence of some substituents. Through this strategy, we aimed to deduce which structural moieties
in the acceptors with the gluco- or galacto-core are essential for the recognition by TfHex. A detailed
molecular modeling study was performed to understand the enzyme behavior and determine the key
residues participating in the interaction.
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2. Results
2.1. Screening of the Glycosylation of Various Acceptors

2.1.1. Glycosylation Reaction Catalyzed by TfHex WT: Screening of Natural Monosaccharides

As exemplified above, TfHex WT is an excellent tool in carbohydrate synthesis [7]. For the aim
of exploring the spectrum of acceptor substrates of this enzyme, we first decided to test its activity
in the transglycosylation reaction involving pNP-GlcNAc or pNP-GalNAc as glycosyl donors and
various natural monosaccharides of the gluco- and galacto-configuration as acceptors, namely GlcNAc
(1), Gle (2), MurNAc (3), GlcA (4), Gal (6), and GalNAc (5) (Figure 1). As GlcNAc is the natural acceptor
substrate of this enzyme, the transglycosylation reaction employing pNP-GIcNAc and GlcNAc (1)
was used as a reference reaction in order to optimize the enzyme amount and concentration of donor
and acceptor substrates. The donor/acceptor ratio of 1/6 (50 mM donor and 300 mM acceptor) was
found as the optimum to shift the equilibrium towards the formation of the transglycosylation product.
First, reactions with acceptor substrates 1-6 were conducted at an analytical scale (200 pL) and in
case product formation was detected, reactions were scaled up to a 3 mL volume. The outcome of
respective transglycosylation reactions is shown in Figures S1-56 in the Supplementary Materials.

(A) RS (B) oHOH
e R
R o OH HO Y OH
1: R!= NHCOCHj ; R? = OH; R® = CH,0H 5: R'=NHCOCH,
2: R"= OH; R? = OH; R® = CH,OH 6: R'= OH

3: R'= NHCOCHj; ; R? = OCH,(CH3)COOH; R3 = CH,0H
4: R"=OH; R? = OH; R® = COOH
Figure 1. Selection of acceptors screened with the wild-type enzyme (TfHex WT). (A) Acceptors based on

the gluco-configuration: N-acetylglucosamine (1), glucose (2), N-acetylmuramic acid (3), and glucuronic
acid (4); (B) acceptors based on the galacto-configuration: galactose (6) and N-acetylgalactosamine (5).

The reference reaction between pNP-GIcNAc and GlcNAc (1) (Table 1, entry I), selectively afforded
the corresponding N,N’-diacetylchitobiose product GleNAc-f(1-4)-GlcNAc (7, Figure 2) in a 24% yield.
In contrast, the reaction performed with the pNP-GalNAc donor and GalNAc (5) acceptor (Table 1, entry
II), exclusively resulted in the 3(1-6) regioisomer (8, Figure 2) in a 31% yield. As arule of thumb, the axial
galacto-position is considered practically impossible to glycosylate with (3-N-acetylhexosaminidases [7].
This study demonstrates the high regioselectivity of 3-N-acetylhexosaminidase-catalyzed glycosylation,
depending on the configuration of the C-4 acceptor hydroxyl (Figure 2).

Table 1. Preparative transglycosylation reactions with TfHex WT and Y470H.

Entry Enzyme Donor Acceptor Donor/Acceptor [mM] ! Product Yield
I WT pPNP-GlcNAc GlcNAc 50/300 GlcNAc-B(1-4)-GleNAc 24%
I WT pPNP-GalNAc GalNAc 50/300 GalNAc- 3 (1-6)-GalNAc 31%
111 WT pNP-GlcNAc Glc 50/300 GlecNAc- B (1-1)-Gle 14%
v WT pPNP-GIcNAc Gal 50/300 GleNAc- B (1-1)-Gal 10%
v Y470H pPNP-GIcNAc MurNAc 50 (x2)/100 GlcNAc- B (1-X)-MurNAc n.g. 1
VI Y470H pNP-GalNAc  MurNAc-OPr 50/100 GalNAc- B (1-6)-MurNAc-OPr ~1%

! Not quantified. The product could not be isolated in a sufficient purity for NMR characterization.
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Figure 2. Products of the glycosylation of GlcNAc (1), GalNAc (5), glucose (2), and galactose (6)
catalyzed by TfHex WT.

When glucose (2) and galactose (6), lacking the C-2 N-acetamido group, were tested as acceptors
(Table 1, entries III and IV, respectively), a small amount of the transglycosylation product was detected
by thin layer chromatography (TLC) (Figures S3 and S4, Supplementary Material). After isolation by
gel chromatography, the formation of a mixture of disaccharides was found by NMR spectroscopy, with
the respective non-reducing (3(1-1) disaccharide being among the major identified products (Figure 2,
compounds 9 and 10, respectively). The unexpected finding of non-reducing disaccharides as products
of glycosylation of both glucose and galactose highlights the vital role of the N-acetamido group, not
only for substrate recognition, but also for favorable acceptor orientation in the active site of the TfHex
WT enzyme.

MurNAc (3) and GlcA (4) were also tested as challenging acceptors in the transglycosylation
reactions mediated by TfHex WT. We speculated whether carboxy groups of MurNAc (3) and GlcA
(4) may interfere in the accommodation of the compounds in the active site due to their negative
charge. Therefore, in order to avoid the repulsion between the acceptor carboxy group and the charged
residues in the enzyme’s active site, methyl esters of 3 and 4 were first synthesized and tested as
acceptors. However, the esters proved to be unstable under reaction and purification conditions,
and were spontaneously hydrolyzed, affording the acidic form. Therefore, monosaccharides 3 and
4 with free carboxy groups were tested for glycosylation. In both cases, synthesis of the expected
disaccharides failed and only the hydrolytic product, GIcNAc, could be detected, even when different
fractions were analyzed after purification.

2.1.2. Glycosylation Reaction Catalyzed by TfHex Y470H: Screening of GlcA and MurNAc Glycosides

Since GlcA (4) and MurNAc (3) were not recognized as acceptors by the wild-type enzyme, they
were subjected to testing using the mutant enzyme TfHex Y470H with suppressed hydrolytic activity
and increased transglycosylation potential [13]. Besides free monosaccharides, a series of GlcA and
MurNAc glycosides [16] functionalized at the anomeric position (11-15, Figure 3) were also employed
as acceptors in the transglycosylation reaction mediated by this biocatalyst to test the influence of the
anomeric effect on the glycosylation process. GlcA (11a-15a) and MurNAc glycosides (11b-15b) were
prepared according to the protocol previously described [16].
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Figure 3. Series of -glycosides of GlcA (11a-15a) and MurNAc (11b-15b) modified at the
anomeric position.

When these acceptors were screened in transglycosylation reactions using pNP-GIcNAc as a
donor, a range of chitooligomers of different lengths were detected in the reaction, which is typical
of this mutant enzyme, as reported previously [11]. Therefore, it seemed that pNP-GalNAc may be
the donor of preference since the formation of longer oligosaccharides was not observed with this
mutant enzyme [14]. In accord with our previous experience, the optimum donor/acceptor ratio
was higher thanks to the increased synthetic potential of the mutant enzyme and for the sake of
minimizing the consumption of the acceptor employed. The most promising reactions, based on TLC
and ESI-MS results, which were scaled-up, are summarized in Table 1. Unfortunately, no products
were detected with either GlcA (4) or GlcA glycosides (11a-15a). In contrast, MurNAc (3) seemed
to be better recognized by the enzyme. In the reaction with the pNP-GIcNAc donor and MurNAc
acceptor, the expected product was detected by ESI-MS after 7 h. Regrettably, we failed to purify it to
the extent to be analyzed by NMR in order to determine the regioselectivity of the reaction. In the
screening of MurNAc glycosides (11b-15b), the best result was achieved when MurNAc-OPr (13b) was
employed as an acceptor and pNP-GalNAc as a donor, affording the corresponding 3(1-6) regioisomer
16 (Figure 4), though in a low yield (ca. 1%). We speculate that the presence of the lactate ether
group at C-3 apparently impaired recognition by the enzyme, resulting in an unfavorable orientation
for glycosylation. We further hypothesize that the presence of the bulky lactate ether promoted the
glycosylation to the 3(1-6) position, despite the otherwise strong enzyme selectivity for the 3(1-4) bond
in the case of GIcNAc. The low yield may also have been partially caused by the complex purification
comprising gel permeation chromatography and silica gel chromatography.

NHAG
HOZZ AN,
HOHG HO =80~
NHAc
COOH

GalNAc-B(1-6)MurNAc-OPr (16)

Figure 4. Disaccharide 16 synthesized by the transglycosylation of MurA glycoside (MurNAc-OPr)
13b with GalNAc under the catalysis by TfHex Y470H.

2.2. Docking and Molecular Dynamics

2.2.1. Docking and Molecular Dynamics Simulation of Selected Transglycosylation Acceptors in
TfHex WT

To investigate the structural properties of TfHex and its ability to catalyze glycosidic bond
formation, we performed the docking of transglycosylation acceptors in the active site of equilibrated
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complexes of WT and Tyr470His TfHex with GlcNAc-oxazoline (GlcNAcox) and GalNAc-oxazoline
(GalNAcox) as mimics of intermediates during the hydrolysis of respective donors (tNP-GlcNAc or
pNP-GalNAc). Interactions of GlcNAcox and GalNAcox intermediates with respective active site
amino acid residues are shown in Figure S7 (Supplementary Materials). For equilibration parameters,
see Figures S8 and S9 (Supplementary Materials). Scaled binding scores of transglycosylation acceptors
are shown in Table 2.

Table 2. Scaled binding scores of docked transglycosylation acceptors (kcal/mol). The orientation of
site 1 and site 2 is described in the text.

Acceptor Position of Respective Acceptor Hydroxyl close to Catalytic Glu371

None (Site1) ~ None (Site 2) C-1 C-2 C-3 C-4 C-6
TfHex WT in complex with GlcNAcox/GalNAcox
GlcNAc (1) n.b.1/-3.99 —2.28/n.b. nb./nb. n.b./nb. -237/nb.  —4.97/-3.36 -2.29/-2.09
Gle (2) —5.24/-2.68 nb.,/nb. 235nb.  214nb.  —444/nb.  —470/nb.  -2.27/nb.
MurNAc (3) n.b./-4.46 —4.75/-2.93 nb./nb. n.b./n.b. n.b./nb. nb./nb. —3.66/n.b.
GlcA (4) —5.25/-5.47 —2.31/-2.60 n.b./nb. -2.03/n.b. nb./nb. —2.221/n.b. n.b./nb.
GalNAc (5) —4.98/-2.62 —2.65/n.b. nb./nb. nb./nb. —-4.03/-228  n.b./nb. nb./-2.23
Gal (6) —2.57/-3.47 —2.36/n.b. -2.29/n.b. n.b./nb. —2.81/n.b. nb./nb. n.b./nb.
MurNAc-OPr (XX) —2.42/-4.34 —4.41/-2.66 nb./nb. nb./nb. nb./nb. nb./nb. —4.12/-2.93
TfHex Y470H in complex with GlcNAcox/GalNAcox
GlcA (4) —5.45/3.80 n.b./—5.36 nb./nb. n.b./n.b. n.b./nb. nb./nb. n.b./nb.
MurNAc (3) n.b./nb. —4.68/—4.61 n.b./nb. n.b./nb. nb./nb. n.b./nb. n.b./-2.69
MurNAc-OPr (XX) —2.96/-3.19 —5.05/—4.50 nb./nb. nb./nb. nb./nb. nb./nb. nb./-3.69

! n.b. stands for not bound. Two most favorable binding scores for each complex are indicated in red; the scores
corresponding to bonds confirmed by the synthetic experiment are underlined.

There is an alternative binding place close to the active site with bound oxazoline intermediates,
which is available for all acceptors—it is denoted here as site 1. In the WT enzyme, this site is more
accessible for smaller ligands (Gal, Glc, GalNAc, GIcNAc) than for bulkier ones. Site 1 is placed close
to the active site (Figure S10, Supplementary Materials) and is surrounded by residues Asn322, Glu332,
Gly476, Gly477, Phe478, Arg484, Gly507, Trp509, Glu546, and GIn547, many of which belong to the
flexible loops framing the active site [17]. This binding site is relatively well-accessible and is not
a randomly formed temporary structure, as assumed from the ability of acceptors to dock in site 1
(Table 2) and from their stability in this position during molecular dynamics (MD) simulations (Figure
510, Supplementary Materials). However, acceptor binding in this site disables the productive outcome
of the transglycosylation reaction due to a mutual unfavorable orientation of the donor and acceptor.
Another alternative binding site—site 2—directs the binding of acceptors mostly above the donor,
again with orientations unfavorable for the transglycosylation reaction— too far from the anomeric
carbon of donor, too far from the catalytic base Glu371, or too far from both. This site is an unspecific
binding site, the interactions of which greatly differ among individual acceptors. In Table 2, the affinity
of both of these alternative binding sites to respective acceptors is presented with a binding score.

The binding score for the galactose acceptor in all found orientations with TfHex WT was the
highest of all acceptors examined, so galactose may be considered the worst acceptor of the series.
The most favorable binding scores were found for 3(1-3) bond formation and for binding in site 1. To
analyze the stability of docked galactose, we performed short molecular dynamics simulations, which
revealed that in the case of 3(1-3) binding, galactose is rotated unfavorably for product formation
and the C-3 atom moves much further from the transglycosylation donor (Figure 5). Finally, during
molecular dynamics with galactose, the catalytic Glu371 forms hydrogen bonds (HB) with C-3 and
C-4 hydroxyls, which influences the charge distribution in the catalytic base Glu371 and complicates
the involvement of respective hydroxyls in the formation of the glycosidic bond. Notably, in the
case of galactose docked with C-1 close to Glu371, a close interaction with both Glu371 and the
transglycosylation donor is preserved during a long molecular dynamics simulation time (Figure 5A).
This could explain the enzyme preference for 3(1-1) product formation. The ability of galactose to bind
in site 1 with a similar score demonstrates a low specificity of binding and, together with the high
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value of the binding score, accounts for a low transglycosylation yield. Similarly, in the case of glucose,
the binding in the WT-GlcNAcox system could lead to many products; the best binding scores are
found for site 1, and for positions C-3 and C-4 close to catalytic Glu371. Orientation with the formation
of the 3(1-3) glycosidic bond is excluded for glucose as well as for galactose, as proved by molecular
dynamics (Figure 5D) due to the acceptor rotation. In the TfHex WT-GalNAcox complex, galactose
and glucose are not bound properly for productive transglycosylation due to the axial orientation of
the C-4 hydroxyl of GalNAc oxazoline.
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Figure 5. Interaction of glucose and galactose docked in the WT-GIcNAcox complex after 10 ns of
molecular dynamics. Hydrogen bonds (HB) are shown by yellow dashed lines. Acceptor atoms
docked close to Glu371 at the beginning of the molecular dynamics simulation are represented by a
ball. (A) Snapshot of the WT-GIcNAcox complex with galactose docked with C-1 close to Glu371, and
the distance between O-1 of Gal and the OE2 atom of Glu371 in (red) or C-1 of GlcNAcox (blue). The
respective distances are indicated in the models in respective colors. (B) Snapshot of the WT-GIcNAcox
complex with galactose docked with C-3 close to Glu371 and the distance between O-3 of Gal and the
OE2 atom of Glu371 (red) or C-1 of GlcNAcox (blue). The respective distances are indicated in the
models in respective colors. (C) Snapshot of the WT-GlcNAcox complex with glucose docked with
C-1 close to Glu 371, and the distance between C-1 of GlcNAcox (blue) or the OE2 atom of Glu371
(red) and O-1 of glucose. The respective distances are indicated in the models in respective colors.
(D) Snapshot of the WT-GlcNAcox complex with glucose docked with C-3 close to Glu371, and the
distance between C-1 of GlcNAcox (blue) or the OE1 atom of Glu371 (red), and O-3 of glucose. The
respective distances are indicated in the models in respective colors.
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In the case of the GalNAc acceptor, the preferred orientation is with its C-3 hydroxyl close to the
carboxyl of catalytic Glu371. However, the respective product with the (1-3) bond cannot be formed
due to the steric conflict between the N-acetyl group and Trp444 (Figure 6). Importantly, the inability
to form the 3(1-3) bond due to steric reasons may relate to all acceptors with N-acetyl substitution at
C-2, namely GlcNAc, GalNAc, MurNAc, and MurNAc-OPr. This inability is due to the unfavorable
orientation of the N-acetyl group above hydrophobic Trp444. Concerning the GleNAc acceptor docked
with C-4 close to Glu371, its HB with Glu371, Glu332, and the backbone atoms of Val331 (interacting
with the N-acetyl group) improves its stability in the active site. A favorable and stable interaction with
Glu371 and GlcNAc oxazoline was found until 6.5 ns of MD. The binding scores with other possible
orientations (C-3, C-6, and site 2) were twice as bad. This may account for a high yield and good
selectivity of the 3(1-4) product with GlcNAc (see also Figure S11, Supplementary Materials). GlcNAc
can bind in a similar orientation to the WT-GalNAcox complex but with a lower productivity since it
has a better binding score for site 1.

A ' GlcNAc B \ GalNAc
_ -

GalNAc

GleNAG N445

E 371
W 444 GlcNAcox
GlcNAcox

Figure 6. Steric conflict in the formation of the transglycosylation product with the 3(1-3) glycosidic
bond. (A). Overlay of docked orientations of GIcNAc (blue) and GalNAc (yellow) acceptors with C-3 or
C-4 (GIlcNAc in magenta) close to Glu371 in the WT-GlcNAcox complex. Active site residues within 3 A
from the GaINAc N-acetyl group are shown. (A) change that would be required in the C-3 position for
product formation is indicated by the red dotted arrow. (B) Expected orientation of the GalNAc acceptor
needed for the formation of GalNAc-f(1-3)-GlcNAc in the active site of WT-GlcNAcox. Position of the
acceptor is determined from the alignment with N,N’-diacetylchitobiose (PDB ID: 1gbb). Intersection of
the molecular surfaces of GalNAc (yellow) and Trp444 (cyan) shows that the GalNAc acceptor cannot
move closer to the transglycosylation donor for the product formation due to steric hindrance.

With the GalNAc acceptor, the situation is similar. It binds with a lower productivity to the
complex with GalNAc oxazoline (higher binding score for site 1), and the (1-3) product formation
is sterically hampered by Trp444 (Figure 6). MD simulation also confirmed a fast change of GalNAc
acceptor orientation with water penetration close to Glu371 (data not shown). With both GalNAc and
GlcNAc acceptors, the binding scores of 3(1-6) bond formation are energetically less favorable. The
orientation of acceptors with their C-6 close to C-1 of WT-GlcNAcox was unstable during molecular
dynamics and resulted in a fast increase of this distance (data are not shown). However, due to the
hindrance of 3(1-3) bond formation, for the GalNAc acceptor, the 3(1-6) bond is still the most feasible
possibility as also demonstrated in the synthetic experiment.

The acceptors containing a carboxy group may exist in various protonation states; pK, of GlcA
varies from 2.83 to 3.28. Therefore, for the experimental situation at pH 5 used in this study, we modeled
the respective deprotonated forms as prevalent under the transglycosylation conditions. In GlcA,
the preferred orientation corresponds to acceptor binding in sites 1 or 2. In the case of MurNAc and
MurNAc-OPr in the WT-GIcNAcox complex, binding prevails at site 2, but C-6 is often close to Glu371
(Figure 7). Surprisingly, site 1 could not be targeted with a favorable score. There, a closer positioning
of C-6 of MurNAc and MurNAc-OPr was hindered by Glu332 rotation (Figure 7B). Another reason for
the worse binding of MurNAc and MurNAc-OPr of the WT-GIcNAcox complex is electrostatic—there
are negatively charged residues in the vicinity of the acceptor carboxyl group when it binds closer
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to the transglycosylation donor (Figure 7 and Figure 512). The amino acids in the vicinity of the
active site disallow C-6 hydroxyl to come closer to the transglycosylation donor and also restrict the
conformational flexibility of MurNAc and MurNAc-OPr acceptors. In the WI-GalNAcox complex,
GlcA and MurNAc acceptors clearly bind best in the unproductive sites 1 or 2. Other orientations have
more than 1 kcal/mol higher binding scores. During the molecular dynamics simulation of MurNAc in
WT-GIcNAcox, the acceptor could approach GlcNAcox closer, but Glu371 was moved far from it and
the active site was slightly destroyed. Additionally, due to the orientation of MurNAc, many water
molecules come into the active site close to Glu371. In contrast, the MurNAc-OPr acceptor maintained
a favorable position in the active site during molecular dynamics and interactions with Glu371 and
GlcNAcox were stable with low distances (data not shown). The docked orientation of MurNAc-OPr
in the Y470H mutant enzyme is slightly different (Figure S13), leading to a different transition state in
the glycosylation step that may influence the product formation. Aliphatic propyl at C-1 may also
reduce water access to the active site.
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Figure 7. (A) Orientation of MurNAc in the WT-GIcNAcox complex: green—close to the
transglycosylation donor; element color—far, corresponds to site 2. The respective Glide absolute
binding scores are shown in the figure. GIcNAcox is shown in magenta, hydrogens are hidden, and
the C-6 atom is represented by a ball. (B) Electrostatic potential surface of the WT enzyme active site
with GlcNAcox (magenta) and the MurNAc acceptor (element color). Orientation of Glu332 (yellow)
in one of the analyzed snapshots disallows a close interaction between the acceptor and donor. The
negatively charged environment is shown in red, and that which is positively charged is presented
in blue. (C) Residues with a negative charge in the vicinity of the MurNAc acceptor carboxyl group
when it binds close to the transglycosylation donor. (D) Overlay of the aglycone binding site residues
of WT-GIcNAcox (green) and Y470H-GalNAcox (magenta) with docked MurNAc-OPr. Residues with
similar side chain orientations are hidden.
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2.2.2. Docking and Molecular Dynamics Simulation of Selected Transglycosylation Acceptors in
TfHex Y470H

The mutant TfHex Y470H, previously demonstrated as an efficient synthetic tool [13,14],
was selected for the study with difficult acceptors GlcA, MurNAc, and MurNAc-OPr. All acceptors
docked in the respective enzyme-oxazoline complexes showed unfavorable scores for binding, with the
most favorable poses in sites 1 or 2. The Y470H-GalNAcox complex showed a low affinity to all studied
acceptors, except for MurNAc-OPr. We compared amino acid residues close to docked MurNAc-OPr
(Figure 7D) in the WT and mutant enzymes and found that residues Trp509 and Glu332 of the aglycone
biding site have different side chain orientations, and thus influence the size of the aglycone binding
site. The mutation of Tyr470 to His led to the loss of HB with the oxazoline intermediate and to the
formation of different HB interactions with residues close to Trp509 (Supplementary Materials, Figure
S7, and [13]). The Y470H mutant differs from the WT enzyme not only in the orientation of residues in
the active site but also in the position of the oxazoline intermediate (Figure S7). The binding pocket
surface, calculated for representative snapshots from molecular dynamics by Sitemap, showed a larger
aglycone binding site surface for the Y470H-GalNAcox complex (1204.83 sq. A) whereas for other
combinations, it was significantly smaller (cf. 1003.468 sq. A for WT-GalNAcox; 1094.485 sq. A for
Y470H-GlcNAcox; 839.991 sq. A for WT-GlcNAcox).

3. Discussion

In this study, we aimed to thoroughly understand the performance of TfHex as a representative
transglycosylating -N-acetylhexosaminidase in terms of acceptor recognition. Therefore, we
employed a series of acceptors with varying structural features based on gluco- or galacto-configuration.
The enzyme tolerance to structural modifications in the donor molecule has been studied at great
length [7]; however, little is known about the acceptor spectrum. TfHex has been k