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Preface to ”Biocatalysis: Chemical Biosynthesis”

Biocatalysis is a topic on the boundaries of biology and chemistry, which brings together

scientists from the life sciences, engineers and computer field. Biocatalysis, cell free and whole

cell systems play an increasingly role in a broad range of applications, including food processing,

materials, fine chemicals, and medicine. Applied biocatalysis is driven by advances in novel

protein engineering tools, economic and environmental pollution. Compared to free biocatalyst,

the immobilization techniques improve the stability/activity ration, purification, and the ability

to recycle the catalyst in a consequently more efficient process in the industry. Compared to

traditional organic synthesis, the use of enzymes provides a way of producing enantiomerical pure

compounds, mainly through high chemoselectivity and streoselective properties and very mild

reaction conditions, which offer advantages such as minimizing side reactions or not requiring

multiple protection/deprotection steps. The advances in directed evolution, molecular cloning,

DNA synthesis, bioinformatic tools, high-throughput screening, and process scale-up have opened

up a door to a great variety of enzymes as tools in the industry. On the other hand, the use of

biosynthetic enzymes can introduce structural diversities that are otherwise inaccessible by organic

synthesis. Although biocatalysis has expanded in the industry, a lack of structural and mechanistic

knowledge about enzymes has limited the widespread use of enzymes. Then, the combination of

in silico methods for engineering physical properties into proteins and structural biology techniques

can guide the understanding of biocatalytic mechanisms and the development of new ones in biology

and biotechnology.

Agatha Bastida Codina

Editor
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Biocatalysis is very appealing for industry because it allows the synthesis of products that are
not accessible by chemical synthesis, use of alternative raw materials, lower operating costs, low
fixed cost infrastructure and improved eco-efficiency [1]. Chemical biosynthesis has emerged as a
valuable tool in organic chemistry that provides straightforward and efficient alternatives to traditional
chemical synthesis [2]. Advances in enzyme discovery, high-throughput screening and protein
engineering have substantially expanded the available biocatalysts, and consequently, many more
synthetic transformations are now possible. The chemo-, regio-, diastereo- and enantio-selectivity of
biocatalysts are among the properties that render them superior to chemical catalysts [3,4]. Enzymes
are biodegradable and easily replaced through inexpensive and environmentally benign fermentation
processes. The minimal environmental and economic burden posed by enzymes is further diminished
by the potential to engineer even more active variants than can be found in nature, to optimize
expression efficiencies and fermentation yields, and to immobilize and reuse these powerful catalysts.
Biocatalysis has been used widely to produce chiral pharmaceutical intermediates to make small
molecule drugs [5].

This Special Issue discusses some of the key drivers and scientific developments that are
expanding the application of biocatalysis in the pharmaceutical industry through several examples;
kinetic characteristics of cofactor-enzyme complex against aldehydes giving important pharmaceutical
precursors [6], cyclodextrin glucanotransferase from Thermoanaerobacter sp is able to glycosylate a
ternary alchols [7,8], bi-enzymatic cascade for the synthesis of optically pure compounds [9], Sporomusa
ovata used as microbial catalyst to determine whether electron uptake is hydrogen-dependent [10] and
esterification of ferulate with octanol catalyzed by lipase in a solvent-free system [11]. In addition, two
reviews on biocatalysis as a useful tool in asymmetric synthesis [12] and pseudokinases as suitable
drug targets for the treatment of various diseases [13] give an idea about the impact of biocatalysis in
drug development.

The research article of Karanam et al. deals with the importance of an (R) specific carbonyl
reductase from Candida parapsilosis as a biocatalyst in the reduction of ketones and keto-esters of
aliphatic and aromatic aldehydes [6]. García-Arellano et al. investigated the enzymatic synthesis, using
a cyclodextrin glycosyltransferase from Thermoanaerobacter sp, of novel alkyl glycoside derivatives
which are used as non-ionic surface-active agents in food, cosmetic and detergent industries [7].
Chiang et al. studied the enzymatic synthesis of new isoflavone glucosides, 8-OHDe-7/8-O-β-glucoside,
increasing its solubility and stability to be used in pharmaceutical and cosmeceutical applications [8].
The other paper in this Special Issue focuses on a particular application in the use of enzymatic
cascades in one pot for the synthesis of active cyanohydrins [9]. Leemans et al. attempted to couple
the hydrocynation of 4-anisaldehyde with the acetylation of the formed mandelonitrile catalyzed by
Manihot esculenta hydroxynitrile lyase (an S-selective enzyme) and Candida antartica lipase A. Tremblay
et al. used Sporomus ovata as the microbial catalyst to determine whether electron uptake is hydrogen
dependent. Hydrogen was detected at −500 mV versus Ag/AgCl by a micro-sensor in proximity to the
cathode in a sterile fresh medium. As well, nickel and cobalt were detected at the cathode surface after
exposure to the medium increasing the presence of H2. So, at least a part of the electrons coming from
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the electrode are transferred to the bacteria via hydrogen during microbial electrolysis [10]. Huang
et al. described the enzymatic esterification of ferulic acid with octanol producing octyl ferulate in a
high-temperature solvent-free system with an environmentally friendly method. Due to the limited
solubility of ferulic acid in a lipophilic medium, the ester form of ferulic acid has better antioxidant
and ultraviolet-absorbing activity [11].

We have two review papers in this Special Issue, one by Domínguez de María et al., presenting
an excellent overview of recent progress on the assessment of granted patents about biocatalysis as a
useful tool in asymmetric synthesis [12]. A vast area of enzyme is used and is performed by industry
or academic groups. Around 200 granted patents have been identified, covering all enzyme types.
The inventive pattern focuses on the protection of novel protein sequences, as well as on new substrates.
In some other cases, combined processes, multi-step enzymatic reactions, as well as process conditions
are the innovative basis. The most relevant found in this review was the protection of novel protein
sequences for well-known reactions and the use of novel substrates for useful synthetic reactions.
Biocatalysis is taking significant steps in chemical industries, being seriously considered as a powerful
alternative for combining sustainable chemistry with high efficiency and selectivity.

A second review, by Jonathan Lees et al., deals with a class of pseudokinases enzymes and
their potential as suitable drug targets for the treatment of various diseases, including metabolic,
neurological, autoimmune, and cell proliferation disorders [13]. Pseudokinases are a subset of the
protein kinase superfamily that present inactivating mutations in critical catalytic motifs, but signal
primarily through non-catalytic mechanisms. These proteins play central roles in the cell, and the
loss of their regulation can lead to a variety of diseases. Indeed, pseudokinase malfunctions occur
in diverse diseases and represent a new therapeutic window for the development of innovative
therapeutic approaches. Several clinically approved kinase inhibitors have been shown to influence
the non-catalytic functions of active kinases, providing the expectation that similar properties in
pseudokinases could be pharmacologically regulated. Recent advances in drug discovery, assisted by
the use of artificial intelligence approaches, may pave the way for the rapid identification of potent
pseudokinase inhibitors.

Thanks to all the authors for their valuable contributions and the editorial team of Catalysts for
their kind support, without them, this Special Issue would not have been possible.

Conflicts of Interest: The authors declare no conflicts of interest.
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Abstract: The broad interdisciplinary nature of biocatalysis fosters innovation, as different technical
fields are interconnected and synergized. A way to depict that innovation is by conducting a survey on
patent activities. This paper analyses the intellectual property activities of the last five years (2014–2019)
with a specific focus on biocatalysis applied to asymmetric synthesis. Furthermore, to reflect the
inventive and innovative steps, only patents that were granted during that period are considered.
Patent searches using several keywords (e.g., enzyme names) have been conducted by using several
patent engine servers (e.g., Espacenet, SciFinder, Google Patents), with focus on granted patents
during the period 2014–2019. Around 200 granted patents have been identified, covering all enzyme
types. The inventive pattern focuses on the protection of novel protein sequences, as well as on
new substrates. In some other cases, combined processes, multi-step enzymatic reactions, as well
as process conditions are the innovative basis. Both industries and academic groups are active in
patenting. As a conclusion of this survey, we can assert that biocatalysis is increasingly recognized as
a useful tool for asymmetric synthesis and being considered as an innovative option to build IP and
protect synthetic routes.

Keywords: biocatalysis; asymmetric synthesis; patents; lipases; oxidoreductases; lyases; transaminases

1. Motivation. The Role of Granted Patents as Key Actors in Innovation

Biocatalysis is currently recognized as a mature technology for asymmetric synthesis, based on
the excellent selectivity (enantio-, chemo, and regio-) that enzymes often display in many chemical
processes. The field has experienced a tremendous development when emerging Molecular Biology
techniques, used to produce and design enzymes, have been synergized with both process-development
concepts (batch to continuous reactors) and medium engineering strategies (non-aqueous media,
immobilization, etc.). As a result, biocatalysis can fulfil, in many cases, the demands of modern organic
synthesis, which must align a high selectivity and efficiency with sustainability and tight economic
figures. As a result, an increasing number of industrial processes have been successfully established,
comprising many diverse examples using free enzymes, whole cells, systems biocatalysis, multi-step
processes, etc. [1–19].

The abovementioned broad interdisciplinarity profile makes biocatalysis in a fertile landscape for
innovation. It is common that researchers of different backgrounds (chemistry, biology, engineering, etc.)

Catalysts 2019, 9, 802; doi:10.3390/catal9100802 www.mdpi.com/journal/catalysts5
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cooperate closely in setting up new enzymatic reactors [20–23]. Overall, each biocatalytic industrial
reaction contains highly evolved parts, which are not standing alone, but that do form a robust
process when all of them are combined smartly. Some key concepts for industrial biocatalysis
may be: i) designed enzyme variants with improved selectivity, high resistance to chemicals,
thermostability, etc. [24–30]; ii) bio-based (non-conventional) solvents used as co-solvents in water,
or as biphasic systems [31–38]; neoteric solvents, such as deep eutectic solvents (DES) [39–44];
iii) whole-cells [45–48], immobilization [49–56], continuous processes, etc. [12,23,57,58]; and iv)
metrics [59–62], high productivities to assure an industrially-sound reaction.

To obtain deeper insights into these expected innovations, this paper discloses a patent survey
related to biocatalysis applied to asymmetric synthesis. Although this genre of studies is (surprisingly)
rather scarce in the open literature [8,63,64], we believe that the approach may nicely reflect the modern
trends in the field, provided by academic and industrial groups, and comprising different enzymes
and chemical processes. Importantly, to further refine the innovation assessment, the focus of the
study is put solely on those patents that have been granted over the last five years (2014–June 2019).
Remarkably, granted patents may provide further proofs on the necessary steps of novelty, innovation,
and resolution of industrial problems, as demanded for intellectual property (IP) rights. To simplify
the reading of the article, the granted patents are discussed by enzyme types, covering several relevant
case studies. Moreover, the focus of the article is strictly scientific, and no information regarding
the countries in which the invention is granted, nor whether or not patent fees are being satisfied,
is provided. It must be noted, however, that readers can easily retrieve that information from the patent
servers, by simply tracking the patent number provided in the references. To follow a consistency with
publication rules, the years denoted in the references are the publication years; in all cases, the effective
dates of those granted patents mentioned in this article are included between 2014–2019, and it can
be retrieved from patent servers as well. According to the survey, around 200 patents related to
biocatalysis have been successfully granted within the last five years, as shown in Figure 1.

Figure 1. Patents granted in 2014–2019 employing the most usual types of enzymes, according to
several patent engine servers (e.g., Espacenet, SciFinder, Google Patents).

Notably, examples for all enzyme types have been found, for asymmetric synthesis purposes,
and the main strategies to achieve patentability are either the protection of known enzymes and
variants with different sequences (covering up to some homology), or the use of novel substrates
for the intended reactions, or a combination of both approaches. Apart from industrial activities –
pharmaceutical and fine chemistry firms – several academic groups have proven to be active in IP
activities as well.
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2. Granted Patents Related to Hydrolases in Asymmetric Synthesis

2.1. Lipases

Hydrolases (Enzyme Commission number EC 3,) undeniably represent the most valuable type of
enzymes in applied biocatalysis, due to their unique properties, such as broad substrate specificity,
commercial availability, lack of need to use any cofactor, and high capability to work at high substrate
concentrations [65–73]. Inside this group of enzymes, lipases (EC 3.1.1.3) can be considered the
most useful, according to the ample number of processes in which they have been employed at
lab [74–77] and industrial scale [78–82], mainly because they can perform with notable precision
(chemo-, regio- and/or stereoselectivity) not only in their natural environment (aqueous solutions) but
also in non-conventional media [66,75,79,82–85], therefore being catalogued as natural promiscuous
enzymes [86]. Although the main industrial uses of lipases are in the detergent and food and beverage
areas, there are plenty of examples in which these enzymes are employed in asymmetric synthesis [63];
in this sense, examples taken from granted patents in the last five years are hereunder presented.

2.1.1. Stereoselective Hydrolysis Catalyzed by Lipases

Thus, regarding the employ of lipases in the preparation of chiral building blocks for the synthesis
of active pharmaceutical ingredients (APIs), some recent patents describe different stereoselective
hydrolytic procedures taking advantage of the enzymatic capability of discriminating between
enantiomers. For instance, a patent from Zhejiang Changming Pharmaceutical Co., Ltd., [87],
granted in 2018, describes the preparation of the anti-epileptic drug levetiracetam (Keppra®, Elepsia®)
starting from racemic methyl 2-bromo(chloro)butanoate, using Novozym 435, a commercially available
preparation of lipase B from Candida antarctica immobilized on Lewatit VP OC 1600, a macroporous
acrylic polymer resin [88]. The key step, a kinetic resolution of a racemic 2-haloester 1, leads to
the (S)-acid and the desired ester (R)-2, which is extracted using ethyl acetate and converted into
levetiracetam via transformation of the (R)-ester into the α-aminoamide (S)-3 and a further cyclization
with 4-chlorobutanoyl chloride, as shown in Scheme 1.

 
Scheme 1. Chemoenzymatic preparation of levetiracetam starting from a racemic 2-haloester.

In another example, developed by Daiichi Sankyo Co. Ltd., and granted in 2019 [89], the kinetic
resolution of (R,S)-1-((((1,1,1,3,3,3-hexafluoropropan-2-yl)oxy)carbonyl)oxy)ethyl isobutyrate ((R,S)-4)
was carried out by a lipase-catalyzed hydrolysis in a buffer/organic solvent biphasic system to discard
the corresponding alcohol (S)-5 from the desired ester (R)-4 (Scheme 2).

In order to catalyze this enzymatic hydrolysis, different commercial lipases (from C. antarctica,
Candida rugosa and Thermomyces lanuginosus), organic cosolvents (acetonitrile, ethers, saturated and
aromatic hydrocarbons, alcohols) and reaction conditions (temperature from 0 ◦C to 80 ◦C, reaction
times ranging from 1 h to 120 h) were tested; the best results were obtained with Chirazyme L2,
C4 (a commercial preparation of C. antarctica lipase similar to Novozym 435) and buffer pH=7/MTBE
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(5/1, V/V) at 20 ◦C, with reported conversions of around 40% and ee values higher than 99%.
Subsequently, (R)-4 was used to furnish a carbamate 7 upon reaction with the enantiopure amide 6

(as a sulphonic salt). This carbamate 7 is a promising prodrug useful as inhibitor of carboxypeptidase U
(also known as activated thrombin-activatable fibrinolysis inhibitor, TAFIa), for treating thromboembolic
disorders [90–92].

 
Scheme 2. Synthesis of prodrug 7 possessing TAFIa inhibitory activity.

Another enzymatic hydrolysis useful for synthesizing drug precursors was patented by Beijing
University of Chemical Technology [93] and granted in 2017; the stereoselective hydrolysis of a racemic
mixture of N-protected cis-4-amino-cyclopent-2-en-1-ol (cis-8, 20 g/L, Scheme 3) was carried out using
lipase B from C. antarctica at pH = 5 and 60 ◦C in 4 h, to furnish the desired alcohol (1S,4R)-9 (conversion
45%, ee 99%). This enantiopure alcohol is a building block for the preparation of ticagrelor (Brilinta®,
Brilique®, Possia®) a platelet aggregation inhibitor originally produced by AstraZeneca [94,95].

Scheme 3. Synthesis of an enantiopure precursor of ticagrelor.
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A very interesting process, patented by and recently granted in 2019 to AbbVie Inc.
describes preparation of an intermediate ((1R, 2R)-12, Scheme 4) in the synthesis of viral
protease inhibitors [96]. In this case, a double enzymatic procedure is followed starting from
(±)-dipropyl 2-(difluoromethyl)cyclopropane-1,1-dicarboxylate (±)-10, and employing primarily a
lipase (from T. lanuginosus or Rhizomucor miehei) in a biphasic medium (phosphate buffer with 10% DMF,
30 ◦C, 95 h) to separate the undesired monoacid (1R, 2S)-11 (extracted from the reaction media using
MTBE) from the chiral diester (R)-10 (64.4% yield, 97.4% ee). In a second step, an esterase from Bacillus
subtilis cloned and expressed in cells from Escherichia coli was employed for the desymmetrization of
the stereocentre at C1 of (R)-10 to yield (1S, 2R)-10 (84.2% yield, 99.4% ee) in an aqueous solution at
30 ◦C in 68 h.

 
Scheme 4. Chemoenzymatic synthesis of an enantiopure precursor of a viral protease inhibitor.

All the patents mentioned up to this point share the common feature of placing the enzymatic
asymmetric hydrolysis in an initial stage of the synthetic scheme leading to the desired API. More
infrequently, the enzymatic biotransformation is applied once the structure of the API is almost
complete. For instance, a patent from Tiantai Yisheng Biochemical Technology Co., Ltd., (granted in
2019) describes the enantioselective hydrolysis of racemic esters of valsartan (Diovan®, an angiotensin
II receptor blocker (ARBs or sartans), a drug which modulates the renin–angiotensin system, used in
the treatment of hypertension, diabetic nephropathy and congestive heart failure [97]) catalyzed by
lipases [98], as depicted in Scheme 5.

 
Scheme 5. Enzymatic resolution of racemic esters of valsartan.

Thus, different commercial immobilized lipases (Lipozyme TL IM (T. lanuginosus), Lipozyme RM
IM (R. miehei), Novozym 435 (lipase B from C. antarctica) from Novozymes; lipases PS IM (Burkholderia
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cepacia), Lipase AK (Pseudomonas fluorescens) and Lipase AS (Aspergillus niger), from Amano) were
used for the hydrolysis of racemic esters ((R,S)-13, R = ethyl, methyl or isopropyl) in a buffer solution
(pH varying between 4.0–9.0) with different amounts of organic cosolvents (acetone, isopropanol or
ethyl acetate), rendering the desired valsartan ((S) absolute configuration) in good yields (up to 90–95%
after work-up) and enantiopurity (up to 99.5%).

2.1.2. Regio- and Chemoselective Hydrolysis Catalyzed by Lipases

Lipases can be also used for the regioselective hydrolysis of a specific ester group without
altering another similar functional groups placed in another part of the molecule, under very mild
reaction conditions. In a recent patent from Harbin University of Commerce, granted in 2019 [99],
a lipase (from Candida sp. among others) catalyzing the monohydrolysis of nifedipine (dimethyl
2,6-dimethyl-4-(2-nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylate (Scheme 6), a calcium channel
blocker [100]) is reported to furnish the corresponding monoacid 14; this reaction is carried out in a
mixed system of aq. soln./org. solvent (such as isooctane, hexane, cyclohexane or toluene), and reacting
under stirring at 30–40 ◦C for 3–5 days. The monoacid (23% yield, no ee reported) is the key step for
synthesizing other 1,4-dihydropyridine structures possessing two different alkoxycarbonyl groups in
positions 3 and 5 (such as aranidipine, azeldinipide, barnidipine, etc.), which are more selective and
efficient drugs [101].

 
Scheme 6. Enzymatic mono-hydrolysis of nifedipine.

The possibility of performing chemoselective reactions is another attractive property of
lipases. In this sense, a patent from AstaTech Chengdu Biopharmaceutical Co., Ltd. granted
in 2018 [102], reports the use of several lipases (Novozym 435 and lipase from pig pancreas
leading to the best results) and esterases for the hydrolysis of different alkyl esters of
N-Boc-(1R,3S,4S)-2-azabicyclo[2.2.1]heptane-3-carboxylate (16, Scheme 7), to yield acid 17 without
removing the carbamate protecting group. In this process, essential for the preparation of ledispavir
(Harvoni®, Gilead, in combination with sofosbuvir (see Scheme 14) for treatment of hepatitis C [103],
the enzymatic hydrolysis allows the preparation of 17 in good yields (up to 77%) and high d.e. values
(up to 99.7%), therefore avoiding the main problem of the chemical basic hydrolysis (LiOH in THF/H2O),
a partial racemization of the stereogenic center at Cα of the alkoxycarbonyl group.

 
Scheme 7. Enzymatic preparation of a ledispavir intermediate.
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2.1.3. Stereoselective Acyl-Transfer Catalyzed by Lipases

As stated above [66,75,79,82–85], lipases are perfectly capable of working in non-aqueous reaction
media, therefore catalyzing acyl transfer processes (esterifications, transesterifications, amidations,
etc) with excellent precision. Hence, in a patent from Ningbo Xinkai Biotechnology Co., Ltd.,
granted in 2017 [104], the use of Nozozym 435 for the stereoselective monoacylation of prochiral
2-(2-(2,4-difluorophenyl)allyl)propane-1,3-diol 18 (Scheme 8) with isopropanoic anhydride in a mixture
of NaHCO3/toluene at 15 ◦C during 24 h is reported to furnish monoester 19 (75% yield, ee not
reported), a chiral building block for the preparation of antifungic posaconazole (Noxafil®, Posanol®).
This biocatalytic monoacylation is not the real innovation of the patent, because it was described
previously for this same enzyme using vinyl acetate in acetonitrile [105]; in this case, the synthesis of
starting diol 18 is claimed to improve the previously reported procedures [106–108].

 
Scheme 8. Chemoenzymatic preparation of an intermediate in the synthesis of posaconazole.

The use of biotransformations in the synthesis of statins, inhibitors of 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase, widely prescribed for the pharmacological treatment of
hypercholesterolemia and dyslipidaemia, has been recently reviewed [109,110] In this context, we will
comment some recently granted patents using different enzymes.

For instance, Shandong Qidu Pharmaceutical Co., Ltd. patented a transesterification protocol,
granted in 2016 [111] and schematized in Scheme 9 for the preparation of pitavastatin (Livalo®,
Livazo®, among others trade names), a member of the superstatin family [109].
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Scheme 9. Preparation of Pitavastatin through an enzymatic transesterification.

In this process, the biocatalyst (commercial lipases from different origins, the best results being
obtained with lipase from B. cepacia) is able to discriminate between the stereoisomers of starting
diol 20 (it is not specified in the patent if 20 is a mixture of the four possible stereoisomers, although
according to the reported results it must be a racemic mixture of syn enantiomers). The acylation is
carried out in a biphasic medium phosphate buffer/organic solvent (dichloromethane, ethyl acetate,
tetrahydrofuran, methyl tert-butyl ether, cyclohexane, toluene or xylene) in different ratios (from 1

2 to
1/5, V/V) at temperatures ranging from 0 to 40 ◦C, and different reaction times (up to 72 h). Reaction
yields varied between 43.1 and 47.3%, with excellent enantiopurity of the diacetate (3R, 5S)-21 (97–99%),
which is separated (by ethanol precipitation) from the non-converted diol (3S, 5R)-20, and subsequently
hydrolyzed chemically (EtOH/NaOH) and stirred with a CaCl2 solution to finally furnish the calcium
salt of pitavastatin.

Treprostinil (Remodulin®, Orenitram®, Tyvaso®, Scheme 10), a synthetic analog of prostacyclin
(PGI2), is a vasodilator used for the treatment of pulmonary arterial hypertension [112], of which
synthesis is complex and time consuming [113]. In a patent from Everlight Chemical Industrial
Corporation granted in 2016, a stereo- and regioselective acylation of diol 21 with vinyl acetate,
performed in n-hexane at 22 ◦C with lipase AK from Amano, leads to the regioselective acylation of
the hydroxyl group in the cyclic moiety of 21 without acylating the one on the exocyclic chain, and
leading to the desired stereochemistry of 22 (no yields or ee reported).

 
Scheme 10. Preparation of treprostinil through an enzymatic acylation.

In another patent from Wuxi Fortune Pharmaceutical Co., Ltd., granted in 2018 [114], the gram-scale
kinetic resolution (Scheme 11) of racemic hidroxynitrile (R,S)-24, obtained from racemic epyclorhydrine
(R,S)-23, was reported using an enzymatic transesterification with perchlorophenyl acetate and lipase B
from C. antarctica, supported on an acid resin (Novozym 435?), to obtain acetate (R)-25, which hydrolysis
leads to L-carnitine, an essential co-factor in the metabolism of lipids involved in the generation of
cellular energy [115,116].
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Scheme 11. Chemoenzymatic preparation of L-carnitine.

The resolution of chiral amines is a very attractive research area, because of the plethora of
applications described for such enantiopure compounds [117,118], which can be obtained by using
oxidoreductases [119] (see Section 3.2), transaminases [120] (Section 4), and lipases [121,122], as we
will comment here. In fact, different companies have been actively working in this area during the
last years. For instance, in patent granted in 2018 [123], a methodology for preparing enantiopure
(R)-1,2,3,4-tetrahydronaphthalen-2-amine (2-aminotetralin, 2-AT, (R)-27, Scheme 12a), a rigid analogue
of phenylisobutylamine capable to inhibit the reuptake of serotonin and norepinephrine [124] was
reported. In this case, the reaction was carried out in a 2 L autoclave filled with 1 L of toluene, 117.6 g
of (R,S)-27 (obtained via reductive amination of starting ketone 26), 172 g of (R)-O-acetyl mandelic acid,
commercial Novozym 435 and H2/nickel catalyst (KT-02) to transform the kinetic resolution into a
dynamic kinetic resolution by racemizing the unreacted (S)-27. After 24 h, 144.2 g of (R)-28 (95% yield,
99% ee) were isolated and subsequently hydrolyzed to finally yield (R)-28 with excellent yield (92%)
and enantiopurity (99%).

Scheme 12. Lipase-catalyzed preparation of enantiopure amines.
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In another very similar example shown in Scheme 12b, the dynamic kinetic resolution of (R,S)-29

was reported in a patent [125] granted in 2018 for the preparation of an enantiopure intermediate in the
synthesis of rasagline (Azilect®), an irreversible inhibitor of monoamine oxidase-B, used as a single
therapy in the symptomatic treatment in early stages of Parkinson’s disease or as an additional therapy
in more severe cases [126,127]. In this case, the lipase used is different, but the final results (0.5 L
reaction volume) are also excellent in terms of both yield and enantiopurity. Finally, the preparation
of optically pure (R)-1-phenylethan-1-amine ((R)-31, Scheme 12c) is described following a similar
methodology in another patent [128] granted in 2017.

2.1.4. Site-selective Acyl-Transfer Catalyzed by Lipases

The lipase capability for catalyzing site-selective acylations/deacylations has been also exploited
in recently granted patents. For instance, a HC-Pharma AG patent granted in 2018 [129] describes the
mono-deacetylation of 33 (Scheme 13), a precursor in the preparation of sofosbuvir (Sovaldi®, Gilead),
a direct acting antiviral medication used as part of combination therapy to treat chronic hepatitis
C [130].

 
Scheme 13. Chemoenzymatic synthesis of sofosbuvir.

The deacetylation is carried out using 500 g of 33 in 5 L of an alcoholic medium (isopropanol,
methoxypropanol or ethanol/water) via a single transesterification at 60◦ during 48 h of the acetoxy
group at position 5’ using 100 g of a resin-supported lipase B from C. antarctica (Novozym 435?) as the
catalyst, leading to quantitative yields (between 99.2 and 99.6%) after a simple purification procedure
(cooling to 25 ◦C, filtering out the lipase, solvent distillation to a residual volume of 900 mL and
precipitation at 0 ◦C).

The site-selective monoacylation of the sugar moiety of useful glycosides has been also
patented. For instance, acylation of polydatin (3,4,5-trihydroxystilbene-3-β-D-glucopyranoside),
a pharmacological compound isolated from the root and rhizome of the traditional Chinese medicinal
plant Polygonum cuspidatum, widely applied in anti-inflammatory, anti-oxidant and in anti-angiogenesis
chemotherapy [131,132], has been reported in a patent from Huaiyin Institute of Technology, granted in
2018 [133]. This process, depicted in Scheme 14a, uses immobilized lipase from C. antarctica (Novozym
435?), amongst others, in 2-MeTHF, a biogenic solvent considered a renewable alternative to THF and
other organic solvents [33,134], to furnish almost quantitative yields of 36, the monoacyl derivative at
the OH group at C6 of the glucopyranoside moiety, a useful prodrug of polydatin.
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Scheme 14. (a) Cont. (b) Regioselective monoacylation of glycosides.

Geniposide is an important component of Gardenia jasminoides Ellis, a plant from Yinchenhao Tang,
useful in the prevention and therapy of hepatic injury (HI) [135]. The site-selective monoacylation
of geniposide (Scheme 14b) to furnish the more active and stable C-6′-lauroyl monoester has been
reported in a patent from Nanjing Tech University, granted in 2019 [136], using different lipases (Rh.
miehei, lipases A and B from C. Antarctica (Novozym 435?)) adsorbed on silica gel (easily separated by
filtering after reaction) in THF at 45 ◦C (yields up to 78%).

In another example, the monoacetylation of (Z)-5-ethylidene-8-hydroxy-7-((3-hydroxypyridin-4-yl)
methyl)-3,4,5,6,7,8-hexahydro-1H-pyrano[3,4-c]pyridin-1-one (38, Scheme 15), derived from the
iridiod-type aglycon of multi-active swertiamarine [137–139], is reported in a patent from Jiangxi
Science & Technology Normal University granted in 2018 [140]. In this patent, compound 38 is obtained
by a controlled fermentation of Swertia mussoti dry roots using cells from Aspergillus niger, isolated and
acylated with vinyl acetate and Novozym 435 to provide 39 (acylated only in the aromatic OH group,
no yield reported), an alkaloid which anti-hepatitis and anticancer activity seems to be very promising.

 
Scheme 15. Regioselective monoacylation of the iridiod-type compound 38.

2.1.5. Other Recently-Granted Patents Using Lipases

Apart from the previous examples presented so far, some other patents have reported the use
of lipases for hydrolysis [141,142] or acylations [143–147] taking advantage of the very mild reaction
conditions in which they were carried out. Particularly interesting are those granted patents reporting
the opening of δ-valerolactone and ε-caprolactone with mercapto-alcohols catalyzed by Novozym
435 for the preparation of polymers [148], or the lipase-catalyzed preparation of enantiopure (R) and
(S)-leucine [149]. On the other hand, the in-situ reaction of vinyl acetate with isopropanol in the
presence of C. antarctica lipase B as catalyst to obtain acetaldehyde from the vinyl alcohol (following
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a previously described strategy [150]) is used in a Biginelli reaction with a β-dicarbonyl compound,
urea and water to produce different 3,4-dihydro-pyrimidin-2(1H)-ones, useful for the preparation of
dark blue solid fluorescent materials [151].

To finish this section, we will illustrate an example of the well-known lipase
promiscuity [68,86,152,153]. Thus, in a patent from Nanjing Tech University granted in 2018 [154],
different lipases (lipase from pig pancreas (PPL) leading to the best results) were used for catalyzing the
Knoevenagel condensation between indolin-2-one (Scheme 16, 40) and different aromatic aldehydes 41

to synthesize the corresponding 3-arylidene derivatives 42, useful in the synthesis of indole alkaloids
with many therapeutic activities (antibacterial, antitumor or anti-inflammatory). Different reaction
conditions were tested (solvent, temperature, etc.), being the best results obtained with a mixture of
water/DMSO (1/4, v/v) and 45 ◦C.

 
Scheme 16. Lipase-catalyzed Knoevenagel condensations.

2.2. Other Hydrolases

Apart from lipases (see the previous section), other types of hydrolases have been subject of
IP protection as well. For instance, novel specific sequences of esterases have been patented and
successfully employed in the kinetic resolution of esters of mandelic acid [155], phenyl ethanol [156],
lactate derivatives [157], or cocaine [158], as well as for the synthesis of vetiveryl esters [147].
Moreover, some esterases have been used in the penicillin production area, like in the synthesis of
3-deacetyl-7-aminocephalosporaic acid [159].

Likewise, nitrilases have been extensively characterized and protected over the last five years.
Companies like BASF [160–163] and c-LEcta [164] have patented novel sequences of nitrilases, with
potential use in biocatalysis in asymmetric synthesis. In addition, some other activities cover sequences
applied to specific targets for pharmaceuticals and fine chemicals. For instance, nitrilases are used to
generate chirality in the synthesis of precursors of L-praziquantel, a drug employed against parasitic
worm infections [165,166]. Nitrilases from Arabidopsis thaliana, Aspergillus niger or Alcaligenes faecalis are
claimed in a patent granted in 2014 from Suzhou Tongli Biomedicine Co., Ltd., to perform the kinetic
resolution of nitrile 43 (Scheme 17) [167] to obtain the enantiopure (R)-43, needed for the synthesis of
the required drug.

Scheme 17. Use of nitrilases in the synthesis of L-praziquantel.
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Using nitrilases, other patents cover the asymmetric synthesis of β-alanine from
β-aminopropionitrile at high substrate loadings (> 200 g L−1) [168], an improved process for the
production of pregabalin (see Scheme 34, below), the active agent in Lyrica®, a drug employed in the
treatment of epilepsy, neuropathic pain and fibromyalgia [169,170] starting from dinitrile substrates
(developed by Hikal Ltd) [171,172], or the production of 1-cyancyclohexylacetic acid by means of
engineered nitrilases, and starting from the dinitrile substrate as well [173]. In another example,
the synthesis of (R)-46, a precursor of ivabradine (Corlanor®, Procoralan®, Coralan®, Corlentor®,
Lancora® or Coraxan®, a drug prescribed for the symptomatic management of stable heart-related
chest pain and heart failure [174,175]) has been developed and patented by Servier [176] (granted in
2015), using a nitrilase to generate the chirality through hydrolysis of the racemic nitrile (R,S)-45 to
furnish the carboxylic acid (R)-46, as depicted in Scheme 18.

Scheme 18. Synthesis of precursors of the drug ivabradine using nitrilases.

Likewise, nitrilases have been used in the asymmetric synthesis of the statin side-chain,
by hydrolysing the nitrile group [177–179]. The combination of nitrilases with halohydrin dehalogenases
enables a continuous process for the efficient production of that important building block with high
productivities and selectivities [179]. As reported in Section 2.1.3, the statin field is one of the most active
ones when biocatalysis applied to IP generation is concerned. Other examples involving nitrilases cover
the synthesis of pharmaceutical drugs like fosamprenavir [180], as well as clopidogrel [181]. Apart from
nitrilases, penicillin G acylases have been used for the synthesis of optically active phenylglycine
derivatives (through kinetic resolution strategies) [182].

3. Granted Patents Related to Oxidoreductases in Asymmetric Synthesis

3.1. Ketone Reductions

Alcohol dehydrogenases (ADHs; E.C. 1.1.1.x), also called ketoreductases (KREDs) or carbonyl
reductases (CRs), are oxidoreductases that selectively catalyze the reversible conversion of carbonyl
compounds into the corresponding alcohols, requiring the presence of nicotinamide cofactors (NADH or
NADPH) to perform their activity. During the course of the reduction, the enzyme delivers a
hydride from the cofactor C4 to the Si- (anti-Prelog ADHs) or to the Re-face (Prelog enzymes) of
the carbonyl compound, yielding (R)- or (S)-alcohols, respectively [183–187]. Efficient cofactor
regeneration methodologies are required due to the high costs of nicotinamides and inhibition
processes. Thus, the biocatalyzed reduction is coupled with a secondary reaction to regenerate the
nicotinamide cofactors [188–190]. In general, a second enzymatic reaction is employed, for example by
combining glucose with glucose dehydrogenase (GDH), glucose-6-phosphate with glucose-6-phosphate
dehydrogenase (G6PDH) or sodium formate with formate dehydrogenase (FDH). NAD(P)H can also
be regenerated by using a coupled substrate approach, in which the ADH catalysed the desired
bioreduction and the oxidation of a cosubstrate, in general isopropanol (IPA), which is oxidized to
acetone. Ketone reduction is under thermodynamic control, so that a large excess of IPA is required.
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Over the last five years, several procedures describing the use of KREDs for the preparation of valuable
compounds have been patented.

Thus, a patent granted to Codexis Inc. described the preparation of ezetimibe (Zetia®,
Ezetrol®, amongst other), a drug employed to treat high blood cholesterol and other lipids
abnormalities [191–193], using different engineered KREDs from Lactobacillus brevis, Lactobacillus
kefir and Lactobacillus minor in a patent granted in 2014 [194]. The ezetimibe precursor
5-((4S)-2-oxo-4-phenyl-(1,3-oxazolidin-3-yl))-1-(4-fluorophenyl)pentane-1,5-dione (47) was selectively
reduced to (4S)-3-[(5S)-5-(4-fluorophenyl)-5-hydroxypentanoyl]-4-phenyl-1,3-oxazolidin-2-one (48),
as depicted in Scheme 19a, with complete selectivity and conversions higher than 95% after 24
h. Glucose and glucose dehydrogenase (GHD) were employed as secondary enzymatic system to
regenerate the NADP+ consumed during the bioreduction. Substrate concentrations were at least of
100 g/L whereas 5 g/L of biocatalyst can be employed.

S

S

 
Scheme 19. Synthesis of ezetimibe employing KREDs.

The preparation of ezetimibe and some of its derivatives was also described in a further patent, also
by Codexis Inc., granted in 2015 [195]. Bioreduction of 1-(4-fluorophenyl)-3(R)-[3-(4-fluorophenyl)-3
-oxopropyl]-4(S)-(4-hydroxyphenyl)-2-azetidinone (49, Scheme 19b) was carried out by an engineered
KRED from Lactobacillus kefir, which sequence is given. Ezetimibe was obtained with excellent
diastereomeric excess (>99%) and high conversion (90%) after 24 h, being possible to use 50 g/L of
substrate. Different NAD(P)+ regeneration systems were employed, including a set of secondary
enzymatic systems with dehydrogenases and the use of the coupled-substrate approach in presence of
IPA. Ezetimibe synthesis was also described through a chemoenzymatic route in a patent granted in
2018 [196], shown in Scheme 19c. The reduction of different O-protected β-ketoesters 50 was carried
out in presence of a recombinant ketoreductase leading to the β-hydroxy-esters (S)-51 with high
optical purities (>95%) and yields higher than 90% after 24 h. Both IPA as cosubstrate or glucose/GDH
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as secondary enzymatic system were employed for the cofactor regeneration system. The chiral
β-hydroxyesters were employed to prepare an Ezetimibe intermediate (S)-52 by bromination with
different brominating reagents in presence of p-fluoroaniline and toluene as solvent (Scheme 19c).
Immobilized KREDs have been also employed for the preparation of an ezetimibe precursor, as reported
in a patent granted in 2018 [197]. Different techniques were applied to immobilize the biocatalyst,
including adsorption, covalent binding, entrapping or cross-linked microencapsulated. Chiral alcohol
was obtained with complete conversion after 18 h, using IPA or the glucose/GDH system for the
nicotinamide cofactor regeneration.

The efficacy of statins, inhibitors of the 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA)
reductase, against all the forms of hypercholesterolemia and for the prevention of cardiovascular
events [110] has been already mentioned in Section 2.1.3. In the last years, some patents employing
ketoreductases have been published for the preparation of these compounds. Thus, in 2016 a
patent was granted [198] describing the use of an engineered bacterium for the preparation of
(3R,5S)-6-chloro-3,5-dihydroxyhexanoic acid tert-butyl ester (3R,5S)-55, a chiral precursor of statins.
The engineered bacteria contained an ADH gene from Lactobacillus kefir DSM20587 (ADHR), a carbonyl
reductase gene and a glucose dehydrogenase gene for the nicotinamide cofactor regeneration
(Scheme 20a). The bacterial resting cells were employed in the bioreduction of 6-chloro-3,5-carbonyl
hexanoate (53) in the presence of glucose and isopropanol in order to obtain the chiral diol (3R,5S)-55

with complete selectivity and high yields in a two-step procedure. In 2017, another patent was
granted reporting the preparation of a set of statins using a chemoenzymatic methodology [199].
Thus, KRED-130, commercially available from Codexis, was able to reduce the keto group of the
intermediate 56 to the corresponding chiral alcohol (R)-57 with quantitative yield and optical purities
higher than 99.5% (Scheme 20b). A year later, a set of diketones intermediates in the preparation of
statins were selectively reduced by different KREDs to the corresponding chiral 1,3-diols in a process
carried out in buffer containing some organic solvents as ethanol, acetonitrile, toluene or hexane,
among others [200]. Depending on the substrate structure, the chiral diols were obtained with yields
around 90% and excellent optical purities after 24 h.

 
Scheme 20. Synthesis of statin intermediates employing ketoreductases.

Montelukast (Airon®, Everest®, Singulair®, Sansibast®, Senovital®, Accord®, amongst others) is
an efficient and low toxicity anti-inflammatory, anti-allergy and asthma treatment compound [201–203].
In 2015, a patent describing the preparation of a montelukast sodium intermediate was granted [204].
The key step of this synthesis was the selective bioreduction of compound 58 (Scheme 22) catalyzed
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by an alcohol dehydrogenase in buffer containing an organic solvent as hexane or toluene. IPA was
employed as cosubstrate in order to regenerate the NAD+ cofactor. After 72 h, the chiral alcohol (S)-59

can be recovered with high yield and selectivity, and converted to the desired intermediate (S)-60 by
treatment with methylmagnesium halide, as shown in Scheme 21. A year later, in a patent granted to
Zhangjiagang Xinyi Chemical Co., a set of KREDs from Suzhou-Enzyme Biological Technology Co.
were also employed in the bioreduction of the montelukast intermediate 58 to yield optically active
alcohol (S)-59 [205]. Bioreductions were carried out in buffer containing toluene as cosolvent using
NADP+ as cofactor.

 
Scheme 21. Preparation of montelukast intermediates employing KREDs under mild reaction conditions.

The biocatalytic conversion of oxcarbazepine 61 and analogues to chiral (S)-eslicarbazepine (S)-62

(a drug employed in the treatment of epilepsy [206]) and corresponding chiral alcohols is reported
in a patent granted in 2015 [207] using engineered ketoreductases from Lactobacillus, as shown in
Scheme 22. These biocatalysts were able to selectively reduce the starting ketones with optical purities
and conversions higher than 90% after 24 h, depending on the substrate structure.

 
Scheme 22. Synthesis of (S)-eslicarbazepine (S)-62 employing KREDs.

A patent covering a multistep synthesis of a set of β-3-antagonists [208] with a pyrrolidine core
65 [209] (Scheme 23) has been granted in 2017 to Merck Sharp & Dohme Corp. [210]. One of these
steps comprises the use of four engineered KREDs, whose sequence is given, for the bioreduction of a
set of α-aminoketones 63 to the corresponding β-aminoalcohols 64 in a dynamic kinetic resolution
(Scheme 23) [211], leading to the stereoselective preparation of one of the diastereomers of the final
alcohol with excellent yields and optical purities. Reactions were performed in presence of several
cosolvents, whereas different enzymatic systems were tested for the nicotinamide cofactor recycling.
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Scheme 23. KREDs employed in the synthesis of different β-aminoalcohol intermediates of
β-3-antagonists.

Dehydroepiandrosterone (DHEA, 66) is a key intermediate in the synthesis of steroidal
molecules [212]. In 2018, a granted patent included a novel approach for preparing this valuable
compound by carrying out the bioreduction of the 3-oxo group of the 5Δ-androstene-3,17-dione 65 in
presence of KREDs obtained from Sphingomonas wittichii [213]. DHEA could be obtained with yields
around 80–90% and selectivities higher than 90%, being only observed the reduction of the 3-oxo group,
when working at substrate concentrations of 50–300 g/L (Scheme 24). Some organic solvents immiscible
with water can be employed in the bioreductions in concentrations around 25–75%, and different
secondary enzymatic systems were used to regenerate the NAD(P)+ cofactor. The biocatalytic synthesis
of DHEA has been also described in a patent granted in 2019 [214] by carrying out the same reduction
at the 3-oxo positon of 65 in presence of an engineered KRED. The process was developed employing
the KRED as a powder and using GDH from Bacillus subtilis and glucose for the NADP+ recycling
or using whole cells containing both enzymes. Substrate can be employed at concentrations around
120–600 g/L, furnishing enantiopure DHEA with high yields.

Scheme 24. Synthesis of DHEA 66 employing dehydrogenases.

A patent for the preparation of (1R,2S)-N-pyrrolidinyl norephedrine 68 by a bioreduction procedure
has been granted to Enzymeworks in 2019 [215]. This chiral compound is a valuable synthon
for the preparation of anti-AIDS drug efavirenz (Sustiva®) [216,217]. The starting ketone 67 was
selectively reduced in dynamic kinetic resolution catalysed by a KRED purchased from Suzhou Chinese
Biotechnology of Enzymes Co. (EW104), as indicated in Scheme 25. Isopropanol or glucose/GDH were
employed for the cofactor recycling. After reaction parameters optimization, enantiopure (1R,2S)-68

was recovered in high yields and with excellent purity.

Scheme 25. Preparation of (1R,2S)-N-pyrrolidinyl norephedrine employing ketoreductases.

A patent granted to Goodee Pharma Co. Ltd. in 2016 described the preparation of different
3-piperidinols by employing two KREDs, which sequence is given, as biocatalysts [218]. The enzymes
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were employed in solution or as lyophilized powders or immobilized as free enzymes or as whole
cells, being employed glucose/GDH as secondary enzymatic system for the cofactor regeneration.

The application of a set of KREDs for the enantioselective reduction of different thienyl ketones to
the corresponding (S)-thienyl alcohols with excellent optical purities (>99% ee) and high conversions
has been patented in 2018 [219]. Alcohols thus obtained are valuable chiral synthons for the preparation
of duloxetine [220–222], the active enantiomer of this third generation antidepressant trademarked
as Cymbalta®. A patent granted in 2015 to Codexis Inc. afforded the bioreduction of a family of
3-aryl-3-ketopropanamines to (S)-3-aryl-3-hydroxypropanamines employing different engineered
KREDs, whose sequences are given [223]. Depending on the substrate structures, high conversions
were obtained after 24 h employing glucose/GDH for the NAD(P)+ recycling. The preparation of
(S)-N,N-dimethyl-3-hydroxy-3-(2-thienyl)-1-propanamine ((S)-DHTP, 70), a precursor in the synthesis
of duloxetine, was carried out with high yields from ketone 69 (Scheme 26). (S)-DHTP synthesis
has been also described in a patent granted to Jiangnan University in 2019 [224]. The bioreduction
of the starting ketone was carried out in the presence of different ketoreductases from different
microorganisms, achieving the best results using a recombinant carbonyl reductase from Candida
macedoniensis AKU 4588. Control of the reaction conditions allows obtaining (S)-DHTP in 92% yield
and 99% ee.

 
Scheme 26. Synthesis of duloxetine employing chemoenzymatic methodologies with ketoreductases.

(R)-2-Hydroxy-4-phenylbutyric acid ethyl ester is a valuable intermediate in the preparation of
drugs employed to treat hypertension [225]. Its synthesis with a global yield of 82% starting from
benzaldehyde and pyruvic acid has been patented by Suzhou Lead Biotechnology Company Ltd. [226].
The final step of this procedure comprises the bioreduction of 2-oxo-4-phenylbutyric acid ethyl ester
in presence of glucose/GDH for the NADP+ recycling. After 20 h at 30 ◦C a 97% of the enantiopure
β-hydroxyester was recovered in this process. Similarly, in 2019, Genentech Inc. was granted a
patent [227] for the synthesis of (S)-1-(1-(4-chloro-3-fluorophenyl)-2-hydroxyethyl)-4-(2-((1-methyl-1H-
pyrazol-5-yl)amino)pyrimidin-4-yl)pyridin-2(1H)-one (74), an ERK inhibitor and a useful medicament
for treating hyperproliferative disorders [228]. One of the steps for the preparation of this compound,
depicted in Scheme 27, comprises the bioreduction of 1-(4-chloro-3-fluorophenyl)-2-hydroxyethanone
(72) to (S)-1-(4-chloro-3-fluorophenyl)ethane-1,2-diol (S)-73 catalyzed by KRED-NADH-112
(Codexis Inc.) using glucose/GDH for the NAD+ recycling. The chiral alcohol was recovered
with quantitative conversion and 99.5% ee.
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Scheme 27. The bioreduction of 72 to (S)-73 in the preparation of the anticancer drug 74.

Finally, fluoride-containing chiral alcohols are valuable compounds with a huge range of
applications in medicine, pesticides or liquid crystals [229]. A patent granted to Enzymeworks
in 2019 described the preparation of (S)-1,1,1-trifluoroisopropanol from trifluoroacetone employing
different KREDs [230]. Phosphate buffer pH 7.0 was used as reaction medium containing different
amounts of organic cosolvents. NADP+ was recycled in presence of glucose/GDH and a fluorinated
reagent was added at the end of the bioreduction in order to extract the product from the reaction
media. Thus, HFE-7600 and/or F-626 were used for this purpose, being able to recover quantitatively
the final alcohol with 98.2% ee. The preparation of other halogenated alcohols has been granted by
Codexis Inc. in 2015 [231]. Thus, the patent described the preparation of chiral α-chloroalcohols from
α-chloroketones as well as the polynucleotides encoding the engineered ketoreductases and the host
cells capable of expressing the engineered ketoreductases.

3.2. Imine Reductions

In the last few years, imine reductases (IREDs) have appeared as valuable biocatalysts for the
preparation of chiral amines by catalyzing the reduction of imines [232–240]. These enzymes are
involved in many natural processes such as the biosynthesis of cofactors, alkaloids and cyclic amino
acids. IREDs are enzymes requiring NAD(P)H, being this cofactor responsible of the imine reduction.
In 2017 and 2018, two patents granted to Codexis Inc. showed different engineered enzymes with
activity as imine reductases and applied these biocatalysts in the conversion of ketones and amines to
the corresponding optically active secondary and tertiary amines, as for instance the conversion of
cyclohexanone and L-norvaline to (S)-2-(cyclohexylamino)pentanoic acid [241,242]. On the other hand,
a patent granted in 2016 to Pfizer Inc. [243] described the use of IRED in combination with an amine
oxidase or a transaminase in one of the steps of the synthesis of pregabalin (discussed in Section 2.2,
see also Scheme 34 in Section 4).

3.3. Oxidations

Oxidation processes involving different types of biocatalysts as mild oxidants under mild
reaction conditions are employed are widely used nowadays while obtaining in general high
selectivities [244–254]. For this reason, processes in which oxidative enzymes are employed have been
patented in the last times. Most of the examples described the use of monooxygenases in different
oxidations; these enzymes are able to perform the insertion of one atom of oxygen in the substrate
from molecular oxygen, requiring nicotinamides as cofactors [255–259].

Esomeprazole (S)-76 (Scheme 28), is a proton pump inhibitor prescribed for the treatment of
dyspepsia, peptic ulcer disease and gastroesophageal reflux disease [260]. This compound is the
(S)-enantiomer of omeprazole, which is the racemic mixture of the (S) and (R) enantiomers. Thus, in a
patent granted in 2016 [261] a set of engineered cyclohexanone monooxygenases (CHMOs) from
Acinetobacter calcoaceticus [262] were employed in the asymmetric sulfoxidation of a set of prazoles,
including 5-methoxy-2-((4-methoxy-3,5-dimethylpyridin-2-yl)methylthio)-1H-benzodimidazole (75)
(Scheme 28a).
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Scheme 28. Enzymatic sulfoxidations catalyzed by CHMO variants for the synthesis of esomeprazole
(a) and armodafinil (b).

The oxidation of these compounds in presence of recombinant CHMOs afforded the corresponding
(R)- or (S)-sulfoxides 76 with excellent optical purities at mild temperatures. In order to ensure a
complete conversion, dissolved molecular oxygen in the process can be increased by bubbling the
reaction with oxygen-containing gas or by use of bubble-free aeration with oxygen-containing gas.
Different organic cosolvents were tested in the processes (MeOH, EtOH, IPA, acetonitrile, etc.) to
increase the substrate solubility. In order to regenerate the NAD(P)H employed as cofactor, secondary
enzymatic systems including glucose/GDH, glucose-6-phosphate/glucose-6-phosphate dehydrogenase
(G6PDH), formate/formate dehydrogenase (FDH), phosphite/phosphite dehydrogenase (PTDH) or
alcohol/ADH were used.

Engineered CHMOs have been also employed in the preparation of armodafinil ((R)-78,
Scheme 28b) and analogues, as shown in a patent granted in 2017 to Codexis [263]. Armodafinil
(Nuvigil®) is the active (R)-enantiomer of the racemic drug modafinil (Provigil®), employed
for the treatment of narcolepsy and other medical conditions [264,265]. The sulfoxidation
reaction was performed on both the amide substrate 2-(benzhydrylsulfinyl)acetamide 77 to obtain
armodafinil, 2-(R)-(diphenylmethyl)sulfinylacetamide (R)-78, or on the corresponding acid substrate,
benzhydryl-thioacetic acid to yield (R)-2-(benzhydrylsulfinyl)acetic acid, known as (R)-modafinil
(or modafinilic acid), which can be subsequently converted to the amide product in an easy way.
For both processes, high optical purities were obtained (>90% ee) under the optimized conditions
when carrying out the oxidations in phosphate buffer in presence of different cosolvents.

The use of cytochrome P450 [255,256,259] has been also described in patents for the preparation
of valuable compounds. Thus, in a patent granted in 2019 [266], different P450s obtained from Bacillus
subtilis and Bacillus cereus expressed in E. coli, in combination with an electron-transfer protein having
the activity to transfer an electron to the cytochrome P450, have been used as biocatalysts on the
oxidation of the 3-methylene position of α-guaiene 79 to lead (-)-rotundone 80, a molecule with several
applications in the fragrance industry [267], as shown in Scheme 29.
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Scheme 29. Synthesis of (–)-rotundone employing E. coli cells expressing cytochrome P450s.

In 2015, Novozymes AS was granted a patent describing different fungal enzymes with
peroxygenase activity [268]. Peroxygenases are biocatalysts capable of catalyse a very important process
in organic chemistry such as the functionalisation of C–H bonds through the hydroxylation of both
non-activated and aromatic C–H bonds [252,254]. The patent included the activity and compositions of
these enzymes, their encoding polynucleotides, expression vectors and recombinant host cells as well
as the methods of producing the enzymes. Finally, these biocatalysts were applied in the regioselective
oxygenation of a set of N-heterocycles.

4. Granted Patents Related to Transaminases in Asymmetric Synthesis

Transaminases (TAs, type I and IV of pyridoxal 5′-phosphate (PLP)-dependent enzymes) are
enzymes capable of catalysing the reversible transfer of an amino group from a suitable donor to a
carbonyl acceptor. Of the two types of PLP-dependent TAs classified according to the type of substrate
they convert [269], the use of α-TAs, exclusively converting α-amino and α-keto acids, is more limited,
while ω-TAs can accept substrates with a distal carboxylate group. More specifically, amine TAs
(ATAs), a subgroup of ω-TAs, are capable of accepting substrates not possessing a carboxylate group
in their structures, have received substantial attention in recent years, because of their capability in the
synthesis of chiral primary amines starting from the corresponding prochiral ketones [7,120,270].

Consequently, transaminase sequences have been protected in several granted documents.
For instance, Hoffmann-La Roche and the Bornscheuer group have jointly patented (granted in 2018)
several mutants of the transaminase from Ruegeria sp., which are useful for transamination synthetic
reactions [271]. Likewise, Codexis has been active in identifying and protecting several transaminase
sequences, with several patents granted between 2015–2019, with special emphasis on the production of
(R)-ethyl-3-amino-3-(pyridine-2-yl)-propanoate derivatives [272–274]. An analogous sequence-based
approach for IP construction has been successfully applied by DSM (patent granted in 2017 [275]) and
Asymchem Laboratories (patent granted in 2019 [276]) with application of the novel transaminases
to particularly impeded ketones as substrates (e.g., m,m-Cl-disubstituted phenyl-, or naphthyl
acetophenones). Other examples describe the synthesis of L-aminobutyric acid, an intermediate
in the synthesis of anti-epileptic levetiracetam (see also Scheme 1) in a patent granted in 2018 [277],
as well as many other diverse synthetic purposes [278–280]. In the same field, the protection of novel
transaminase sequences has been combined with immobilization [281–283], to be used, for instance,
in the synthesis of antidiabetic sitagliptin (Januvia®, a dipeptidyl peptidase-4 (DPP-4) inhibitor which
was the first marketed oral antihyperglycemic drug belonging to the gliptin family [284]) through
transamination [285–287], following the pioneering example described by Merck and Codexis [288].

With respect to asymmetric synthesis, there are several remarkable examples of granted patents
using transaminases for the preparation of optically active amines, very relevant building blocks for
pharmaceutical chemistry as already mentioned before in Section 2.1.3 [117,118,120]. Herein, Lonza and
the Bornscheuer group have jointly focused on the synthesis of N-amino-pyrrolidines and piperidines,
using transaminases with alanine as amino donor in two patents granted between 2014 and
2017 [289,290]; thus, the formed by-product pyruvate (from alanine) can be decarboxylated by means of
a pyruvate decarboxylase (PDC), or reduced by using a dehydrogenase, to shift the equilibrium towards
the product formation. In another example granted in 2017 [291], transaminases have been used for the
synthesis of different 3-amino-pyrrolydines 82 and 86, starting from the correspondent functionalized
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oxopyrrolidines 81 and 84, using isopropyl-amine as amino donor (Scheme 30). The products formed
undergo subsequent cyclization, and provide access to pyrrolo[3,4-b]pyridine structures 83 and 86,
precursors of pharmaceuticals, e.g., the broad-spectrum antibiotic moxifloxacin (Avelox®, Vigamox®

or Moxiflox®, amongst others) [292]. Remarkably, when the protecting group (PG) is an ester, the use
of lipases (namely CALB) for the deprotection step is considered in the invention as well.

via

via

 
Scheme 30. Use of transaminases to afford 3-aminopyrrolidines, as precursors of pharmaceutical
compounds, e.g., moxifloxacin.

Likewise, Codexis has described a patented process, granted in 2015 [293] for the synthesis of
(1R,2R)-2-(3,4-dimethoxyphenethoxy)-cyclohexanamine (R,R)-88, starting from the correspondent
enantiopure ketone (R)-87 by using specific sequences of transaminases, as depicted in Scheme 31.
The obtained amine is an intermediate in the synthesis of vernakalant, an ion channel blocker useful
for the treatment of atrial fibrillation [294,295]. As amino donor, isopropyl-amine was used, and DMSO
was added as co-solvent. Substrate loadings of >10 g/L have been claimed for the invention.

 
Scheme 31. Use of transaminases for pharmaceutical precursors.

Following an analogous strategy, the same company has protected other synthetic routes, such as
for (S)-3-(1-aminoethyl)-phenol ([296], granted in 2017), the synthesis of precursors of optically active
lactams ([297], granted in 2015) and the preparation of aminocyclohexyl ether compounds ([298],
also granted in 2015). Other applicants have protected the synthesis of aminocyclopamine through
the enzymatic transamination of the corresponding ketocyclopamines [299], or for the synthesis of
spiroindolones [300]. Finally, Evonik has been active in the valorization of biogenic resources, such
as isosorbide, from which other building blocks like isomannide or isoidide can be derived; in this
context, the use of transaminases and dehydrogenases has been recently protected [301].

With respect to aliphatic amines, several granted patents have been found as well. Enzymeworks
has covered the use of transaminases to synthetize (S)-2-amino-1-butanol from the corresponding ketone.
Several amino donors were used, and specific transaminases protected [302]. Another patent granted
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in 2018 [303] protects the synthesis of (R,R)-90, a precursor of efinaconazole (Jublia®, Clenafin®),
an anti-fungal drug [304,305], using transaminase variants able to accept the sterically hindered
substrate (R)-89 (Scheme 32).

 
Scheme 32. Transaminase-catalyzed synthesis of efinaconazole intermediates, using transaminases.

Another relevant example is the transaminase-catalyzed synthesis of L-glufosinate, which is a
broad-spectrum herbicide [306], starting from the correspondent oxoacid 91 (Scheme 33). The specific
sequence of the transaminase is provided as well in the patent granted in 2018 [307].

 
Scheme 33. Transaminase-catalyzed synthesis of L-glufosinate.

In the same field, the company Agrimetis LLC has patented a two-step enzymatic method for the
synthesis of L-glufosinate, starting either from D-glufosinate or from the corresponding racemic mixture.
In the first step, a D-amino acid oxidase forms the correspondent keto-acid, which is subsequently
aminated by a transaminase in the second step [308]. The sequences of both enzymes are protected as
well, and the immobilization of them is considered too.

Another active field is the synthesis of pregabalin (Lyrica®), a medication used for anxiety disorder,
epilepsy, neurophatic pains, fibromyalgia, restless leg syndrome, etc. [169,170], already discussed in
previous sections. In fact, Pfizer has patented a route ([243], granted in 2017), that covers all the synthetic
steps for the generation of the amine precursor 92, which is then subjected to a transaminase-catalyzed
reaction to introduce the chirality and produce pregabalin, as depicted in Scheme 34. The use of an
amine oxidase or an imine reductase is considered and protected as well.

Scheme 34. Transaminase-catalyzed step for the synthesis of pregabalin, patented by Pfizer.

In an analogous area, Merck has patented a transaminase route ([309], granted in 2018) involving
dynamic kinetic resolution for the synthesis of optically active amines, useful as precursors of drugs
such as the anti-cancer agent niraparib [109].
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As already shown in several examples (see above), the use of multi-step enzymatic processes is a
rather common approach, as the properties of several biocatalysts can be combined for performing
efficient asymmetric syntheses. Thus, MH2 Biochemical Ltd has patented a process for the synthesis
of D-alanine, using racemases and amino transferases, being expressed as a fusion enzyme in a
whole-cell [310]. In an analogous fashion, the use of lipases and transaminases are combined to deliver
optically active β-amino acids, as well as precursors for the sitagliptin synthesis [311]. A further
approach in this respect is the use of transaminases with opposite enantioselectivity for deracemization
purposes, starting from racemic amino acids, as shown in Scheme 35 [312,313]. As depicted, the racemic
(R,S)-93 is used as amino donor by a D-amino acid transaminase, rendering the desired amino acid
(R)-95 from the keto acid 94. The subsequent byproduct, the keto acid 96, is recycled back to the
racemic mixture by means of an (S)-transaminase, which uses isopropylamine as sacrificial amino
donor. Overall, it represents an outstanding example on how the exquisite selectivity of enzymes may
be smartly used for synthetic purposes.

Scheme 35. Conceptual approach for production of optically active amino acids using two transaminases
with opposite enantioselectivity.

5. Granted Patents Related to Lyases in Asymmetric Synthesis

Apart from other enzymes (see previous sections), lyases (EC 4.1.X.X, enzymes catalysing bond
forming and breaking through non-hydrolytic or redox mechanisms) have also been matter of IP
activity over the last five years, with relevant examples in the pharmaceutical and fine chemicals
fields. As a common strategic working line for IP construction, several industries have focused on
the (successful) protection of novel sequences of lyases (establishing several degrees of homology),
which can be subsequently used for biocatalytic purposes. As relevant examples, Codexis was granted
patents ([314], granted in 2019) that comprise examples of phenylammonia lyase variants (PAL, a C-N
lyase [315]) with improved tolerance to pH, higher activity, or resistance to enzymatic proteolysis
(key amino acidic residues of the sequence are given). In a similar approach, another patent granted in
2019 [316] protect novel another C-N lyase, tyrosine ammonia lyase variants (TAL), with analogous
focus on improved activities, and including thermostability as well. Likewise, BASF (Verenium) has
protected ([317], granted in 2015) the use of ammonia lyases, covering PAL and TAL variants, and
broadening their invention to histidine ammonia lyases as well. With a focus on other enzyme types,
in a patent granted in 2015 [318], Firmenich has covered the sequence of a 13-hydroperoxide lyase
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(with an alteration of more than 40 amino acids compared to the wild-type sequence). The novel variant
is employed in a reaction involving several polyunsaturated fatty acids (e.g., alpha-linolenic), to yield
3-(Z)-hexen-ol. Other examples are related to novel sequences of hydroxynitrile lyases, such as a patent
granted 2018 of the Asano research group [319], or another one granted in 2015 from Evocatal [320].
Similarly, in a patent granted in 2014, DSM has protected hydroxynitrile lyases that can catalyze the
asymmetric synthesis of sterically hindered cyanohydrins (e.g., starting from ortho-benzaldehyde
derivatives as substrates) [321].

With respect to applications in asymmetric synthesis, tyrosine phenol lyases have found
applications in the field of cathecol- and phenyl- amine derivatives. For instance, Changxing
Pharmaceutical Ltd company has developed in a patent granted in 2018 [322] a process for the synthesis
of L-DOPA, which is used as an anti-Parkinsonian drug [323–325]. In a similar area, the Rother group has
protected in two patents granted 2018 and 2017 [326,327] the synthesis of the psychoactive drug cathine
((1S,2S)-nor-pseudoephedrine) [328,329], through a multi-step enzymatic reaction combining the use
of Acetobacter pasteurianus pyruvate decarboxylase as (S)-selective lyase (C-C forming type [330,331]),
together with the transaminase of Chromobacterium violaceum as (S)-selective transaminase, as depicted
in Scheme 36.

 
Scheme 36. Process for the synthesis of cathine, combining several enzymes and starting from
inexpensive substrates.

As starting substrates, benzaldehyde and either acetaldehyde or pyruvic acid could be successfully
employed. This has enabled the (re)use of pyruvic acid generated as by-product during the transaminase
reaction when using L-alanine as amino donor, leading to a fully integrated multi-step enzymatic
process with high selectivity and productivity to the desired compound [332,333]. The technology
has been recently extended to other substrates (e.g., 2, 5-dimethoxybenzaldehyde) to afford other
synthetically relevant building blocks [334].

Another relevant field of innovation with lyases (involving granted patents) is the synthesis of
statins, from which many biocatalytic applications have been envisioned and comprehensively reviewed
elsewhere [110], and some patents granted involving statins synthesis have been already commented
on in Sections 2.1.3 and 3.1. Hence, several industries have been working on the use of lyases for this
process, with different focuses to successfully build the IP. For instance, Lek Pharmaceuticals holds
several patents granted in 2017 and 2018 [335–337], in which the innovation is based on the use of novel
substrates, e.g., the use of 2,2-dimethoxyethanal to react with two equivalents of acetaldehyde, as well
as on the use of aldolases (DERA) with novel sequences, and further enzymatic oxidation to the lactol
derivative. An analogous strategy has been used by Pfizer, protecting novel DERA sequences to be used
as catalysts for the reaction of N-protected substrates such as 99 and 100. Specifically, the introduction
of 3-phtalimidopropionaldehyde 97 and 3-succinimido-propionaldehyde 98 as substrates (Scheme 37)
has been successfully protected in a patent granted in 2014 [338].
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Scheme 37. Pfizer approach, using several N-substituted substrates, for the synthesis of statins.

In a similar approach, Mitsui Chemicals has based its innovation patented in 2016 on the protection
of a DERA with a specific sequence [339], whereas QR Pharmaceuticals Ltd has patented the use of
carbamates as N-protected substrates, to afford the synthesis of the statin side-chain using lyases ([340],
granted in 2017).

Other examples of granted patents involving lyases are the synthesis of tagatose using novel
variant sequences of fructose biphosphate aldolases [341,342], granted 2016 and 2015), or the synthesis
of L-aminobutyric acid starting from glycine and ethanol as readily available substrates, and using a
multi-sept process comprising an alcohol dehydrogenase, a threonine aldolase, a threonine deaminase,
and a L-amino acid dehydrogenase ([343], granted 2018). Likewise, the Kroutil group has patented
a process granted in 2016 [344,345] and presented in Scheme 38, in which p-vinyl- phenols 104 are
produced along a three-step, one-pot reaction starting with substituted phenols 101, pyruvic acid and
ammonia as substrates. Thus, the action of a tyrosine-phenol-lyase (TPL) leads to the formation of
L-tyrosine derivatives (S)-102. Remarkably, chirality generated upon furnishing the corresponding
aminoacids is afterwards destroyed along the course of the process. Subsequently, phenyl-ammonia
lyase (PAL or TAL) renders the substituted p-coumaric acids 103, which are finally decarboxylated by a
phenolic-acid decarboxylase (PAD) to afford the desired p-vinylphenols 104 in high yields.

 
Scheme 38. Biocatalytic formation of p-vinylphenols 104 catalyzed by a three-step one-pot reaction
starting from readily available substrates.

30



Catalysts 2019, 9, 802

6. Summary and Outlook

Biocatalysis is an interdisciplinary field, in which the interaction of scientists with different
backgrounds is necessary, namely, biology, chemistry, engineering, business, etc. On this basis, it offers
many opportunities for innovation, and for the construction of novel IP structures. To reflect that
innovation, a survey on patentability actions related to biocatalysis and asymmetric synthesis is given
within this paper. To reinforce their innovative step, only granted patents have been considered.
The result is a vast area of enzyme uses, covering all types, and performed by industry and academic
groups. Several key ideas for innovation have been found. One is the protection of novel protein
sequences for well-known reactions. Another one is the use of novel substrates for useful synthetic
reactions. Further innovative lines (ending in granted patents) are the combination of different enzymes,
as well as the set-up of other technical reaction parameters for improved processes. Based on the
obtained results, it can be concluded that biocatalysis is taking significant steps in chemical industries,
being seriously considered as a powerful alternative for combining sustainable chemistry with high
efficiency and selectivity.
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Abstract: Pseudokinases are a member of the kinase superfamily that lack one or more of the canonical
residues required for catalysis. Protein pseudokinases are widely distributed across species and are
present in proteins that perform a great diversity of roles in the cell. They represent approximately
10% to 40% of the kinome of a multicellular organism. In the human, the pseudokinase subfamily
consists of approximately 60 unique proteins. Despite their lack of one or more of the amino acid
residues typically required for the productive interaction with ATP and metal ions, which is essential
for the phosphorylation of specific substrates, pseudokinases are important functional molecules
that can act as dynamic scaffolds, competitors, or modulators of protein–protein interactions. Indeed,
pseudokinase misfunctions occur in diverse diseases and represent a new therapeutic window for the
development of innovative therapeutic approaches. In this contribution, we describe the structural
features of pseudokinases that are used as the basis of their classification; analyse the interactome
space of human pseudokinases and discuss their potential as suitable drug targets for the treatment
of various diseases, including metabolic, neurological, autoimmune, and cell proliferation disorders.

Keywords: pseudokinases; signal transduction; cancer therapy; tyrosine/serine/threonine
phosphorylation; new drug targets; interactome

1. Introduction

Pseudokinases represent approximately 10% to 40% of the kinome of a multicellular organism [1–4].
Systematic analysis of the human genome has revealed that approximately one-tenth of all protein
kinases are predicted to be catalytically inactive and therefore signalling occurs through other
mechanisms. Pseudokinases are not restricted to multicellular organisms [5,6] and form part of the
bigger pseudoenzyme superfamily [7–9].

So far, the picture that is emerging is that pseudokinases, like their catalytically active counterparts,
play pivotal roles in cellular signalling systems as mediators of protein interactions, often involving
allosteric regulation of interaction partners, including bona fide protein kinases; the control of
subcellular localisation and trafficking; and the assembly of larger macromolecular complexes.
Moreover, pseudokinases are often dysregulated in a variety of diseases ranging from developmental,
metabolic and neurological disorders to cancer and autoimmune diseases [10–15]. Although important
insights into pseudokinase function remain to be established, the fact that several clinically approved
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kinase inhibitors pharmacologically regulate the noncatalytic functions of active kinases, suggests that
similar properties may be exploited in pseudokinases associated with human malignancies [16–20].

Independent crystal structures of pseudokinases have revealed that even though they do not
retain canonical motifs found in bona fide catalytically active kinases, they are able to adopt local
conformational transitions that resemble those present in the former class. Features emerge the
possibility of designing new small molecules that could be of therapeutic value by selectively inducing
non-functional conformations in pseudokinases. At the same time, the catalytic deficiencies of
pseudokinases make these proteins a powerful toolbox for the study of mechanisms of allosteric
regulation [21–23].

In this contribution, we show the structural features that are used to classify pseudokinases
and discuss the interactome space of human pseudokinases and the promise they represent for the
treatment of human diseases, including cancer.

2. Types of Pseudokinases Proteins

Pseudokinases have the same overall kinase domain fold. Namely, an N-terminal lobe, composed
of five β-sheets, that is connected to the C-terminal lobe via a flexible hinge region. The catalytic
site is located at the lobes interface. However, pseudokinases are proteins that lack one or more key
conserved catalytic residues present in active kinases [5,7] (Figure 1).

 

Figure 1. General structure of a kinase protein domain with key structural motifs.

This includes the lysine residue known to position ATP during phosphoryl transfer, which
forms the canonical β3-lys/αC-Glu salt-bridge interaction within the VAIK (Val-Ala-Ile-Lys) motif;
the aspartic acid in the catalytic loop, known as the catalytic residue within the HRD (His-Arg-Asp)
motif; and the aspartic acid in the activation loop, which binds the divalent cations within the DFG
(Asp-Phe-Gly) motif (Figure 2). The N-lobe is highly conserved across the kinome [24–26] whereas the
C-lobe presents an open surface that facilitates protein/protein interactions [27]. Pseudokinases can
adopt conformations that recapitulate features of either the “on” or “off” state of catalytically active
protein kinases, and in many cases, these conformations are critical for their physiological roles.
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Figure 2. (A) the pseudoactive site of human complex ATP-MLKL pseudokinase structure (PDB:5knj),
(B) secondary structure and amino acid sequence alignment of the catalytic motif of protein kinase A
and the MLKL pseudokinase domain. (*) Residues known to mediate catalysis.

The VAIK motif is located in the β3 strand of the N-lobe, which positions the catalytic lysine to
coordinate the α and β phosphates of ATP. The HRD-XX-X motif is required for catalysis. This motif is
mapped onto the catalytic loop. The aspartate residue in this motif serves as the catalytic base during
ATP hydrolysis, and its substitution results in a catalytically inactive kinase. Several pseudokinases
carry HRD mutations or are missing this motif entirely, including HER3, integrin-linked protein kinase
(ILK) and Mixed Lineage Kinase Domain-Like (MLKL). Other sequence alterations in pseudokinases
include substitutions in the glycine-rich loop located in the N-lobe. The glycine-rich loop usually
conforms to the consensus sequence GXGXXG in active kinases. The absence of side chains in the
glycine residues allows for close contact of the glycine-rich loop with the adenosine ring of ATP,
which enables nucleotide binding and proper positioning of ATP for catalysis. In pseudokinases, the
glycines are often replaced by larger amino acids, frequently negatively charged, that interfere with
ATP binding.

Conformational changes within the activation loop are sometimes accompanied by the motions
of the N-lobe located DFG motif. In the active conformation, the aspartate points into the active
site and coordinates a Mg2+ ion that interacts with the β-phosphate and γ-phosphate of the ATP
molecule. In the inactive conformational state, the aspartate rotates ~180◦ away from the active site.
Many pseudokinases lack this motif entirely while others carry mutations in their DFG motifs.

Pseudokinases can be classified on the basis of whether or not they can retain the capacity to
interact with nucleotides and/or divalent cations [28,29]. The key structural feature of such classification
is discussed as follows:

(a) pseudokinases do not bind nucleotides or cations. The pseudokinases Trib1 (pdb: 5cek,
5cem, 6dc0), VRK3 (pdb: 2jll), ROR2 (pdb: 3zzw, 4gt4), Pragmin (pdb: 5ve6, 6ewx) and MviN (pdb:
3otv) proteins belong to this group. The crystal structures of these proteins present highly distorted
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nucleotide binding sites that indicate the absence of a well-defined catalytic pocket. Nevertheless,
the pseudo-active site could potentially be able to accommodate non-conventional ligands [30].
In the human, three Tribbles (TRIB) homologs have been identified: Trib1, Trib2 and Trib3 [31–33].
These pseudokinases play important functions in lipoprotein metabolism, immune response and cellular
differentiation and proliferation and are organised as an N-terminal PEST region, a pseudokinase
domain with an atypical DFG metal-binding motif and a C-terminal binding region.

(b) Pseudokinases bind nucleotides in the absence of cations. This group includes the
pseudokinases Stradα (pdb: 2wtk, 3gni), MLKL (pdb: 4btf, 4m67, 4m68, 4m69, 4mwi, 5knj, 5ko1),
FAM20A (pdb: 5wrr, 5wrs, 5yh2, 5yh3), CASK (pdb: 3c0g, 3c0H, 3c0I, 3mrf, 3mfs, 3tac), Ulk4 and
Trib2/3 [34–36]. With the exception of FAM20A, this class of pseudokinases lacks the aspartate residue
found in the DFG motifs of active kinases (Figure 2). For example, the X-ray crystal structure of
the human MLKL pseudokinase reported by Murphy and co-workers (Figure 3D) was revealed as
monomeric protein that lacks two of the three catalytic residues [36]. Nevertheless, native MLKL is
able to bind ATP, ADP, GTP, and AMP-PNP in vitro in the absence of divalent ions with an affinity
for ATP. The addition of divalent ions drastically decreases the affinity for nucleotide substrates [36].
Furthermore, MLKL illustrates the versatility of a pseudokinase domain, which acts as a molecular
switch, as a suppressor of the 4HB executioner domain [37], and as a protein interaction domain to
recruit downstream effectors, such as the Cdc37-Hsp90 [38].

 

Figure 3. Comparison of the 3D structure of (A) Cdk2 kinase (PDB ID 1QMZ); and representatives
pseudokinases (B) Stradα, (PDB ID 2WTK); (C) Trib1 (PDB ID 5CEM); and (D) MLKL (PDB ID 4BTF).
In the human, BubR1 seems to function as a pseudokinase. However, the recently reported crystal
structure of BubR1 from the fruit fly (Panel E, PDB ID 6JKM) revealed a bona fide protein kinase domain.
In each structure, highlighted in colour is the N-terminal lobe (salmon); the alpha-helix (purple) and
the activation loop (marine). In the Cdk2 (A) and BubR1 (E) structures, magnesium ions are shown in
sphere representation.
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In the noncatalytic pseudokinase Stradα, also known as Liver Kinase B1 (LKB1), the pseudo-active
site lacks the three catalytic residues (K residue in the VAIK motif, D residue in the HRD motif
and a D residue in the DFG motif). Nevertheless, Stradα still binds ATP in an orientation similar
to that observed in bona fide protein kinases such as Cdk2 (Figure 3A), including the coordination
of the nucleotide by a lysine/tyrosine amino acid residue [34] (Figure 3B). In stark contrast, other
pseudokinases such as vaccinia-related kinase 3 (VRK3) appear to have lost the ability to bind ATP [30].

(c) pseudokinases bind cations but not nucleotides. Only the proteins ROP2 (pdb: 2w1z, 3dzo)
and PEAK1 (pdb: 6bhc) have been described to bind divalent cations but not nucleotides [39,40].
The crystal structures of both proteins revealed a highly occluded binding site with the DFG and
YRDLKPEN motifs clearly visible and the cation binding residues are located in a region of low
structural complexity.

(d) pseudokinases bind nucleotides and cations. This group includes the proteins ADCK3 (pdb:
4ped); BSK8 (pdb:4l92, 4l93, 4l94); HER3 (pdb:3kex, 3lmg, 4otw, 4riw, 4rix, 4riy); HSER, ILK (pdb:
3kmu, 3kmw, 3rep, 6mib); IRAK2, KSR1, KSR2 (pdb: 2y4l, 5kkr); PAN3 (pdb: 4bwk, 4bwx, 4bwp,
4cyl, 4cyj, 4czy, 4xr7); RNase L (pdb: 4oav, 4oau, 4o1p, 4o1o); ROP5B (pdb: 3q5z, 3q60, 4lv5); STKLD1,
Tyk2jh2 (pdb: 3zon, 4oli, 4wov, 5tkd); and Jak1-2 (pdb: 4l00, 4l01, 4fvp, 4fvq, 4fvr, 5l4n, 5usz, 5uto,
and 5ut1-6). Most of these proteins have an intact DFG motif and present kinase activity slightly lower
than that of active kinases.

The pseudokinase HER3, a member of the epidermal EGFR family of receptor tyrosine kinases,
lacks the canonical catalytic Asp residue although its able to bind tightly to ATP. Ligand-induced
heterodimerisation of HER3 with EGFR and HER2 modulates activation of the PI3K/AKT signalling
pathway [41,42].

The JAK kinases family (JAK1, JAK2, Jak3 and TYK2) contains a FERM domain, a SH2-like domain
and a pseudokinase (JH2) domain adjacent to a C-terminal tyrosine-kinase domain (JH1) (Figure 4) [43].
JAK2 is able to autophosphorylate the residues Ser523 and Tyr570 [44] and residue substitutions in the
nucleotide binding site prevent autophosphorylation of both residues.

 

Figure 4. Domain organisation of JAKs pseudokinases.

In addition to JAK2, the JAK family of nonreceptor tyrosine kinases consists of JAK1, JAK3 and
TYK2 [45], which share seven regions of sequence termed Janus homology (JH) domains. JH1 consists
of a conventional tyrosine kinase domain that becomes activated upon stimulation of type I/II cytokine
receptors, and mediates a variety of biological processes including hematopoiesis and immune response
regulation [46]. The JH2 domain lacks the catalytic Asp residue of the HRD motif but still appears to
regulate Jak2 signalling through ATP binding and/or weak catalytic activity [44]. The tyrosine kinase
domain of all JAKs is suppressed on co-expression with the pseudokinase domain, either independently
or in tandem. Mutations causing activation of the tyrosine kinase domain occur in haematological
malignancies [47], whereas loss-of-function mutations have been identified in immune deficiencies [48].
Despite these advances, the precise molecular mechanism by which the JAK pseudokinase domains
suppress the activity of the tyrosine kinase domain remains to be established. In addition to Janus
kinases, one pseudokinase that regulates other classes of enzymes is vaccinia-related kinase 3 (VRK3),
which is known to allosterically regulate the Erk phosphatase DUSP3/VHR [49].

The pseudokinases KSR1 (RAS1) and KSR2 (RAS2) act as scaffolding proteins that organise the
assembly of a Raf–MEK–ERK complex, which drives oncogenesis [50–52]. KSR1 and 2 are also important
regulators of central metabolic pathways and the immune system [53,54]. KSR2 disease-associated
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mutations disrupt KSR2-mediated signalling via the Raf–MEK–ERK pathway and have been implicated
in obesity, insulin resistance and impaired cellular fuel oxidation [55]. While IRAK1 and IRAK4 are
bona fide protein kinases, IRAK2 and IRAK3 are classified as pseudokinases. IRAK2 is a positive
regulator of NF-κB pro-inflammatory signalling by promoting TRAF6 polyubiquitylation [56,57] and
mutations within the pseudokinase domain can either enhance or suppress the magnitude of this
signalling response. IRAK3 binds to and antagonises other IRAK family members, acting as a switch
to initiate suppression of the inflammatory response implicating NF-κB signalling [56,58,59].

3. Mechanism of Action

The catalytic mechanism of bona fide protein kinases is highly conserved across the tree of life
and involves the following steps: (a) nucleotide binding to the active site of the protein, (b) the transfer
of the γ-phosphate of the nucleotide to a hydroxyl group of the Ser, Thr, or Tyr residues of the protein
and (d) the release of ADP from the active site of the phosphorylated protein (Figure 5).

Figure 5. General catalytic mechanism of catalytically active protein kinases. The relative position of
the conserved motifs VAIK, YRDLKPEN and DFG is indicated.

In contrast, pseudokinases can employ different modes of action: (a) modulating the activity of
kinases by serving as dimerisation partners, thereby inhibiting or accelerating kinase activity perhaps
through an allosteric transition, (b) competition for substrates of protein kinases, (c) spatial anchor to
trap a substrate into particular subcellular location and (d) as a signalling hub that mediates interactions
with components of different signalling pathways, or with multiple components of a linear signalling
cascade [11] (Figure 6).
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Figure 6. Modes of action of pseudokinases; (a) dimerisation (b) competitor (c) anchor and
(d) signal integrator.

4. Pseudokinases and Subcellular Localisation

4.1. Transmembrane Pseudokinases

Nearly 25% of the pseudokinases reported to date contain a functional transmembrane domain.
Of these, the homodimeric receptor guanylyl cyclases (RGCs) constitute the largest subgroup, in which
the pseudokinase domain occupies the cytoplasmic segment located between the transmembrane
domain and a functional guanylyl cyclase domain [60]. The pseudokinase domains associate with
each other following ligand binding, which in turn activate the guanylyl cyclase domains probably
through an allosteric mechanism [61].

4.2. Nuclear Pseudokinases

The pseudokinase nuclear receptor-binding protein 1 (NRBP1) functions as adaptor and contains
a putative Src homology 2 and nuclear receptor-binding domains, as well as sequences that drive
protein nuclear import and export [62]. Also in the nucleus resides the Tribbles pseudokinase (TRIB)
protein family, whose functions have been described in Section 2. At least in mitosis, the pseudokinase
Budding uninhibited by benzimidazoles related 1 (BubR1), functions as a pseudokinase that plays
important roles in chromosome segregation but also has been reported to play important functions in
DNA repair, ciliogenesis and neuron differentiation [63]. BubR1 together with Budding uninhibited
by benzimidazoles 3 (Bub3), Mitotic arrest deficient 2 (Mad2) and Cdc20 assemble to form the
Mitotic Checkpoint Complex (MCC), an assembly that regulates the E3 ubiquitin ligase activity of
the Anaphase Promoting Complex/Cyclosome (APC/C) [64,65]. BubR1 also functions as a mechano
sensor between kinetochores and microtubules [66,67]. Five main regions can be identified in the
BubR1 polypeptide chain: (i) two units of the KEN box motif located in the N-terminal region, and one
putative destruction box (D-box) motif located in the C-terminal region; (ii) a N-terminal fragment that
is organised as a triple-tandem arrangement of the tetratricopeptide repeat (TPR) motif that contributes
to the kinetochore localisation of BubR1; (iii) an intermediate, non-conserved region of low structural
complexity that is required for the binding to Bub3; (iv) a region harbouring a Cdc20 binding site;
and (v) a C-terminal region that contains a serine/threonine kinase domain.

In the human, BubR1 has been reported to function as a pseudokinase [68]. However, at least in
the fruit fly the BubR1 kinase domain is catalytically active and phosphorylates the kinetochore protein
CENP-E [69]. The phosphorylation of this protein by BubR1 is required for spindle microtubules
transition from lateral association to end-on capture. The fact that BubR1 seems to act as a pseudokinase
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in some species and as a catalytically proficient enzyme in others exemplifies the current challenges in
the identification and characterisation of pseudokinases. Other important nuclear pseudokinases are
the transformation/transcription domain-associated protein (TRRAP), which functions as a scaffold
platform for the assembly of the histone acetyltransferase complex [70–74] and Trib1, which induces
nuclear retention of COP1, a highly conserved ubiquitin ligase that regulates diverse cellular processes
in plants and metazoans [75].

4.3. Cytoplasmic Pseudokinases

Other pseudokinases are involved in intracellular signalling hubs predominantly in the cytoplasm
such as Titin (TTN), a protein firstly characterised as a member of muscle fibre sarcomeres.
The N-terminal kinase-like domain of TTN interacts with the zinc finger protein Nbr1, and mutations
within the pseudokinase domain that interrupt this interaction are linked to hereditary muscle
disease [76]. The TTN pseudokinase domain also recruits the E3 ligases Murf1 and Murf2 [77], and is
also proposed to act as a mechanosensor, similar to BubR1 [78]. Another cytoplasmic pseudokinase of
particular interest is SCY1-like (SCYLs), which has been implicated in the regulation of intracellular
trafficking [79].

5. Pseudokinases and Disease

The use of the bioinformatics resource ProKino (Protein Kinase Ontology Browser) [80] allowed
us to map 55 of the human pseudokinases to genes from the open targets project revealing the
most enriched disease association to be neurodegenerative disease (p-value = 2e − 9). The most
strongly associated gene with this was TBCK. Given the tractability of pseudokinases as drug targets,
TBCK appears to be a good drug target that, to the best of our knowledge, remains to be actively
pursued. Further, bioinformatics analysis of the 55 human pseudokinases mentioned above indicates
that the pathway with the most PKs in the open targets resource is that mediated by Interleukins
(p-value = 0.000078).

Although many pseudokinases show a concentration of mutations in the C-terminal subdomain
such as Trib1 (Figure 7), other kinases have enrichments at positions other than the kinase domain.
One dramatic case is WNK Lysine Deficient Protein Kinase 2 (WNK2) with 38 mutations mapped onto
position 1838. The WNK family of Ser/Thr pseudokinases comprises the proteins WNK1 to WNK4 [81]
and lacks the conserved β3 lysine assumed to be indispensable for nucleotide binding and stabilisation
of the active kinase conformation [82]. Despite this, WNK can regulate diverse intracellular substrates
in a phosphorylation-dependent fashion in a process that involves a novel mechanism of catalysis.
Namely, the terminal residue in the glycine-rich loop (often a Gly in kinases) is conserved as a Lys
residue in WNKs and this residue provides the compensatory charge that is required for productive
ATP binding [81]. Neuronal WNK isoforms are associated with hereditary neuropathy and glioma [82].
WNKs are also associated with the control of blood pressure through regulation of SPAK [83,84].
In brief, examples of pseudokinase mutations that lead to impairment of function can be mapped onto
the kinase and other adjacent domains and across higher organisms. In the human, such mutations
occur in genes encoding for proteins with important roles in metabolic and cell signalling pathways
and are associated with metabolic, neurological, autoimmune, and cell proliferation disorders.
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Figure 7. Trib1 is an example of a pseudokinase that contains subregions recurrently mutated. Analysis
based on the cosmic 3D Mutation bioinformatics resource.

6. Pseudokinases Protein–Protein Interaction Analysis

Interaction analyses indicate that pseudokinases have great potential for drug innovations. Taking
the full network from IntAct EBI in the spoke model, it can be seen that pseudokinases form one main
connected component. Classifying genes strongly implicated in cancer and other diseases facilitated
the identification of a large number of links between pseudokinases and their interacting partners
(show as orange links in Figure 8). In the network, colours of nodes represent pseudokinases from
the same family except for the red nodes, which indicates proteins that link two or more different
pseudokinases. Colouring the nodes in this way reveals that some pseudokinases from the same
family share common interaction partners. This interactor sharing is particularly the case for the TK
family members where both TYK2 and JAK1 and ERBB3 and PTK7 share a large number of interactors,
suggesting co-regulation between these pseudokinases. It is possible to zoom in on the network and to
select only those interactions where both genes are disease-associated and either already confirmed as
druggable or with strong potential for druggability as designated by the HPA (Human Protein Atlas,
31 July 2019). Gold edges are indicative of potential for druggable interaction therapeutic intervention
because one or both of the partners is a known disease gene.
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Figure 8. Above, the human pseudokinase interactome. The colours represent family classes. Protein
kinase linking nodes are shown in red whereas diamonds indicate HPA genes that are strongly
implicated in cancer. Gold edges indicate a potentially therapeutic interaction to target where one
of the genes is a cancer or disease gene. Below, a highly druggable sub-network where all nodes are
disease-associated genes and have an FDA (Food and Drug Administration) drug or a high potential
for druggability as defined by the Human Protein Atlas (HPA) datasets.
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To understand better which regions of the pseudokinases were responsible for physical interactions,
we extracted interaction features from Intact restricted to feature lengths ≤20. Results in 9 of the
17 pseudokinases showed interaction features that overlap with the kinase domain in its interactors,
indicating that interactions through the kinase domain are often important. Conversely, non-PK
regions look equally important because only 4 of the 17 kinases always interacted through the
pseudokinase domain.

Pseudokinases with residual or total lack of catalytic activity can still carry out important roles in
cell signalling involving pseudo-active sites, allosteric transitions driven by nucleotide binding, and/or
direct modulation of binding surfaces topology. Because some promiscuous inhibitors that target
the ATP-binding site of bona fide protein kinases can bind the equivalent site in pseudokinases [36],
the features of the kinase inhibitors can inform the development of new small size drugs to target
pseudokinases. The computational protein–protein interaction analyses described in this contribution
together with recent approaches in drug discovery, such as the targeting of specific protein–protein
interfaces with small size compounds [85–87], further support the view that pseudokinases offer great
potential for drug innovations.

7. Pseudokinases as Drug Targets

Because the vast repertoires of functions exerted by pseudokinases represent a new window
to develop innovative strategies for therapeutic intervention to treat human diseases that constitute
important yet unmet clinical needs [13–15,88–90], we mapped pseudokinases to opentargets to visualise
their ability to be targeted by small size drugs or antibodies. We carried out an analysis of their
druggability in open targets, which showed that a number of pseudokinases can be potential targets of
different drug molecule types (e.g., antibody/small molecule) with the Janus kinases representing the
most actively pursued targets (Table 1). Our bioinformatics analyses (Figure 9) strongly suggest that
pseudokinases have great potential for drug development and revealed that the top diseases targeted
are rheumatoid arthritis (five drugs) followed by neoplasm (four drugs). These findings are in good
agreement with recent reports by others, which showed that the unique conformations of Tribbles
pseudokinases make these proteins good drug targets to treat human acute megakaryocytic leukemia
caused by a gain-of-function mutation [91]; that inhibitors of WNK such as WNK463 have potential
use in the clinic as antihypertensive drugs [92]; and that a new generation of TYK2 pseudokinase
ligands currently in clinical trials may be effective for the treatment of autoimmune diseases [93,94].
An exciting new development in drug discovery is the use of artificial intelligence (AI) to speed up
the process and reduce costs by facilitating the rapid identification of drug-like compounds. A recent
example of the promise of AI to accelerate the development of new drugs is the identification of
potent inhibitors of the Discoidin domain receptor 1 (DDR1) tyrosine kinase using machine learning
techniques [95]. It can be anticipated that a similar approach will be used to identify pseudokinase
inhibitors, including drugs that interfere with specific protein–protein interactions.

Table 1. Existing status for pseudokinases in clinical trials as reported in the open targets database.

Target Max Phase Molecula Type Drugs

JAK2 Phase III Small molecule 5
ERBB3 Phase II Antibody 4
JAK3 Phase II Small molecule 4
JAK1 Phase II Small molecule 3
JAK2 Phase I Small molecule 3
JAK1 Phase III Small molecule 3
JAK2 Phase II Small molecule 3
JAK2 Phase IV Small molecule 2
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Table 1. Cont.

Target Max Phase Molecula Type Drugs

ERBB3 Phase IV Small molecule 2
GUCY2C Phase IV protein 2

ERBB3 Phase I Antibody 2
EPHB6 Phase IV Small molecule 1
JAK1 Phase IV Small molecule 1

ERBB3 Phase III Small molecule 1
ERBB3 Phase III Antibody 1
ERBB3 Phase II Small molecule 1
NPR1 Phase IV protein 1

 

Figure 9. Pseudokinases mapped to opentargets tractability for both small size drug compounds
and antibodies.

8. Conclusions

Pseudokinases are a subset of the protein kinase superfamily that present inactivating mutations
in critical catalytic motifs but signal primarily through noncatalytic mechanisms. Systematic analysis of
the human genome has revealed that circa one-tenth of all protein kinases correspond to pseudokinases.
These proteins play central roles in the cell and the loss of their regulation can lead to a variety of
diseases. Our succinct analysis of the pseudokinase interactome revealed that TYK2, JAK1, ERBB3,
and PTK7 pseudokinases share a large number of interactors, suggesting that they are subjected
to co-regulation. Several clinically approved kinase inhibitors have been shown to influence the
noncatalytic functions of active kinases, providing expectation that similar properties in pseudokinases
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could be pharmacologically regulated. Recent advances in drug discovery assisted by the use of
artificial intelligence approaches may pave the way for the rapid identification of potent pseudokinase
inhibitors. Taken these advances together, it can be anticipated that in the coming years pseudokinases
are likely to become mainstream drug targets for the treatment of diverse malignancies.
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Abstract: A concurrent bienzymatic cascade for the synthesis of optically pure
(S)-4-methoxymandelonitrile benzoate ((S)-3) starting from 4-anisaldehyde (1) has been developed.
The cascade involves an enantioselective Manihot esculenta hydroxynitrile lyase-catalyzed
hydrocyanation of 1, and the subsequent benzoylation of the resulting cyanohydrin (S)-2 catalyzed by
Candida antarctica lipase A in organic solvent. To accomplish this new direct synthesis of the protected
enantiopure cyanohydrin, both enzymes were immobilized and each biocatalytic step was studied
separately in search for a window of compatibility. In addition, potential cross-interactions between
the two reactions were identified. Optimization of the cascade resulted in 81% conversion of the
aldehyde to the corresponding benzoyl cyanohydrin with 98% enantiomeric excess.

Keywords: Enantioselectivity; enzyme cascade; hydroxynitrile lyase; lipase; hydrocyanation;
transesterification

1. Introduction

In the past decades, the field of biocatalysis has grown exponentially, becoming an industrially
attractive technology for the production of chiral pharmaceutical intermediates and precursors in
the synthesis of fine chemicals [1,2]. Recently, considerable progress has been made in developing
enzymatic cascades for the production of valuable chemical products [3–6]. These are synthetic
processes that combine two or more enzymes in one pot and can be performed in a concurrent
(simultaneous) or sequential mode [7]. The combination of individual reaction steps in a one-pot
process has several advantages in terms of process efficiency and sustainability, since the solvent
consumption and waste generation is generally decreased due to the lower number of work-up steps [5].
Furthermore, the coupling of reactions has the potential to drive equilibria towards the desired products,
hence reducing the required excess of reagents [8]. There are, however, some challenges associated
with the design of enzymatic cascades, mainly due to enzymes often having different optimum
conditions. Furthermore, the presence of side products of certain reactions may lead to enzyme
inhibition, which could be avoided by running the reactions in a sequential mode [9,10].

A current challenge in the field of enzymatic cascades is the coupling of a hydroxynitrile lyase
(HNL)-catalyzed cyanohydrin synthesis with an acylation catalyzed by a lipase. The immediate
acylation of the formed cyanohydrin could prevent the back reaction from taking place and yield a
chemically more stable product. In addition, if a lipase with appropriate enantioselectivity is chosen,
the enantiopurity of the final product can be enhanced.

However, the one-pot combination of the two enzymes is not trivial, for they have very
different requirements. It is well known that water acts as a competing nucleophile in lipase-catalyzed
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transesterification reactions [11], whereas HNLs require relatively high water content when working
in organic solvents [12–14]. Due to these different water content requirements, the cascade synthesis of
acylated cyanohydrins catalyzed by an HNL and a lipase is a challenging task. Hanefeld et al. attempted to
couple the hydrocyanation of benzaldehyde with the acetylation of the formed mandelonitrile, in order to
shift the equilibrium of the first reaction. The reactions were catalyzed by Hevea brasiliensis hydroxynitrile
lyase (HbHNL) and Candida antarctica lipase B (CALB), respectively. However, they encountered problems
due to hydrolysis of the acyl donor and subsequent deactivation of the HbHNL [10]. As an alternative to the
bienzymatic synthesis of acylated cyanohydrins, researchers have studied kinetic resolution of acylated
cyanohydrins and dynamic kinetic resolution approaches combining an unselective hydrocyanation
with an enantioselective transesterification [15–20]. Nevertheless, it has been shown that under certain
conditions HNLs can work at low water content [21], opening the possibility for combining the two
mentioned enantioselective enzymatic steps.

In the present study, we have selected the hydrocyanation of 4-anisaldehyde (1) combined with the
benzoylation of the formed cyanohydrin (2) to yield 4-methoxymandelonitrile benzoate (3) as a model
reaction (Scheme 1). The hydrocyanation of 4-anisaldehyde requires a particularly high excess of HCN
to drive the equilibrium towards the cyanohydrin, compared to other benzaldehydes [22–24], which is
attributed to the positive mesomeric effect of the para-methoxy substituent. The direct benzoylation
of the cyanohydrin was envisioned as a possible solution to avoid isolating this instable product.
The obtained cascade product 3 is interesting, as it can be transformed in a single hydrogenation step
into (S)-tembamide [25], a naturally occurring N-(β-hydroxy) amide for which antiviral (HIV) and
hypoglycemic activity have been reported [26,27].

Scheme 1. Proposed cascade synthesis of (S)-4-methoxymandelonitrile benzoate.

Herein, Manihot esculenta hydroxynitrile lyase (MeHNL)—an S-selective enzyme [28] that can
catalyze the hydrocyanation of 4-anisaldehyde—was studied. For the benzoylation of the resulting
cyanohydrin, Candida antarctica lipase A (CALA) was chosen, which is known to accept bulky substrates
and displayed preference for (S)-4-methoxymandelonitrile benzoate in a prior hydrolase screening
(see supporting information Table S1 and Figure S1). Moreover, CALA is a robust industrial enzyme,
and was shown to exhibit acyltransferase activity even in aqueous media [29], which we deemed an
attractive feature in our envisioned cascade.

2. Results and Discussion

A crucial step in the development of the intended cascade was the identification of a suitable
benzoyl donor that would facilitate the CALA-catalyzed transesterification. Several donors were
screened in the CALA-catalyzed benzoylation of 4-methoxymandelonitrile (see Figure S2). Of the
screened esters, phenyl benzoate afforded the highest reaction rate.

For a successful combination of MeHNL and CALA in the cascade synthesis of
(S)-4-methoxymandelonitrile benzoate, the enzymatic hydrocyanation and transesterification reactions
were subjected to a systematic study of the relevant reaction variables. The effects of temperature
and water activity on both reactions were evaluated and a suitable carrier was selected for the
immobilization of each enzyme. In a preliminary solvent screening, isopropyl ether was selected
as reaction solvent due to its compatibility with both enzymes and the relatively high solubility of
the substrates.
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2.1. Influence of Reaction Temperature

In general, temperature affects enzymatic stability and has a great effect on the reaction rate
of enzyme-catalyzed reactions and their enantioselectivity. The influence of temperature on the
enantioselectivity of enzymatic reactions can be explained by a simple theoretical model [30]. Depending
on whether the reaction takes place below or above the so-called racemic temperature, a decrease in
temperature will increase or decrease the enantioselectivity, respectively.

According to literature, MeHNL shows optimal hydrocyanation activity at ~40 ◦C [31]. A reduction
in reaction temperature below 40 ◦C would decrease enzymatic activity, but is expected to slightly
increase its enantioselectivity, since MeHNL displays an elevated racemic temperature of 580 ◦C in the
hydrocyanation of phenylpropionaldehyde in dibutylether [14]. Furthermore, decreasing the reaction
temperature should reduce the rate of the nonenzymatic hydrocyanation of 4-anisaldehyde to a higher
extent than the enzymatic reaction, which would also contribute to increase the enantiomeric excess
(e.e.) of the cyanohydrin [32–34]. Finally, the reaction must be performed at a rather low temperature,
since the boiling point of HCN is 25.6 ◦C [35]. Based on this information, hydrocyanation reactions
were performed at 5, 10, and 20 ◦C.

Within the studied temperature range, the hydrocyanation rate increased moderately with the
reaction temperature (see Figure 1). On the other hand, the enantioselectivity of the enzymatic
reaction slightly increased at lower temperatures, as expected. These results suggest that the optimal
reaction temperature, which would afford excellent enantioselectivity with a satisfactory reaction rate,
would be 10 ◦C.

Figure 1. Effect of reaction temperature on the MeHNL-catalyzed hydrocyanation of 100 mM 4-anisaldehyde
in a biphasic system using 6.5 equivalents of HCN. Negative control (NC) shows the rate of the
unselective background reaction.

In the case of CALA, based on the data from kinetic resolution studies, the lipase was expected to
show increased enantioselectivity with lower temperatures [36,37]. However, immobilized CALA has
been reported to display a temperature optimum of 90 ◦C [38], thus the conversion will be limited by
low reaction rates at low temperatures.

The effect of reaction temperature on the CALA-catalyzed benzoylation of racemic
4-methoxymandelonitrile was studied in isopropyl ether without added water in the range of 5
to 25 ◦C. The results showed that, when reducing the temperature, the enantioselectivity of CALA
was slightly enhanced (E value of 7 at 5 and 10 ◦C and 6 at 25 ◦C), although this was at the expense
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of a pronounced reduction of reaction rate, as shown in Figure 2. Within the studied temperature
range, the CALA-catalyzed benzoylation of 4-methoxymandelonitrile can be achieved in relatively
high yields with optimal performance at 25 ◦C. Although CALA shows preference for conversion of the
(S)-enantiomer, it is not selective enough to afford an enantiopure product. However, when preceded
by an enantioselective hydrocyanation, the transesterification reaction can enhance the enantiopurity
of the final product. Therefore, the observed minor effect of reaction temperature on the enantiomeric
ratio can be neglected.

Figure 2. Effect of temperature on CALA-catalyzed benzoylation of 65 mM (±)-4-methoxymandelonitrile
using 200 mM phenyl benzoate.

2.2. Selection of Enzyme Carriers

In our designed cascade, we envisioned a low-water organic solvent system for which the
immobilization of both enzymes would be required. In organic solvents, free lipases generally express
low catalytic activity and they tend to form aggregates which can lead to mass transfer limitations [39].
Adsorption is believed to enhance the catalytic activity of lipases due to hydrophobic interactions
between the support and part of the enzyme yielding the active enzyme conformation by opening
the lid [40]. Similarly, immobilization of hydroxynitrile lyases can improve their activity and stability
towards organic solvents [41], and may lead to higher enantioselectivity [42]. In this study, CALA was
adsorbed on Relizyme EXE309, a macroporous bead based on a methyl methacrylate/styrene copolymer
that was recommended by the manufacturer for effective lipase adsorption. For MeHNL, adsorption on
Celite R-633 was identified as the best immobilization method (see supporting information Table S2).

2.3. Influence of Water Activity

When working with enzymes in organic solvents, their activity is greatly affected by the water
content in the reaction medium. This variable is best quantified in terms of thermodynamic water
activity (aw), which is equal in all phases in equilibrium [43]. Water is believed to act as a molecular
lubricant, increasing the conformational flexibility of enzymes and, thus, their catalytic activity [44].
The water content also affects enzyme selectivity in a complex way, which involves interactions with
the reaction medium and the substrates [14].

In the case of HNLs it has been shown that when working at low water activities, the enzymes
are insufficiently hydrated, resulting in activity and selectivity loss [12–14]. Lipases, on the other
hand, can generally withstand lower water content [45], and some studies have shown that aw does
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not significantly influence the enantioselectivity of lipases [14,45–47]. Furthermore, water competes
with the substrate alcohol (in this case, cyanohydrin) for the nucleophilic attack of the acyl-enzyme
intermediate, leading to ester hydrolysis [48].

A prerequisite for the combination of both enzymes in a concurrent mode is to find a
suitable aw range that allows for sufficient MeHNL activity and high selectivity, while minimizing
ester hydrolysis catalyzed by CALA. In order to evaluate the aw effect on both enzymatic
reactions, a salt hydrate system that could cover a wide range of aw values was selected:
Na2HPO4/Na2HPO4·2H2O/Na2HPO4·7H2O/Na2HPO4·12H2O. These salt pairs afford water activity
values of 0.15, 0.57 and 0.74, respectively, at 20 ◦C [43]. The hydrocyanation and benzoylation reactions
were studied independently using immobilized MeHNL and CALA and the three salt pairs.

Before evaluating the influence of aw on MeHNL, the effect of the phosphate salt hydrate pairs
on the background hydrocyanation reaction was studied. The chemical hydrocyanation of 100 mM
4-anisaldehyde in isopropyl ether was performed using 6.5 equivalents of HCN and 0.5 mmol salt
pair per mL of reaction. This revealed that the Na2HPO4/Na2HPO4·2H2O pair could convert 32% of
the aldehyde in 24 h, whereas the other two salt pairs afforded a much lower chemical background
reaction rate with only 4% conversion after 24 h. The negative control, where no salt was added,
showed 1% conversion.

The effect of the three water activity values provided by the phosphate salts on the
MeHNL-catalyzed hydrocyanation of 4-anisaldehyde was then evaluated (see Figure 3). Results
at aw = 0.15 are difficult to interpret due to the above-mentioned catalytic effect of the salt. It seems,
however, that the enzyme is hardly active at this low water activity. Comparison of the results at the
two highest water activity values, where the background reaction is similarly low, shows that the
activity and selectivity of MeHNL increased with increasing aw. Hence, to ensure a high e.e. of the
resulting cyanohydrin, it is necessary to work at a high aw for the combination of MeHNL and CALA.

Figure 3. Effect of water activity on the MeHNL-catalyzed hydrocyanation of 90 mM 4-anisaldehyde
using 6.5 equivalents of HCN. Conversion and enantiomeric excess (e.e.) values taken after 23 h
of reaction.

In the case of CALA, at aw = 0.57 and below, no significant difference in the enantioselectivity
of the enzyme (E = 5) or in the selectivity for transesterification over hydrolysis was observed (see
Figure 4). When working at aw = 0.74, however, the hydrolysis rate increased significantly at the
expense of the transesterification reaction. Although the enantioselectivity also increased under these
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conditions (E = 9), it is not a sufficient improvement to compensate for the increased hydrolysis rate.
Considering the observed effects of water activity on MeHNL and CALA, we concluded that it should
be possible to combine both enzymatic reactions at aw = 0.57.

Figure 4. Effect of the different phosphate hydrate pairs on the CALA-catalyzed benzoylation of 66
mM (±)-4-methoxymandelonitrile using 200 mM vinyl benzoate after 22 h of reaction.

2.4. Cross Interactions

When performing reactions in one-pot, the reagents, products, or byproducts of one reaction may
affect the other reactions. Thus, for an optimized cascade, the effect of hydrocyanation reagents on
the CALA-catalyzed transesterification reaction as well as the influence of the benzoyl donor and
the transesterification byproduct on the MeHNL-catalyzed hydrocyanation reaction was evaluated.
Further, the influence of the side product benzoic acid on both transesterification and hydrocyanation
reactions was studied.

The influence of 4-anisaldehyde and HCN on the reaction rate and selectivity of the
CALA-catalyzed benzoylation of 4-methoxymandelonitrile was evaluated. As shown in Figure 5A,
both 4-anisaldehyde and HCN exert a moderate negative effect on the benzoylation rate. Moreover,
both compounds reduce the selectivity of CALA towards transesterification (see Figure 5B). Regarding
the enantioselectivity of the benzoylation reaction, it was not significantly affected by the presence of
either of the hydrocyanation substrates, with the E values varying between 5 and 6. Similarly, the effect
of benzoic acid on CALA was studied in a benzoylation reaction of 70 mM (±)-4-methoxymandelonitirile
containing one equivalent of benzoic acid. The reaction rate was 20% slower than that of the control.

The influence of phenyl benzoate and its leaving group, phenol, on the MeHNL-catalyzed
hydrocyanation of 4-methoxymandelonitrile was studied. Addition of either three equivalents of
phenyl benzoate or phenol to the hydrocyanation reaction afforded (S)-4-methoxymandelonitrile with
the same yield and enantiopurity as the control reaction (data not shown). To evaluate the effect of the
side product benzoic acid on the hydrocyanation reaction, an experiment was performed with addition
of different amounts of the acid to the reaction mixture. As shown in Figure 6, benzoic acid exerts
a strong negative effect on the hydrocyanation rate of MeHNL. Thus, in order to achieve a cascade
synthesis of 3 with high yield and selectivity, the CALA-catalyzed hydrolysis of phenyl benzoate and 3

should be minimized as much as possible. This observation is not surprising, since benzoic acid has
previously been reported as a competitive inhibitor for other hydroxynitrile lyases [49–51]. Based on
these results, the observed negative effect of benzoic acid on CALA is minor when compared to its
effect on MeHNL.
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Figure 5. Effect of 60 mM 4-anisaldehyde and 209 mM HCN on the transesterification and hydrolysis
rate of CALA (A) as well as its selectivity towards transesterification over hydrolysis (B) using 65 mM
(±)-4-methoxymandelonitrile and 200 mM phenyl benzoate.

Figure 6. Effect of 25 mM, 50 mM, or 100 mM benzoic acid on MeHNL-catalyzed hydrocyanation
of 100 mM 4-anisaldehyde using 6.5 equivalents of HCN. With exception of the positive control,
the enantiomeric excess values overlap at low reaction times.

2.5. Cascade Synthesis of (S)-4-Methoxymandelonitrile Benzoate

For the first cascade synthesis test (see Table 1, entry 1), the used reaction conditions in
terms of enzyme amount, temperature, water buffering salts and the time point of CALA addition
were selected based on the results obtained before. The reaction temperature was set at 10 ◦C,
Na2HPO4·2H2O/Na2HPO4·7H2O was added to set the water activity to aw = 0.57, and the lipase was
added after 16 h of hydrocyanation reaction with the idea to minimize the exposure of MeHNL to
benzoic acid. In this first reaction, a low reaction rate of the overall process was observed, resulting
in only 10.5% conversion to the corresponding ester with a fair e.e. of 89% after 47 h reaction time.
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The results, however, showed that both enzymes were simultaneously active after adding the lipase to
the reaction mixture, since the 4-anisaldehyde was further converted and (S)-4-methoxymandelonitrile
benzoate was also formed. The same process was repeated at 25 ◦C (Table 1, entry 2) resulting in a
significantly improved reaction rate, while maintaining the enantiomeric excess of the ester. Based on
these observations, all further reactions were performed at room temperature (20 ◦C).

For comparison, in experiment 3 (Table 1, entry 3) a concurrent approach, where both enzymes
were added from the beginning, was tested. Due to the inhibitory effect of 4-anisaldehyde and
HCN on the acyltransferase activity of CALA, a higher amount of lipase was added. This approach
significantly improved the enantiopurity of the final ester (97% e.e.), while maintaining a good
reaction rate. After 30.5 h of reaction, 10 mM cyanohydrin was still present in the reaction mixture.
This suggested that the transesterification rate was not too high in comparison to the MeHNL-catalyzed
hydrocyanation. Therefore, it was decided to maintain the CALA/MeHNL ratio for further reactions.
Strikingly, the results could be further improved by omitting the water buffering salts from the system
(Table 1, entry 4). Elimination of these salts provided overall higher yield and selectivity, which may
be explained by the previously identified negative effect of low water activity on the enzymatic
hydrocyanation reaction. Moreover, comparison of the benzoic acid concentration in experiments 3 and
4 indicated that in the former cascade (including the salts) the hydrolysis reaction was not suppressed
to a higher extent than in the latter (without salts). Thus, the use of the salt hydrate pair did not further
reduce the hydrolysis reaction in the studied system.

Salt-free experiments with varying initial amounts of benzoyl donor (Table 1, entries 4–6) showed
a detrimental effect of higher donor concentrations on the hydrocyanation reaction, while the amount
of hydrolysis side product, benzoic acid, increased substantially. In all cases, however, excellent
enantiopurity of (S)-4-methoxymandelonitrile benzoate (99% e.e.) was maintained throughout the
process. These results prompted us to test gradual addition of phenyl benzoate to the process,
which was found to minimize the hydrolytic side reaction at the expense of some loss in reaction rate
(see Table 1, entry 7), leading to 64% yield of ester 3 (98% e.e.) in 49 h, with 50% less benzoic acid
produced compared to Table 1, entry 5. Finally, we hypothesized that a reduction of the lipase units
could further decrease the amount of formed benzoic acid. Using 0.5 U/ml CALA afforded ester 3 (98%
e.e.) with 81% yield in 122 h, with a total conversion of 4-anisaldehyde of 95% (see Table 1, entry 8 and
Figure S3). The reaction time required for high conversion values could be reduced by approximately
one day when the reaction temperature was increased from 20 to 25 ◦C (see Table 1, entry 10).

Furthermore, we also tested the possibility of decreasing the amount of HCN used in the cascade.
However, when performing the cascade using 5 instead of 6.5 equivalents of HCN (using the same
conditions detailed in Table 1, entry 7), after 122 h only 60 mM (S)-3 was produced with a poor
enantiomeric excess of 87%. Similarly, a decrease in yield and enantiomeric excess of (S)-2 was
observed in the immobilized MeHNL-catalyzed hydrocyanation of 4-anisaldehyde when decreasing
the HCN concentration (see Figure S4).

Overall, our results demonstrate that the concurrent combination of a MeHNL-catalyzed
hydrocyanation with a CALA-catalyzed transesterification is possible after careful investigation
of the individual reactions in search for compatible conditions. However, further optimization is
required to improve the cascade, since 5% residual 4-anisaldehyde could not be converted by MeHNL
(see Table 1, entry 8 and Figure S4A). Presumably, this is due to an observed increase in benzoic acid
concentration as the cascade proceeds. Moreover, roughly 11 mM cyanohydrin 2 remained in the
reaction media, which could not be further converted to 3 by CALA. This indicates a rather low affinity
of the lipase for 4-methoxymandelonitrile, which, at low concentrations, cannot compete with the
water present in the reaction medium for the acyl-enzyme complex. Hence, hydrolysis is the main
reaction taking place in the end, further increasing the amount of benzoic acid.

The use of an engineered CALA with enhanced selectivity towards transesterification reactions
versus hydrolysis could significantly improve the performance of our designed cascade [29].
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3. Materials and Methods

3.1. Enzymes

Hydroxynitrile lyase from Manihot esculenta was heterologously expressed in E. coli K12 Top 10F’
harboring the pSE420-MeHNL plasmid, which was kindly provided by Dr. Kerstin Steiner from the
Austrian Centre of Industrial Biotechnology (ACIB). 2 × YT medium (100 mL, containing 100 μg/mL
ampicillin) was inoculated from a glycerol stock (10 μL) and the culture was incubated overnight at
37 ◦C, 200 rpm. A 5 mL aliquot of this preculture (OD600 = 4.4) was used to inoculate 2 × YT medium
(500 mL, containing 100 μg/mL ampicillin), and the new culture was grown at 37 ◦C, 200 rpm. At an
optical density at 600 nm (OD600) of 0.8, IPTG was added to a final concentration of 0.1 mM and the
culture was further incubated at 18 ◦C, 160 rpm for 48 h. Cells were harvested by centrifugation at
4000 g, 4 ◦C for 10 min, washed with 25 mM sodium acetate buffer, pH 5.8, and centrifuged again
(4000 g, 4 ◦C for 30 min). Cell pellets were resuspended in 25 mM sodium acetate, pH 5.8 (4 mL per
g of wet cells), and 10 mL aliquots were sonicated at 4 ◦C using a Fisher Scientific Model 120 Sonic
Dismembrator at 60% amplitude, 2 s pulse, 5 s pause for 7 min. The resulting crude extract was
centrifuged to remove cell debris (18,500 g, 4 ◦C for 45 min) and the obtained cell free extract was
stored at −20 ◦C. Concentration of cell free extract was performed in an Amicon Ultra Filter Device
with 10 kDa cut-off at 4 ◦C.

Candida antarctica lipase A (Novozym®CALA L, LDN 00025) was purchased from Novozymes.

3.1.1. Enzyme Activity Measurements

The enzymatic activity of free MeHNL was measured following the cleavage of racemic
mandelonitrile into benzaldehyde and HCN, according to a literature procedure [52]. Samples were
prepared by diluting the MeHNL cell free extract in 5 mM phosphate buffer, pH 6.5. The enzymatic
activity of immobilized MeHNL was determined following the hydrocyanation of 4-anisaldehyde
(100 mM) using 6.5 equivalents of HCN in isopropyl ether at 20 ◦C, 800 rpm. A negative control was
performed using the enzyme support instead. Samples were analyzed by chiral HPLC.

The enzymatic activity of CALA was measured according to a modified literature procedure
following the hydrolysis of tributyrin in phosphate buffer at pH 7 [53]. The resulting butyric acid was
titrated with 0.1 M sodium hydroxide, and the consumption of the latter was recorded as a function
of time. The enzymatic activity of immobilized CALA was determined following the hydrolysis of
4-nitrophenyl butyrate (1.67 mM) in acetonitrile/50 mM phosphate pH 7.4 (1/5). A calibration curve
of the product 4-nitrophenol was used to calculate the reaction rate based on the absorbance of the
reaction mixture at 410 nm.

3.1.2. Enzyme Immobilization

General procedure for MeHNL: In a 5 mL glass vial containing a magnetic stirring bar and the
carrier (100 mg), MeHNL-containing cell-free extract (40 μL) was added dropwise while stirring.
The mixture was stirred for 30 min and was then dried at room temperature under high vacuum for
48 h.

Immobilization of CALA: CALA (30 g), Relizyme EXE309 (30 g), and demineralized water (30 mL)
were mixed in a 100 mL bottle. The pH was adjusted to 6 with a solution of 2 M sodium hydroxide
and the mixture was incubated at room temperature in an orbital shaker overnight. After filtering
the solution, the activity of the supernatant was measured and compared to the initial activity of the
enzyme solution before immobilization, giving an immobilization yield of 84%. The immobilized
enzyme was washed several times with demineralized water and dried at room temperature under
high vacuum for 48 h.
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3.1.3. Evaluation of the MeHNL Immobilisates

To 1.5 mL glass vials containing different MeHNL immobilisates (15 mg) and Na2HPO4·2H2O
(30 mg, 0.17 mmol), each a solution of 100 mM 4-anisaldehyde and 650 mM HCN in isopropyl ether
(500 μL) was added. Duplicate reactions per immobilisate were incubated at 20 ◦C in an orbital shaker
at 800 rpm. Samples (20 μL) were analyzed by HPLC.

3.2. Chemicals

Unless otherwise indicated, reagents and organic solvents were purchased from Fisher Scientific,
Sigma-Aldrich, TCI Chemicals and Acros Organics, and were of the highest available purity.

Celite R633 was a gift from Imerys S.A., Relizyme EXE309 was kindly provided by Resindion S.r.l.,
and SYLOID silicas were a gift from Grace Davison, Inc. (±)-4-Methoxymandelonitrile was synthetized
via chemical hydrocyanation of 4-anisaldehyde following a literature procedure [22].

For the preparation of hydrogen cyanide solution, potassium cyanide (26 g, 0.4 mol) was dissolved
in a stirred mixture of distilled water (200 mL) and diisopropyl ether (iPr2O) (100 mL). The solution was
cooled in an ice-water bath and 1.33 M citric acid (100 mL, 0.13 mol, 1 equivalent) was slowly added.
The aqueous layer was extracted twice with 50 mL of iPr2O. The combined organic phases were stored
in a dark bottle containing 1 M citrate buffer pH 5.5 (10 mL). The HCN concentration was determined
by measuring the absorption of the [Ni(CN)4]2− complex ion at 267 nm. HCN solution (20 μL) was
added to 3.5 mM NiSO4·6H2O in 1 M NH3 (4 mL) [54]. After vigorous mixing, the solution was further
diluted 50 times with 1 M NH3 in a cuvette. The absorption was measured and the resulting HCN
concentration was calculated based on a calibration curve.

Synthesis of (±)-4-Methoxymandelonitrile (2)

In a 100 mL round-bottom flask, NaCN (4.4 g, 90 mmol) was dissolved in water (30 mL) and
NaHSO3 (9.4 g, 90 mmol) was slowly added. 4-Anisaldehyde (2.4 g, 18 mmol) was dissolved in
ethyl acetate (20 mL) and added to the reaction mixture. After 1 h of vigorous stirring, the flask was
introduced in an ice-water bath and stirred for another 6 h. The reaction was followed by HPLC until
it reached plateau after 90% conversion. Distilled water (30 mL) was added to dissolve the salts and
the aqueous phase was extracted ethyl acetate (2 × 10 mL). The combined organic phase was washed
with brine, dried over anhydrous MgSO4, and concentrated on a rotary evaporator using a 10 ◦C bath,
whereupon crystallization occurred. The crystals were washed with cold heptane/ethyl acetate (2:1)
and stored at 5 ◦C. HPLC analysis showed that the (±)-4-methoxymandelonitrile crystals contained 3%
4-anisaldehyde impurity.

3.3. Bioconversions

All bioconversions were performed in 1.5 mL glass vials in an orbital shaker at 800 rpm.
Unless otherwise stated, the reaction temperature was set at 20 ◦C.

3.3.1. Benzoyl Donor Screening

To a vial containing immobilized CALA (4.2 mg, 0.46 U), racemic 4-methoxymandelonitrile
(200 mM) in isopropyl ether (250 μL) and benzoyl donor (300 mM) in isopropyl ether (500 μL) was
added. Reactions were performed in duplicate and were incubated at 25 ◦C. Samples (20 μL) were
taken after 4, 20, and 27.5 h and analyzed by HPLC. The enantioselectivity was calculated according to
the method of Chen et al. for conversion values between 5 and 20% [55].

3.3.2. Temperature Effect on MeHNL

4-Anisaldehyde (530 mM) in isopropyl ether (188 μL), HCN (800 mM) in isopropyl ether (812 μL),
citrate buffer pH 5 (500 mM, 125 μL), and MeHNL-containing cell-free extract (33.2 μL, 5 U) were
incubated at 5, 10, and 20 ◦C. Reactions were performed in duplicate and a negative control reaction
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was performed for each temperature value, where no enzyme was added. Samples (20 μL) were taken
from the upper organic phase after 6, 22, and 75 h and analyzed by HPLC.

3.3.3. Temperature Effect on CALA

To a vial containing CALA (2 mg, 0.22 U), (±)-4-methoxymandelonitrile (195 mM) in isopropyl
ether (125 μL) and phenyl benzoate (300 mM) in isopropyl ether (250 μL) was added. The mixture was
incubated at 5, 10, and 25 ◦C. Reactions were performed in duplicate. Samples (20 μL) were taken after
3, 7, 21, and 46 h and analyzed by HPLC.

3.3.4. Effect of Na2HPO4 Salt Hydrates on Chemical Hydrocyanation

To a solution of 4-anisaldehyde (100 mM) and HCN (650 mM) in isopropyl ether (1 mL), anhydrous
Na2HPO4 (70 mg, 0.5 mmol), Na2HPO4·2H2O (85 mg, 0.5 mmol), or Na2HPO4·7H2O (134 mg, 0.5 mmol)
was added. Reactions were performed in duplicate and a control reaction without salt was run in
parallel. The amount of salt added is based on the maximum solubility of water in isopropyl ether
(0.55 wt%) [56] and the water capacity of the Na2HPO4/Na2HPO4·2H2O salt pair (11.2 mmol/g) [57].
Reactions were stopped after 24 h and analyzed by HPLC.

3.3.5. Effect of aw on MeHNL

To a vial containing MeHNL immobilized on Celite R633 (12 mg, 0.36 U), a solution of
4-anisaldehyde (90 mM) and HCN (590 mM) in isopropyl ether (550 μL) was added, together with either
anhydrous Na2HPO4 (35 mg, 0.25 mmol), Na2HPO4·2H2O (42 mg, 0.25 mmol) or Na2HPO4·7H2O
(67 mg, 0.25 mmol). Reactions were performed in duplicate. Samples (20 μL) were taken after 5 and
24 h and analyzed by HPLC.

3.3.6. Effect of aw on CALA

To a vial containing CALA immobilized on Relizyme EXE309 (4 mg, 0.44 U), a solution of
(±)-4-methoxymandelonitrile (100 mM) and vinyl benzoate (300 mM) in isopropyl ether (500 μL)
was added, together with either anhydrous Na2HPO4 (35 mg, 0.25 mmol), Na2HPO4·2H2O (42 mg,
0.25 mmol), or Na2HPO4·7H2O (67 mg, 0.25 mmol). Samples (20 μL) were taken after 6, 22, and 30 h
and analyzed by HPLC.

3.3.7. Effect of Phenol and Phenyl Benzoate on MeHNL

To a solution of 4-anisaldehyde (100 mM) and HCN (600 mM) in isopropyl ether (670 μL), MeHNL
on Celite R633 (8 mg, 0.24 U) and either phenol (18.8 mg, 200 μmol) or phenyl benzoate (39.6 mg,
200 μmol) were added. A control was performed without addition of phenol or phenyl benzoate.
Samples (20 μL) were taken after 17 and 22 h and analyzed by HPLC.

3.3.8. Effect of 4-Anisaldehyde and HCN on CALA

To a solution of (±)-4-methoxymandelonitrile (65 mM) and phenyl benzoate (200 mM) in isopropyl
ether (375 μL), CALA on Relizyme EXE309 (2 mg, 0.22 U) and either 4-anisaldehyde (200 mM) in
isopropyl ether (160 μL) or HCN (700 mM) in isopropyl ether (160 μL) were added. Reactions were
performed in duplicate and a control was performed adding isopropyl ether (160 μL) instead of the
hydrocyanation reagents. The reactions were incubated at 25 ◦C. Samples (20 μL) were taken after 3, 7,
21, 29, and 46 h and analyzed by HPLC.

3.3.9. Effect of Benzoic Acid on MeHNL

To a vial containing MeHNL on Celite R633 (15 mg, 0.45 U) and benzoic acid (1.5 mg, 12 μmol; 3 mg,
25 μmol; or 6 mg, 50 μmol), a solution of 4-anisaldehyde (100 mM), HCN (650 mM), and mesitylene
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(100 mM) (internal standard) in isopropyl ether (500 μL) was added. A control was performed without
addition of benzoic acid. Samples (20 μL) were analyzed by HPLC.

3.3.10. Effect of Benzoic Acid on CALA

To a solution of (±)-4-methoxymandelonitrile (100 mM), phenyl benzoate (300 mM) and mesitylene
(100 mM) (internal standard) in isopropyl ether (350 μL), CALA on Relizyme EXE309 (2 mg, 0.22 U),
and Na2HPO4·2H2O (30 mg, 0.17 mmol), benzoic acid (70 mM) in isopropyl ether (150 μL, 1 equivalent)
were added. A control was performed adding isopropyl ether (150 μL) instead of benzoic acid solution.
Samples (20 μL) were analyzed by HPLC.

3.3.11. General Procedure for the Cascade Synthesis of (S)-4-Methoxymandelonitrile Benzoate

To a vial containing immobilized MeHNL and CALA, Na2HPO4·2H2O (30 mg, for experiments
1-3, Table 1) was added. A solution of 4-anisaldehyde (360 mM) and mesitylene (360 mM) (internal
standard) in isopropyl ether (140 μL) and HCN (900 mM) in isopropyl ether (360 μL) was subsequently
added. To this mixture, phenyl benzoate (2-4 equivalents) was added (in case of experiments 7 and 8
from Table 1, 1 equivalent was added each time at t = 0, after 24 h and after 46 h) and the reactions were
incubated at 10, 20, or 25 ◦C. Negative control reactions without enzyme addition were performed in
parallel. Reactions were performed in duplicate and 20 μL samples were analyzed by HPLC.

3.4. HPLC Analysis

The quantification of 4-anisaldehyde, (S)- and (R)-4-methoxymandelonitrile and (S)- and
(R)-4-methoxymandelonitrile benzoate was achieved using chiral normal phase HPLC. Samples
from reaction mixtures were diluted 50×with n-heptane/isopropanol 8:2 v/v and dried over anhydrous
magnesium sulfate. Analysis was performed using a Hitachi Elite LaChrom HPLC system, consisting
of a VWR Hitachi L-2130 pump, L-2200 auto-sampler, L-2350 column oven, and L-2400 UV detector
using a D2 lamp coupled to a Hitachi organizer module. Separation was achieved on a Chiralpak AD-H
column (250 mm × 4.6 mm × 5 μm; Daicel, Japan), using n-heptane/isopropanol (82/18) at a flow rate
of 0.65 mL/min. The column oven temperature was set at 35 ◦C and a detection wavelength of 225 nm
was chosen. Under these conditions, the compounds were separated with the following retention
times; mesitylene (internal standard) 5.0 min, benzoic acid 6.7 min, phenol 7.0 min, phenyl benzoate
7.3 min, 4-anisaldehyde 8.3 min, (S)-4-methoxymandelonitrile 9.6 min, (R)-4-methoxymandelonitrile
10.5 min, (S)-4-methoxymandelonitrile benzoate 13.1 min, and (R)-4-methoxymandelonitrile benzoate
13.9 min.

Reverse-phase HPLC was used for the quantification of benzoic acid. Samples from reaction
mixtures were diluted 50 × with acetonitrile/water 1:1 v/v. Analysis was performed using a Shimadzu
Nexera XR HPLC system equipped with a DGU-20A5R degassing unit, coupled to two LC-20AD
solvent delivery units, a SIL-20AC Autosampler, a CTO-20A column oven, an SPD-20A UV/VIS detector
using a D2 lamp, and a CBM-20A system controller. Separation was achieved on a Nucleoshell RP
18 column (150 mm × 3 mm × 2.7 μm; Macherey-Nagel, Germany) at 30 ◦C, 0.7 mL/min flow rate
using MilliQ®water containing 0.1% trifluoroacetic acid (solvent A) and acetonitrile (solvent B) as
mobile phase and UV detection at 225 nm. The following eluent program was used; 10% solvent
B for 0.5 min, followed by a linear gradient to 45% solvent B in 5.5 min, 45% solvent B for 10 min,
another linear gradient to 100% solvent B in 5 min, 100% solvent B for 3 min, and finally a linear
gradient to 10% solvent B in 3 min followed by 10% solvent B for 3 min. Under these conditions,
the compounds were separated with the following retention times: phenol 4.3 min, benzoic acid
4.9 min, (±)-4-methoxymandelonitrile 5.2 min, 4-anisaldehyde 5.9 min, phenyl benzoate 14.8 min,
(±)-4-methoxymandelonitrile benzoate 16.1 min, and mesitylene (internal standard) 19.3 min.

Calibration curves were prepared using commercial 4-anisaldehyde (>99.0%),
(R)-4-methoxymandelonitrile (98.0%) and benzoic acid (>99.5%) as well as chemically synthesized
(±)-4-methoxymandelonitrile benzoate.
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4. Conclusions

In the present work, the successful concurrent cascade synthesis of (S)-4-methoxymandelonitrile
benzoate starting from 4-anisaldehyde and catalyzed by MeHNL and CALA was accomplished.
Systematically studying each enzymatic reaction first was key for their effective combination.
When developing the one-pot cascade, however, further fine-tuning of reaction conditions was
required to achieve optimal performance. This way, 95% conversion of 1 with 81% yield of the
final ester (S)-3 and excellent enantiopurity of 98% e.e. was achieved. Compared to the enzymatic
hydrocyanation performed under the same conditions, which yielded 2 with 85% conversion and 91%
e.e. (see Table 1, entry 9, and Figure S4B), this result proves that the CALA-catalyzed benzoylation
of (S)-2 coupled to the MeHNL-catalyzed hydrocyanation of 1 can shift the equilibrium of the latter
by removal of the unstable intermediate. Nevertheless, there is still room for further improvement,
since the low affinity of CALA for cyanohydrin 2 has been identified as the main bottleneck that
prevents the cascade from reaching full conversion.

In principle, our approach reported herein can be transferred to the synthesis of other acylated
cyanohydrins. In any case, a key requirement for success will be the application of a lipase with high
selectivity for transesterification over hydrolysis in microaqueous media.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/6/522/s1,
Figure S1: Conversion and enantiomeric excess (e.e.) of the remaining 4-methoxymandelonitrile benzoate after 18 h
of hydrolysis reaction, Figure S2: Conversion and enantiomeric excess (e.e.) values obtained for the CALA-catalyzed
benzoylation of 67 mM (±)-4-methoxymandelonitrile using 200 mM vinyl benzoate (VB), acetoxime benzoate
(AB) or phenyl benzoate (PB), Figure S3: Comparison of the cascade synthesis of (S)- 4-methoxymandelonitrile
benzoate catalyzed by MeHNL and CALA starting from 100 mM 1 (A, Table S2, entry 8) and the hydrocyanation
of 100 mM 1 catalyzed by MeHNL under the same conditions (B, Table S2, entry 9), Figure S4: Hydrocyanation of
100 mM 4-anisaldehyde catalyzed by immobilized MeHNL using 3-6.5 equivalents of HCN at 20 ◦C. Table S1:
Assigned number and specifications of the lipases screened in the hydrolysis of (±)-4-methoxymandelonitrile
benzoate, Table S2: Results of hydrocyanation of 100 mM 4-anisaldehyde with 6.5 equivalents of HCN catalyzed by
immobilized MeHNL in isopropyl ether with 0.34 mmol Na2HPO4·2H2O/Na2HPO4·7H2O per mL (water activity
of 0.57). Detailed information and additional data on the screening of hydrolases for the selective hydrolysis of
(±)-4-methoxymandelonitrile benzoate, the screening of benzoyl donors, the immobilization of MeHNL, the effect
of HCN concentration on MeHNL-catalyzed hydrocyanation, the optimized cascade, and the chemical synthesis
of (±)-4-methoxymandelonitrile benzoate.
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Abstract: While testing the ability of cyclodextrin glucanotransferases (CGTases) to glucosylate
a series of flavonoids in the presence of organic cosolvents, we found out that this enzyme
was able to glycosylate a tertiary alcohol (tert-butyl alcohol). In particular, CGTases from
Thermoanaerobacter sp. and Thermoanaerobacterium thermosulfurigenes EM1 gave rise to the
appearance of at least two glycosylation products, which were characterized by mass spectrometry
(MS) and nuclear magnetic resonance (NMR) as tert-butyl-α-D-glucoside (major product) and
tert-butyl-α-D-maltoside (minor product). Using partially hydrolyzed starch as glucose donor, the
yield of transglucosylation was approximately 44% (13 g/L of tert-butyl-α-D-glucoside and 4 g/L of
tert-butyl-α-D-maltoside). The synthesized tert-butyl-α-D-glucoside exhibited the typical surfactant
behavior (critical micellar concentration, 4.0–4.5 mM) and its properties compared well with those
of the related octyl-α-D-glucoside. To the best of our knowledge, this is the first description of an
enzymatic α-glucosylation of a tertiary alcohol.

Keywords: biocatalysis; glycosidases; transglycosylation; cyclodextrin glycosyltransferases;
alkyl glucosides; biosurfactants

1. Introduction

Cyclodextrin glucanotransferases—also known as cyclodextrin glycosyltransferases (CGTases,
EC 2.4.1.19)—are extracellular enzymes included in the so-calledα-amylase family GH13 [1] and are able
to convert starch and related maltodextrin substrates into nonreducing, cyclic glucooligosaccharides
termed cyclodextrins (CDs) [2]. CDs are formed by an intramolecular transglycosylation reaction in
which 6, 7, or 8 glucosyl residues are linked by α(1→4) glycosidic bonds, giving rise to the formation of
α, β, or γ-CDs, respectively [3]. Besides cyclization, CGTases also catalyze three additional reactions:
Coupling, i.e., the aperture of the CD ring and subsequent transfer of glucose residues to acceptors;
disproportionation, i.e., the transfer reaction between two linear dextrins to form maltooligosaccharides
of different sizes; and hydrolysis, in which the acceptor is a H2O molecule [4]. It is worth noting that
CGTases display a weak hydrolyzing activity (1.5–3.0 U/mg protein) [5]. The main reaction catalyzed
by these enzymes (in terms of specific activity) is the intermolecular transglycosylation (coupling and
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disproportionation, employing CDs or maltodextrins as glucosyl donors, respectively) [6,7]. In the
presence of certain carbohydrates such as sucrose, CGTase also transfers glucosyl moieties yielding the
so-called acceptor products [8].

The enzyme CGTase has proved an exceptional capability to glucosylate compounds of different
nature employing starch, maltodextrins, or cyclodextrins as glucosyl donors [9,10]. Apart from
monosaccharides and disaccharides [11,12], other compounds such as flavonoids [13,14], vitamins [15],
sugar alcohols [16], sweet glycosides [17], and polyols [18] have been successfully used as acceptor
molecules for the intermolecular transglycosylation. Unfortunately, one of the main drawbacks
of CGTases is that their product selectivity is not very high, because the enzyme displays its four
activities simultaneously [19]. Furthermore, the formation of a homologous series of polyglucosylated
products is normally described with this enzyme [20–22]. As a result, a low yield of the desired
glycosylated product is typically obtained [23]. Several strategies have been assessed to improve the
transglycosylation activity of CGTases, including protein engineering [24–26], chemical modification [7],
immobilization [27,28], and the addition of cosolvents and additives [29–31]. Bacterial CGTases are
produced mainly by the genus Bacillus [32], although Micrococcus and Klebsiella species had also been
reported as producers.

For many of these acceptor reactions catalyzed by CGTases and other glycosidic enzymes,
a cosolvent is needed to increase the solubility of the acceptor in the reaction medium. A requirement
of the solvent is that it cannot act as acceptor itself, because this could cause a reduction of the yield of
the transglycosylation and lead to the appearance of undesired side products. For this reason, primary
and secondary alcohols are barely used in these transglycosylations. In fact, the synthesis of alkyl
glycosides has been widely reported using the reverse hydrolysis reaction catalyzed by glycosidases
employing mainly primary and secondary alcohols as acceptors [33–35]. Typical cosolvents for
transglycosylation reactions include acetonitrile, DMSO, ethers, tertiary alcohols, etc. [22,23,36], and
more recently, biomass-derived solvents and ionic liquids [37,38].

In this work, while testing the ability of CGTases to glucosylate a series of flavonoids in presence
of organic cosolvents, we found out that this enzyme was able to glycosylate a tertiary alcohol
(tert-butyl alcohol). We report herein the enzymatic synthesis of two novel alkyl glycoside derivatives,
namely tert-butyl-α-D-glucoside and tert-butyl α-D-maltoside. Alkyl glucosides (AGs) are non-ionic
surface-active agents with extensive applications in food, cosmetic, and detergent industries [39,40],
in part due to their antimicrobial activity, biodegradability, and low toxicity. The surfactant properties
of the major synthesized product were compared with those of related alkyl glycosides.

2. Results and Discussion

2.1. Glucosylation of Tert-Butyl Alcohol by CGTases and Characterization of Products

In our laboratory we are studying the application of different CGTases to synthesize glucosylated
derivatives of polyphenols with bioactive properties [41]. Many of these flavonoids are scarcely soluble
in water, which implies the need of using a miscible cosolvent to increase the solubility of the acceptor.
While screening a series of cosolvents (at 30% v/v) for the glycosylation of polyphenols, we observed
in the HPLC chromatogram, when using tert-butyl alcohol, the appearance of several peaks with
retention times lower than the corresponding to glucose (Figure 1). Such peaks were also present in the
control reaction in absence of the acceptor, but not in the control experiments lacking enzyme, sugar
donor, or tert-butyl alcohol. Thus, it seemed that CGTase was able to glycosylate the tertiary alcohol
tert-butyl alcohol.

We screened four CGTases from different bacterial species (Table 1) for their transglycosylation
efficiency towards tert-butyl alcohol at 60 ◦C. First, the transglycosylation activity of these enzymes
was determined with a test based on the use of p-nitrophenyl-α-D-maltoheptaoside-4,6-O-ethylidene
(EPS) as glucosyl donor and maltose as acceptor [12]. For commercial CGTases, the preparations
were partially purified by a PD-10 desalting column (GE Healthcare, Chicago, IL, USA) to eliminate
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low-molecular-weight contaminants that could interfere with our reaction. The transglycosylation
experiments towards tert-butyl alcohol were carried out employing the same amount of EPS
enzyme units.

Figure 1. HPLC chromatogram of the reaction mix after 24 h displaying the acceptor products of
tert-butyl alcohol synthesized with CGTases from Thermoanaerobacter sp. and Thermoanaerobacterium
thermosulfurigenes EM1. Reaction conditions: Soluble starch (30 g/L), 30% tert-butyl alcohol, 10 mM
sodium citrate buffer (pH 5.5), CGTase (0.4 U/mL, EPS method), and 60 ◦C. (1) Main glucosylation
product; (2) minor glucosylation product; and (3) glucose.

Table 1. Cyclodextrin glucanotransferases (CGTases) screened for the glucosylation of tert-butyl alcohol.

Source Protein (mg/mL)
Transglycosylation Activity

(U/mL) a

Thermoanaerobacter sp. 2.88 37.1
Thermoanaerobacterium
thermosulfurigenes EM1 0.77 43.1

Geobacillus sp. 2.63 66.4
Bacillus circulans 251 2.79 152.7

a Measured by the EPS method.

The TLC screening showed that the only enzymes that led to a noticeable production of glucosylated
products, under the tested conditions, were the CGTases from Thermoanaerobacter sp. (Toruzyme 3.0L)
and Thermoanaerobacterium thermosulfurigenes EM1. No appreciable formation of the new acceptor
derivatives was observed with the rest of the CGTases. Moreover, in the case of Bacillus circulans and
Geobacillus sp. CGTases, tert-butyl alcohol seemed to produce an inhibitory effect on enzyme activity.
Figure 1 shows the HPLC chromatograms obtained with the CGTases from T. thermosulfurigenes EM1
and Thermoanaerobacter sp. after 24 h of reaction.

Several carbohydrates (maltose, α-cyclodextrin, β-cyclodextrin, and partially hydrolyzed starch)
were compared as sugar donors in the transglycosylation reaction towards tert-butyl alcohol with
Thermoanaerobacter sp. CGTase. All the substrates tested yielded the expected transglycosylation
products. However, partially hydrolyzed starch was selected as the best glucosyl donor for further
experiments due to its availability and lower cost.

With the aim to clearly identify the nature of the new synthesized products, the two main peaks in
the chromatograms of Figure 1 were isolated by semipreparative HPLC. Both products were purified
at a high degree (>98%). The major product (1) was a white solid whereas the minor derivative
(2) showed an oily appearance. The molecular weight was established by MS-QTOF using ionization
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by electrospray (see Supplementary Materials, Figures S1 and S2). For compound 1, the main peak
in the MS spectrum (positive mode) was at m/z 259.11 that corresponded to the M+[Na]+ ion of the
tert-butyl glucoside. For compound 2, the major signal of the MS spectrum in positive mode was at
m/z 421.17 that fits with the M+[Na]+ ion of the tert-butyl maltoside. The identity of the products
was clearly established by 13C and 1H NMR analysis. NMR data confirmed the α-configuration of
the glucosyl moieties. The structure of the synthesized compounds is represented in Figure 2. The
major compound was tert-butyl-O-α-D-glucopyranoside and the minor product the corresponding
α-D-maltoside. A particular feature of CGTase is the formation of several polyglucosylated products
(the so-called homologous series) with different acceptors [8,42].

tert-butyl-O-α-D-glucopyranoside. 1H-NMR (δ): 5.07 (d, 1H, H-1, J1,2 = 3.9 Hz); 3.78-3.66 (m, 3H,
H-5 + H-6a + H-6b); 3.61 (t, 1H, H-3, J2,3 = 9.4, J3,4 = 9.2 Hz); 3.31 (dd, 1H, H-2); 3.28 (t, 1H, H-4,
J4,5 = 9.3 Hz); 1.30 (s, 9H, t-butyl). 13C-NMR (δ): 94.6 (C-1); 75.2 (C-3); 73.5 (C-5); 73.1 (C-2); 72.0 (C-4);
62.7 (C-6); 28.9 (tert-butyl).

tert-butyl-O-α-D-maltoside. 1H-NMR (δ): 5.13 (d, 1H, H-1’, J1’,2’ = 3.9 Hz); 5.06 (d, 1H, H-1,
J1,2 = 3.8 Hz); 3.89-3.64 (m, 6H, H-5 +H-6a +H-6b +H-5’ +H-6’a +H’-6b); 3.82 (dd, 1H, H-3, J2,3 = 9.6,
J3,4 = 9.0 Hz); 3.62 (t, 1H, H-3’, J2’,3’ = 9.9, J3’,4’ = 9.0 Hz); 3.50 (t, 1H, H-4, J4,5 = 9.8 Hz); 3.43 (dd, 1H,
H-2´): 3.37 (dd, 1H, H-2); 3.26 (t, 1H, H-4’, J4’,5’ = 9.3 Hz); 1.27 (s, 9H, t-butyl). 13C-NMR (δ): 102.9
(C-1’); 94.5 (C-1); 81.9 (C-4); 75.1 + 75.0 (C-3’ + C-5’); 74.7 (C-2´); 74.3 (C-3); 73.1 (C-2); 71.8 (C-5); 71.5
(C-4’); 62.8 (C-6); 62.1 (C-6’); 28.9 (tert-butyl).

Figure 2. Chemical structure of the synthesized glycosides: (1) tert-butyl-O-α-D-glucopyranoside and
(2) tert-butyl-O-α-D-maltoside.

It is remarkable that CGTases can use a sterically hindered alcohol as acceptor. Alcohols
have been frequently used as additives in the reaction media to improve or direct the synthesis
of specific cyclodextrins by CGTases. However, to the extent of our knowledge, no other reports
describe the synthesis of alkyl glucosides catalyzed by CGTases. Svensson et al. synthesized
dodecyl-β-maltooctaoside with CGTase from B. macerans by an indirect method based on the lengthening
of dodecyl-β-maltoside using α-cyclodextrin as glucosyl donor [43]. In this context, CGTases are able
to transglycosylate polyhydroxylated compounds such as trimethylolpropane or glycerol [44].

The synthesis of alkyl glycosides has been manly achieved using the reverse hydrolysis reaction
catalyzed by glycosidases [45,46]. Glycosidases show remarkable chemoselectivity for primary and
secondary alcohols as well as phenols, but tertiary alcohols are not easily recognized as substrates.
For the glycosylation of phenols, CGTase is one of the best options because its hydrolytic activity is
very low. Since phenol is a good leaving group, glycosidases typically fast hydrolyze the synthesized
phenyl glycosides, thus lowering the yield.

In general, secondary alcohols are glycosylated more slowly than primary ones by a factor of
3–5 [33]. Tertiary alcohols were considered unreactive in such enzymatic reactions until 1996, when
Fischer et al. demonstrated that a tertiary alcohol (2-methyl-2-butanol) could act as nucleophile in a
reaction catalyzed by the β-glucosidase from Pyrococcus furiosus, using cellobiose as glucosyl donor [47].
Later, Svasti et al. described the synthesis of tertiary β-glucosides catalyzed by a β-glucosidase from
cassava [34]. However, this enzyme requiered activated p-nitrophenyl (pNP) glycosides as sugar
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donors and was not efficient with mono- and disaccharides. In addition, the synthesized β-glucoside
was fast hydrolyzed as a consequence of the hydrolytic activity of the enzyme. Jiang et al. were able to
synthesize tert-butyl β-D-xyloside and xylobioside with xylan as sugar donor, in the presence of 20%
tert-butyl alcohol, employing a xylanase from Thermotoga maritima [48]. Kongsaree et al. reported in
2010 that linamarase (a cyanogenic β-glucosidase) also catalyzed transglucosylation reactions with
tertiary alcohols as acceptors and pNP-glycosides as donors [49].

Regarding the formation of alkyl glycosides of tertiary alcohols with α-configuration, Simerska
et al. were the first in reporting the enzymatic α-glycosylation of two sterically hindered alcohols,
namely tert-butyl and tert-amyl alcohol; the enzyme was a α-galactosidase from Talaromyces flavus,
with pNP α-galactoside as donor, yielding the corresponding α-D-galactopyranosides [50]. To our
knowledge, our work is the first report of an enzymatic α-glucosylation of a tertiary alcohol. The
chemical synthesis of tert-butyl α-glucosides is quite complex and usually gives rise to a mixture of
anomers [51].

2.2. Progress of Tert-Butyl Alcohol Glucosylation by Thermoanaerobacter sp. CGTase

In order to dismiss that none of the contaminant enzymes in the Toruzyme preparation was
responsible of tert-butyl alcohol glycosylation, the CGTase from Thermoanaerobacter sp. was purified to
homogeneity by sequential chromatography steps on DEAE-Sepharose and α-cyclodextrin-activated
Superose. We observed that the introduction of an ion-exchange chromatography step before the
commonly used affinity step rendered a pure enzyme as confirmed by SDS-PAGE (Figure 3).

Figure 3. Purification of CGTase from Thermoanaerobacter sp. Lane 1, molecular mass markers; lane 2,
crude extract; lane 3, DEAE chromatography step; and lane 4, affinity chromatography step.

We evaluated the production of tert-butyl-glucosides with the purified enzyme in a batch reactor
employing 30% tert-butyl alcohol. Although Thermoanaerobacter sp. CGTase has an optimal temperature
around 90 ◦C [52], the reaction was carried out at 60 ◦C to avoid starch browning and evaporation
over time. Figure 4 depicts the progress of the reaction. Approximately 13 g/L of tert-butyl glucoside
were produced after 200 h of reaction. In the case of the maltoside derivative, a plateau after 60 h was
reached yielding only 4 g/L. Considering that the initial concentration of soluble starch was 30 g/L, and
that the sugar donor is the limiting reagent in the reaction, the yield of the tert-butyl glycosides was
approximately 44%.
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Figure 4. Progress of tert-butyl alcohol glucosylation by CGTase from Thermoanaerobacter sp. Open
circles, α-glucoside derivative; filled circles, α-maltoside derivative. Reaction conditions: Soluble starch
(30 g/L), 30% tert-butyl alcohol, 10 mM citrate buffer (pH 5.5), 0.4 U/mL CGTase (transglycosylation
activity, EPS method), and 60 ◦C.

2.3. Surfactant Properties of Tert-Butyl Glucoside

Anomerically pure alkyl glucosides (AGs) are very useful in pharmaceutical and biomedical
applications [53] due to their compatibility with biological systems that arise from the presence of
the sugar head groups attached to the molecule. AGs do not denature enzymes and proteins, and in
consequence are commonly used in protein extraction from cellular membranes [54]. AGs, unlike
other sugar-based surfactants, are quite stable under alkaline conditions. In previous work, while
studying several resveratrol glucosides, we demonstrated that the α-configuration gave rise to a
superior surfactant performance when compared with β-configuration [9].

The surfactant properties of the monoglucosylated derivative were measured and compared
with the reference compound octyl-α-d-glucoside (Figure 5). Our results suggest a similar surfactant
behavior for both compounds. The synthesized tert-butyl glucoside behaves as a typical surfactant,
defined by a linear descent of the surface tension vs. the logarithmic concentration of the surfactant,
reaching a well-defined critical micellar concentration (CMC). CMC values of the tert-butyl and octyl
α-derivatives were closely similar. It is worth noting that the relatively small tert-butyl group seems to
be equivalent to the bulky octyl group for micelle formation.

tert

Figure 5. Variation of surface tension vs. concentration for tert-butyl and octyl glucosides.
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The main surfactant parameters of both compounds are summarized in Table 2. The surface
tension at CMC is slightly higher for the tert-butyl glucoside with respect to the octyl derivative.
As expected, the average area occupied per each molecule of adsorbed surfactant at the saturated
water-air interface (A) was higher for the tert-butyl glucoside compared with the octyl glucoside. The
parameter pC20, which is directly related to the efficiency of a surfactant, was only 10% higher for
octyl-α-glucoside compared with the tert-butyl derivative.

Table 2. Surfactant properties of tert-butyl-O-α-d-glucoside and octyl-O-α-d-glucoside.

Property Tert-butyl-α-glucoside Octyl-α-glucoside

CMC (mM) 4.0–4.5 4.8–5.0
Surface tension at CMC (mN/m) 43.9 37.0

pC20 a 2.72 3.00
A (Å2) b 66.5 45.1

a Minus logarithm of the concentration required to diminish the surface tension of water by 20 mN/m. b Area
occupied per molecule adsorbed at the saturated interface.

3. Materials and Methods

3.1. Enzymes and Reagents

CGTase from Thermoanaerobacter sp. (Toruzyme 3.0L) was kindly provided by Novozymes A/S
(Bagsværd, Denmark). CGTase from Geobacillus sp. (CGT-SL) was from Amano Enzyme Inc. (Nagoya,
Japan). Both CGTases were partially purified using a PD-10 desalting column (GE Healthcare). CGTases
from T. thermosulfurigenes EM1 and B. circulans strain 251 were kindly provided in purified form
by L. Dijkhuizen (Groningen University, The Netherlands). The α-glucosidase (EC 3.2.1.20) from
Saccharomyces cerevisiae was from Boehringer Mannheim. β-Cyclodextrin was purchased from Sigma.
p-Nitrophenyl-α-d-maltoheptaoside-4,6-O-ethylidene (EPS) was from Boehringer Mannheim. Starch
from potato Paselli SA2 (partially hydrolyzed with a mean degree of polymerization of 50) was kindly
provided by Avebe (Foxhol, The Netherlands). Tert-butyl alcohol was from Fluka. All other reagents
and solvents were of the highest purity grade available.

3.2. Activity Assay

The transglycosylation (disproportionation) activity of CGTase was measured on the basis of
the method described by Nakamura et al. [55], adapted to 96-well plates. EPS (p-nitrophenyl-α-d-
maltoheptaoside-4-6-O-ethylidene) was as the glucosyl donor and maltose the acceptor. In this assay
EPS is first cleaved and the maltose molecule is then linked to the free reducing end. Thereafter, the
p-nitrophenol is released from the reaction product by the action of α-glucosidase. In particular, 20 μL
of a maltose solution (50 mM) were mixed with 10 μL of an EPS solution (30 mM) and 65 μL of 0.2 M
phosphate buffer (pH 7.0). The reaction, performed by triplicate, started when 5 μL of enzymatic
solution was added. The 96-well plate was incubated at 60 ◦C for 20 min. The transglycosylation
was stopped with 10 μL of 1 M HCl and the mixture was incubated at 60 ◦C for 10 min. Thereafter it
was neutralized with 10 μL of 1 M NaOH. The α-glucosidase (EC 3.2.1.20) from S. cerevisiae was then
added (0.005 U) and the mixture was kept at 25 ◦C for 1 h. Finally, Na2CO3 (1 M) was added to a final
volume of 200 μL and the absorbance was measured at 401 nm. A calibration curve with p-nitrophenol
was made from a stock solution of 0.74 mg/mL. Different volumes between 0–10 μL were taken by
triplicate and conveniently diluted with 0.2 M phosphate buffer to a total volume of 100 μL. One unit
of activity (U) was established as that corresponding to the release of 1 μmol of p-nitrophenol per min
under these conditions.
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3.3. Enzymatic Synthesis of Tert-Butyl Glucosides

Typical reaction mixtures contained 30% v/v tert-butyl alcohol, a 3% w/v sugar donor (Paselli
SA2 starch, maltose, or cyclodextrins) and 0.4 U/mL CGTase (transglycosylation activity, chapter 3.2),
in 10 mM sodium citrate buffer (pH 5.5). Reaction mixtures were incubated at 250 rpm in an orbital
incubator at 60 ◦C. At regular time intervals, aliquots were removed and analyzed by TLC and HPLC.
Controls without enzyme, tert-butyl alcohol, and/or sugar donor were also performed to rule out the
presence of non-enzymatic products.

3.4. TLC and HPLC Analyses

Reaction samples were filtered on UltraFree centrifugal filters (0.45 μm, Millipore, Burlington, MA,
USA) and analyzed in silica gel plates (10 × 5 cm, Merck) developed with ethyl acetate/methanol/water
(77/15/8, v/v/v). Spots containing the residual carbohydrates and products were visualized after
staining with a p-methoxybenzaldehyde solution (ethanol/sulphuric acid/p-methoxybenzaldehyde,
19/1/1, v/v/v) and heated at 90 ◦C for 15 min. The reaction progress was followed by normal-phase
high-performance liquid chromatography (HPLC) employing a quaternary pump (Delta 600, Waters,
Milford, MA, USA) and a Luna NH2 column (250 mm × 4.6 mm, 5 μm, Phenomenex). The starting
mobile phase was acetonitrile:water 78:22 (v/v) and the gradient is outlined in Table 3. The solvents
were conditioned with helium and the flow rate was 1.0 mL/min. The temperature of the column
was kept constant at 30 ◦C. An evaporative light-scattering detector (model PL-ELS 1000, Polymer
Laboratories, Salop, UK) was used and fixed to a nebulization and evaporation temperatures of 80 ◦C
and 90 ◦C, respectively. The data obtained were analyzed using the Millennium Software, employing
purified compounds as external standards for calibration.

Table 3. HPLC gradient profile.

Time Acetonitrile Water

0–12 min 78% 22%
12–15 min 78%→ 50% 22%→ 50%
15–20 min 50% 50%
20–21 min 50%→ 78% 50%→ 22%
21–30 min 78% 22%

3.5. Purification of Tert-Butyl Glucosides

The reaction mixture (100 mL) contained 30% v/v tert-butyl alcohol, 3% w/v Paselli SA2 (sugar
donor), and 0.4 U/mL CGTase (transglycosylation activity) in 10 mM sodium citrate buffer (pH 5.5). The
mixture was incubated at 250 rpm in an orbital shaker and 60 ◦C. After 200 h the reaction was stopped,
and products were purified as follows. Reaction medium was filtered (0.45 μm, Millipore) and water
and residual tert-butyl alcohol were evaporated by rotary evaporation at 60 ◦C. The dried products were
then dissolved in a mixture of acetonitrile:water (88:12 v/v) and purified in a semipreparative HPLC
pump (Delta 600, Waters) coupled to a Kromasil-NH2 column (250 mm × 10 mm, Analisis Vinicos,
Spain) and to a refraction-index detector (model 9040, Varian, Palo Alto, CA, USA). Compounds were
eluted in an isocratic regime using acetonitrile:water (88:12 v/v) as mobile phase at a flow rate of
8.0 mL/min. Fractions containing the desired products were collected and pooled. The mobile phase
was evaporated by rotary evaporation at 60 ◦C and the dried products were stored at −20 ◦C. The
purity of the isolated compounds was assessed by analytical HPLC. The equivalent isolated yields
were approximately 1.1 g of tert-butyl-glucoside and 0.2 g of tert-butyl-maltoside.

3.6. Mass Spectrometry (MS)

The MS analysis of purified glucosides was carried out with a mass spectrometer equipped with
hybrid QTOF analyzer (QSTAR, Pulsar i, AB Sciex, Madrid, Spain). Samples were analyzed by direct
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infusion using electrospray ionization in positive reflector mode. Methanol containing 1% of NH4OH
was employed as ionizing phase.

3.7. Nuclear Magnetic Resonance (NMR)

NMR spectra were determined on a Varian Unit (1H-NMR, 500 MHz; 13C-NMR, 125 MHz)
spectrometer, equipped with a gradient unit and a reverse probe. Samples (6–10 mg) were dissolved
in 0.6 mL of semiheavy water (HDO and the spectra were obtained at 40 ◦C. Proton chemical shifts
were referred to residual HDO (4.61 ppm). Carbon chemical shifts were referred to external acetone
(31.07 ppm). 2D-homo- (DQCOSY, TOCSY (HOHAHA), NOESY) and hetero- (HMQC and HMBC)
NMR experiments were carried out by using the standard software from Varian.

3.8. Enzyme Purification

Thermoanaerobacter sp. CGTase was purified from the commercial extract (Toruzyme 3.0L,
Novozymes A/S, Bagsværd, Denmark)) through successive steps of ion exchange and affinity
chromatography on a FPLC LCC-500 equipment (Pharmacia, Sweden). The commercial extract
was dialyzed against 20 mM Tris-HCl buffer (pH 7.5) and loaded onto a DEAE-Sepharose column
equilibrated with the same buffer. Proteins were eluted using a linear salt gradient from 0 to 1 M of NaCl
in the Tris-HCl buffer. The fractions containing CGTase were pooled, dialyzed against 10 mM acetate
buffer (pH 5.5), and concentrated in an ultrafiltration cell (Amicon, Merck KGaA, Darmstadt, Germany)
fitted with a 10 kDa membrane. The concentrate was then loaded onto a column of Sepharose activated
with α-cyclodextrin and equilibrated with the acetate buffer. After washing, the proteins were eluted
with the above buffer containing α-cyclodextrin (10 mg/mL). CGTase-enriched fractions were merged,
concentrated as before and stored at −20 ◦C until its use. Purity was assessed by Coomasie-Blue
stained SDS-PAGE electrophoresis.

3.9. Critical Micellar Concentration

The measurement of the surface tension in H2O was carried out at 20 ◦C using different aqueous
solutions of alkyl glycosides at various concentrations, according to the Wilhelmy plate method [56]
with a tensiometer (Processor tensiometer K-12, Krüss, Hamburg, Germany), which measures the real
tension values at the equilibrium. Critical micelle concentrations (CMCs) were calculated graphically
from the sharp change in the slope of the surface tension values vs. the logarithm of surfactant
concentration, expressed in mM.

The average area (A) occupied per molecule of surfactant adsorbed in the saturated water-air
interface was estimated from the equation

A =
1016

NA
× Γm

in which NA is the Avogadro’s number, Γm is the maximum concentration of surfactant molecules
adsorbed in the saturated interface (moles/cm2), and the resulting A is expressed in squared Angstroms.
The value of Γm can be calculated by applying the Gibbs equation:

Γm = −

(
dγ

dlogc

)

2.3030·n·R·T
where (dγ/d log c) is the maximum slope of the linear plot representing surface tension vs. logarithm
of surfactant concentration that appears immediately below the CMC, R = 8.31 J·mol−1·K−1, and T is
the temperature in K. The value of n (the number of species into which the surfactant dissociates) is
taken as one for nonionic surfactants.
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4. Conclusions

The present work describes, for the first time, the enzymatic synthesis of α-glucosides of a tertiary
alcohol (tert-butyl alcohol). The process is catalyzed by the enzyme CGTase, in particular from the
strains Thermoanaerobacter sp. and T. thermosulfurigenes. The biotransformation is carried out under
mild conditions, using starch as glucose donor, and gives rise to a significant yield (44%) of α-glucoside
(major product) and α-maltoside (minor product). The synthesized tert-butyl-O-α-D-glucopyranoside
exhibited the typical surfactant behavior and its properties were comparable to those of the related
α-octyl derivative.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/7/575/s1,
Figure S1: ESI-TOF spectrum (positive mode) of tert-butyl-O-α-d-glucopyranoside, Figure S2: ESI-TOF spectrum
(positive mode) of tert-butyl-O-α-D-maltoside.
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Abstract: 8-Hydroxydaidzein (8-OHDe) has been proven to possess some important bioactivities;
however, the low aqueous solubility and stability of 8-OHDe limit its pharmaceutical and cosmeceutical
applications. The present study focuses on glycosylation of 8-OHDe to improve its drawbacks in
solubility and stability. According to the results of phylogenetic analysis with several identified
flavonoid-catalyzing glycosyltransferases (GTs), three glycosyltransferase genes (BsGT110, BsGT292
and BsGT296) from the genome of the Bacillus subtilis ATCC 6633 strain were cloned and expressed in
Escherichia coli. The three BsGTs were then purified and the glycosylation activity determined toward
8-OHDe. The results showed that only BsGT110 possesses glycosylation activity. The glycosylated
metabolites were then isolated with preparative high-performance liquid chromatography and identified
as two new isoflavone glucosides, 8-OHDe-7-O-β-glucoside and8-OHDe-8-O-β-glucoside, whose identity
was confirmed by mass spectrometry and nuclear magnetic resonance spectroscopy. The aqueous
solubility of 8-OHDe-7-O-β-glucoside and 8-OHDe-8-O-β-glucoside is 9.0- and 4.9-fold, respectively,
higher than that of 8-OHDe. Moreover, more than 90% of the initial concentration of the two 8-OHDe
glucoside derivatives remained after 96 h of incubation in 50 mM of Tris buffer at pH 8.0. In contrast,
the concentration of 8-OHDe decreased to 0.8% of the initial concentration after 96 h of incubation. The two
new isoflavone glucosides might have potential in pharmaceutical and cosmeceutical applications.

Keywords: Bacillus; glycosyltransferase; 8-hydroxydaidzein

1. Introduction

Daidzein and genistein, the major isoflavones found in soybean, have been under intensive
investigation in the past few decades due to their potential roles in preventing certain
hormone-dependent diseases [1]. In recent years, biotransformation of isoflavones using either
wild-type or genetically-engineered microorganisms has also been of interest because the bioactivity of
isoflavones dramatically alters after biotransformation. Among the various biotransformations of soy
isoflavones, ortho-hydroxylation of soy isoflavones has become a subject of great interest because of
the ortho-hydroxydaidzein and ortho-hydroxygenistein derivatives produced, which usually possess
higher bioactivities compared with those of the precursors, daidzein and genistein [2].

8-Hydroxydaidzein (8-OHDe) is one of the ortho-hydroxydaidzein derivatives. The compound
can be produced from biotransformation of daidzein by either wild Aspergillus oryzae [3–5],
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genetically-engineered Pichia pastoris [6] or Escherichia coli [7,8]. Multiple bioactivities related to
8-OHDe have been reported, including anti-cancer [9], suppression of multidrug resistance [10],
anti-tyrosinase [11,12], skin whitening [13,14], anti-aldose reductase [15] and the newly-found
anti-inflammatory activity [16,17].

Although 8-OHDe has been identified with many bioactivities, some drawbacks (including low
aqueous solubility and stability) limit isoflavone’s application in pharmaceuticals and cosmeceuticals [18].
To improve the drawbacks of 8-OHDe, biotransformation through whole cells or enzyme biocatalysts
into 8-OHDe derivatives is a promising strategy. Among various biotransformations, glycosylation,
the attachment of a bulky sugar group to the precursor molecules, could improve the chemical stability
and aqueous solubility of natural compounds. The aqueous solubility of the corresponding 7-O-glucoside
of soy isoflavones is improved about 30-fold [19]. Increasing the aqueous solubility and stability could
expand applications of the compounds in advance. Therefore, in the present study, we are interested in
investigating the glycosyl-biotransformation of 8-OHDe.

Glycosylation is a common modification reaction in the biosynthesis of natural compounds.
Generally, glycosylation is catalyzed by glycosyltransferases (GTs, EC 2.4.x.y), which transfer sugar moieties
from the activated donor molecules to specific acceptor molecules [20–22]. Our previous studies found that
Bacillus subtilis ATCC 6633 could biotransform antcin K, which is a major ergostane triterpenoid from the
fruiting bodies of Antrodia cinnamomea, to its glucoside derivatives [23]. In the present study, the B. subtilis
strain was found to biotransform 8-OHDe. To identify the biotransformation in advance, three GT genes
were cloned from the B. subtilis strain and overexpressed in Escherichia coli. Then, the biotransformation
activity of the three purified GT enzymes toward 8-OHDe was determined. The biotransformed metabolites
by one positive-active enzyme were isolated and identified. Finally, the aqueous solubility and stability of
the 8-OHDe glucoside derivatives were determined.

2. Results and Discussion

2.1. Confirming Biotransformation of 8-OHDe by Bacillus subtilis ATCC 6633

Our previous studies showed that B. subtilis ATCC 6633 could biotransform the ergostane
triterpenoid antcin K to its glucoside derivatives [23]. To confirm whether B. subtilis ATCC 6633 could
also biotransform 8-OHDe, the bacterium was cultivated in broth with 8-OHDe, and the fermentation
broth was analyzed using ultra-performance liquid chromatography (UPLC).

Figure 1 shows the UPLC analysis of the initial (dashed line) and 24-h (solid line) fermentation
broths of the strain B. subtilis ATCC 6633 fed with 8-OHDe. In the figure, 8-OHDe appears at the
retention time (RT) of 5.1 min. After 24 h of fermentation, the peak of the precursor decreases, while
several new peaks with RTs of between 3 and 4 min appear. To confirm whether the new peaks are
from biotransformation of 8-OHDe, biotransformation was conducted in the absence of 8-OHDe.
The results showed that the new peaks did not appear at 24 h of the fermentation broth of the strain in
the absence of 8-OHDe (Figure S1). Thus, it was concluded that 8-OHDe was biotransformed by the
strain B. subtilis ATCC 6633.
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8-OHDe

Metabolites

Figure 1. Biotransformation of 8-hydroxydaidzein (8-OHDe) by B. subtilis ATCC 6633. The strain was
cultivated in modified glucose nutrient (MGN) media containing 0.02 mg/mL of 8-OHDe. The initial
(dashed line) and 24-h (solid line) cultivations of the fermentation broth were analyzed with UPLC.
The UPLC operation conditions are described in the Materials and Methods.

2.2. Phylogenetic Analysis of GTs from B. subtilis ATCC 6633

Although B. subtilis ATCC 6633 has been proven to biotransform the ergostane triterpenoid antcin
K [23] and 8-OHDe (Figure 1), biotransformation by using whole cells as biocatalysts usually has lower
efficiency than that by using purified enzyme, which can be produced through genetic engineering.
Thus, cloning of the putative genes encoding the catalytic enzymes in the biotransformation is a worthy
strategy. According to the genome data of B. subtilis ATCC 6633 (GenBank BioProject Accession No.
PRJNA43011), there are 28 GTs annotated in the genome. To clone the GT genes from B. subtilis ATCC
6633 responsible for the biotransformation of 8-OHDe, phylogenetic analysis of the annotated GTs
from B. subtilis ATCC 6633 was compared with known bacterial GTs, which have been proven to
possess glycosylation activity toward flavonoids. The characterized bacterial glycosyltransferases
included BlYjiC (AAU40842) from B. licheniformis ATCC 14580 [24], BsYjiC (NP_389104) from B. subtilis
168 [25,26], BcGT-1 (AAS41089) and BcGT-3 (AAS41737) from B. cereus ATCC 10987 [27,28], OleD
(ABA42119) from Streptomyces antibioticus [29] and XcGT-2 (AAM41712) from Xanthomonas campestris
pv. campestris ATCC 33913 [30]. The results are shown in Figure 2. According to the results of the
phylogenetic analysis, all tested six identified flavonoid-catalyzing GTs (gray background in Figure 2)
were clustered into one group (Figure 2). Among the 28 BsGTs, only BsGT110 was included in
the group. At the same time, BsGT292 and BsGT296 were close to the group. Thus, the three GTs,
BsGT110 (GenBank Protein Accession No. WP_003220110), BsGT292 (GenBank Protein Accession No.
WP_032727292) and BsGT296 (GenBank Protein Accession No. WP_003219296; bold text in Figure 2),
were selected for further functional assay.
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Figure 2. Unrooted phylogenetic analysis of glycosyltransferase genes by using the maximum likelihood
method. The tree with the highest log likelihood (−19,549.15) is shown based on the general reversible
mitochondrial model [31]. The percentage of trees in which the associated taxa clustered together is shown
next to the branches. Initial trees for the heuristic search were obtained automatically by applying the
neighbor-join and BioNJ algorithms to a matrix of pairwise distances estimated using a JTT model and
then selecting the topology with the superior log likelihood value. The rate variation model allowed for
some sites to be evolutionarily invariable ([+I], 0.00% sites). The tree is drawn to scale, with branch lengths
measured in the number of subsstitutions per site. The analysis involved 34 protein sequences. All positions
with less than 95% site coverage were eliminated. That is, fewer than 5% alignment gaps, missing data
and ambiguous bases were allowed at any position. There were a total of 210 positions in the final dataset.
Evolutionary analyses were conducted in Molecular Evolutionary Genetics Analysis (MEGA X) across
computing platforms (Version 10.0.4, Center for Evolutionary Functional Genomics, The Biodesign Institute,
Arizona State University, Tempe, AZ, USA, 1993–2018) [32].

2.3. Cloning, Overexpression, Purification and Activity Assay of BsGTs from B. subtilis ATCC 6633 in E. coli

To identify which enzyme catalyzed the biotransformation, the three BsGT genes were cloned
into a pETDuet-1 expression vector (Figure 3a). The recombinant BsGT gene in recombinant E. coli was
overexpressed by induction with 0.2 mM of isopropyl β-D-1-thiogalactopyranoside (IPTG), and the
protein produced was purified with Ni2+ chelate affinity chromatography. Figure 3b shows the sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) analysis of the overexpressed and
purified BsGT110, while the SDS-PAGE analysis of purified BsGT292 and BsGT296 is in Figure S2.

The purified enzymes were incubated with uridine diphosphate (UDP)-glucose and the precursor
8-OHDe to confirm their biotransformation activity toward 8-OHDe. The results showed that only
BsGT110 has biotransformation activity toward 8-OHDe (Figure 4), while neither purified BsGT292,
nor BsGT296 showed the activity (Figure S3). The result was consistent with the phylogenetic analysis
results (Figure 2), where only BsGT110 was clustered with the group of flavonoid-catalyzing GTs.
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In addition, the RTs of the two biotransformation metabolites (Figure 4), 3.7 min and 3.9 min for
Compound (1) and Compound (2), respectively, were similar to some of the new peaks in the 8-OHDe
biotransformation by the strain B. subtilis ATCC 6633 (Figure 1). The results imply that BsGT110 is one
of the corresponding enzymes catalyzing 8-OHDe during the biotransformation of 8-OHDe by the
strain B. subtilis ATCC 6633.

By comparing the results of the biotransformations using whole cells (Figure 1) and the purified
BsGT110 (Figure 4), it is obvious that biotransformation products using the purified BsGT110
(Compound (1) and Compound (2) in Figure 4) were more specific than those using the whole
cells (metabolites between RT 3 and 4 min in Figure 1). Moreover, the catalyzing efficiency using the
purified BsGT110 (reaction time of 30 min in Figure 4) was higher than that using whole cells (reaction
time of 24 h in Figure 1). Therefore, biotransformation by using the purified BsGT110 as biocatalysts
has higher efficiency and specificity than those by using whole cells.

(a) 
(b) 

Figure 3. Expression and purification of the BsGTs from B. subtilis ATCC 6633 in E. coli. (a) Diagram
of the recombinant expression plasmid; (b) SDS-PAGE analysis of expressed and purified proteins
from recombinant E. coli harboring pETDuet-BsGT110. Lane 1: molecular marker; Lane 2: total protein
before induction; Lane 3: total protein after 20 h induction; Lane 4: purified protein.
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Figure 4. Biotransformation of 8-OHDe by the purified BsGT110. Two micrograms of the purified
enzyme were incubated with 0.4 mM uridine diphosphate (UDP)-glucose and 0.02 mg/mL of 8-OHDe
in the presence of 50 mM Tris at pH 8.0 and 10 mM of MgCl2 at 40 ◦C for 30 min. After the reaction,
the mixtures were analyzed with ultra-performance liquid chromatography (UPLC). The UPLC
operation conditions are described in the Materials and Methods.

2.4. Optimal Catalyzing Conditions for BsGT110

To determine the optimal catalyzing condition, the activity of BsGT110 at different pH values,
temperatures and metal ions was examined. The results are shown in Figure 5. The enzyme activity
was very sensitive to pH, and the enzyme activity at pH 7.0 was nearly 3–4-fold higher than that at
pH 8.0 and pH 6.0. However, the enzyme activity was insensitive to temperature, and the enzyme
activity was not significantly different between 30 ◦C and 50 ◦C. In addition, the enzyme favored
Ca2+ as its cofactor. In the presence of Ca2+, the enzyme activity was 1.8-fold higher than that at
Mg2+ or none. It is known that GTs utilize divalent metal ion cofactors such as Mn2+ and Mg2+.
However, Li et al. found that the activity of the GT from Bacillus circulans was enhanced by Ca2+

due to an additional calcium-binding site in the structure [33]. Whether BsGT110 favored Ca2+ as its
cofactor due to an additional calcium-binding site needs to be studied in the future. From the results,
the optimal catalyzing conditions for BsGT110 are at 40 ◦C, pH 7.0 with 10 mM of Ca2+.
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Figure 5. Effects of pH (a), temperature (b) and metal ion (c) on BsGT110 activity. A standard condition
was set as 2 μg of the purified BsGT110, 1 mg/mL of 8-OHDe, 10 mM of MgCl2 and 10 mM of UDP-glucose
in 50 mM of Tris at pH 8.0 and 40 ◦C. To determine the optimal reaction condition, the pH, temperature or
metal ion in the standard condition was replaced by the tested condition. Relative activity was obtained by
dividing the area of the summation of the two product peaks, Compound (1) and Compound (2), of the
reaction in the UPLC profile by that of the reaction at the standard condition. The mean (n = 3) is shown,
and the standard deviations are represented by error bars.

2.5. Substrate Specificity of BsGT110

To study the substrate specificity of BsGT110, another three ortho-hydroxyisoflavones
(3’-hydroxydaidzein, 3’-OHDe; 3’-hydroxygenistein, 3’-OHGe; 6’-hydroxydaidzein, 6-OHDe) were
used in the biotransformation assays by BsGT110. The result is shown in Figure 6 and reveals that
BsGT110 could also catalyze all the tested ortho-hydroxyisoflavones. However, unlike two major
metabolites, Compound (1) and Compound (2), produced in the biotransformation of 8-OHDe
by BsGT110 (Figure 4), only one major metabolite appeared in the biotransformations of either
3’-OHDe, 3’-OHGe or 6-OHDe by BsGT110 (Figure 6). Due to very low amounts of the three
ortho-hydroxyisoflavones, the biotransformation metabolites from these biotransformations were not
identified in advance. In addition, among the ortho-hydroxyisoflavones in the present study, including
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3’-OHDe, 3’-OHGe, 6-OHDe and 8-OHDe, only 8-OHDe has been approved to possess bioactivity in
human volunteers [13,14]. Therefore, 8-OHDe was used as a substrate for the following study.
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104



Catalysts 2018, 8, 387

(c) 

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

2 3 4 5 6 7

In
te

ns
ity

 (2
54

nm
)

Retention time (min)

6-OHDe

Metabolite

Figure 6. Biotransformation of 3’-hydroxydaidzein (3’-OHDe) (a), 3’-hydroxygenistein (3’-OHGe) (b)
and 6’-hydroxydaidzein (6-OHDe) (c) by the purified BsGT110. Two micrograms of the purified enzyme
were incubated with 0.4 mM uridine diphosphate (UDP)-glucose and 0.02 mg/mL of 3’-OHDe (a),
3’-OHGe (b) or 0.005 mg/mL of 6-OHDe (c) in the presence of 50 mM phosphate buffer at pH 7.0 and
10 mM of CaCl2 at 40 ◦C for 30 min. Before (dashed line) and after (solid line) the reaction, the mixtures
were analyzed with ultra-performance liquid chromatography (UPLC). The UPLC operation conditions
are described in the Materials and Methods.

2.6. Stability of BsGT110

To study the stability of BsGT110, BsGT110 was incubated at different temperatures for 1 h or was
freeze-dried once, and then, the activity of the treated BsGT110 was determined. The result is shown in
Figure 7. The enzyme was not stable above 40 ◦C for 1 h, while the enzyme was stable after freeze-drying.
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Figure 7. Stability of BsGT110 at different temperatures (a) and with freeze-drying (b). Two micrograms
of the purified BsGT110 were pre-incubated at the tested temperature for 1 h or freeze-dried before
conduction of the activity assay. A standard condition was set as 2 μg of the purified BsGT110,
1 mg/mL of 8-OHDe, 10 mM of CaCl2 and 10 mM of UDP-glucose in 50 mM of phosphate at pH
7.0 and 40 ◦C. Relative activity was obtained by dividing the area of the summation of the two product
peaks, Compound (1) and Compound (2), of the reaction in the UPLC profile by that of the reaction at
the standard condition. The mean (n = 3) is shown, and the standard deviations are represented by
error bars.
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2.7. Isolation and Identification of Biotransformation Metabolites

To resolve the chemical structures of the metabolites, the biotransformation was scaled up at the
optimal condition, and the two metabolites were purified with preparative high-performance liquid
chromatography (HPLC). From a 40-mL reaction mixture containing 1 mg/mL of 8-OHDe, 10 mM
of UDP-glucose, 10 mM of CaCl2 and 50 mM of phosphate buffer at pH 7.0, 17.4 mg and 24.5 mg of
Compound (1) and Compound (2) were isolated. Both compounds showed an [M-H]- ion peak at
m/z: 431.23 in the electrospray ionization mass (ESI-MS) spectrum corresponding to the molecular
formula C21H20O10. Then, 1H and 13C nuclear magnetic resonance (NMR), including distortionless
enhancement by polarization transfer (DEPT), heteronuclear single quantum coherence (HSQC),
heteronuclear multiple bond connectivity (HMBC), correlation spectroscopy (COSY) and nuclear
Overhauser effect spectroscopy (NOESY) spectra, were obtained, and the 1H- and 13C-NMR signal
assignments were conducted accordingly (shown in Figures S4–S17). In both compounds, in addition
to the signals of the 8-OHDe moiety, which were confirmed by HMBC spectra (full assignments of
both compounds are listed in Table S1), seven proton (from 3.18 to 4.93 ppm) and six carbon (from
60 to 105 ppm) signals corresponding to the glucose moiety structure were observed. The anomeric
proton signal at δ 4.91 (J = 7.6 Hz) and 4.93 (J = 7.7 Hz) in the 1H-NMR spectra of Compounds (1)
and (2), respectively, indicated the β-configuration for the glucopyranosyl moiety. The cross peak
of H-1” with C-7 (4.91/149.0 ppm) in the HMBC spectrum, as well as the cross peak of H-1” with
H-6 (4.91/ 7.30 ppm) in the NOESY spectrum demonstrated that the structure of Compound (1)
was 8-OHDe-7-O-β-glucoside. The cross peaks of H-1” with C-8 (4.93/131.9 ppm) and H-6 with
C-8 (7.02/131.9 ppm) in the HMBC spectrum demonstrated that the structure of Compound (2) was
8-OHDe-8-O-β-glucoside. The key HMBC and NOESY correlations of Compounds (1) and (2) and the
illustration of the biotransformation process of 8-OHDe by BsGT110 are shown in Figure 8.

Figure 8. Biotransformation process of 8-OHDe by BsGT110. The key HMBC (H–C, blue arrows) and
NOESY (pink arrows) correlations of Compound (1) and Compound (2).
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2.8. Determination of Aqueous Solubility of 8-OHDe and Its Glucosides

The aqueous solubility of 8-OHDe and the two 8-OHDe glucoside derivatives was examined and
is summarized in Table 1. The results revealed that the aqueous solubility of 8-OHDe-7-O-β-glucoside
and 8-OHDe-8-O-β-glucoside was 9.0- and 4.9-fold, respectively, higher than that of 8-OHDe.

Table 1. Aqueous solubility of 8-OHDe and its glucoside derivatives.

Compound Aqueous Solubility (mg/L) Fold 1

8-OHDe 51.3 1
8-OHDe-7-O-β-glucoside 462.0 9.0
8-OHDe-8-O-β-glucoside 251.1 4.9

1 The fold of aqueous solubility of 8-OHDe glucoside derivatives is expressed relative to that of 8-OHDe, normalized
to 1.

2.9. Determination of Stability of 8-OHDe and Its Glucosides

8-OHDe has been proven to be unstable in alkaline solution [18]. To determine the stability of
8-OHDe and its glucosides, the tested compounds were added in 50 mM of Tris at pH 8.0 and 20 ◦C.
The residues of the compounds were monitored with UPLC at different time intervals. The results are
shown in Figure 9. The amount of 8-OHDe decreased to 38% of the initial concentration after 24 h and
decreased to 0.8% of the initial concentration after 96 h. In contrast, more than 90% of the two 8-OHDe
glucoside derivatives remained after 96 h of incubation. The results revealed that the two 8-OHDe
glucoside derivatives were much more stable than 8-OHDe in the aqueous solution.
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Figure 9. Stability of 8-OHDe and its glucosides. One milligram per milliliter of the tested compound
was dissolved in 50 mM of Tris buffer at pH 8.0 and stored at 20 ◦C for 96 h. During the storage time,
samples were taken out for the UPLC analysis at the determined interval times. The mean (n = 3) is
shown, and the standard deviations are represented by error bars.

8-OHDe has been proven to possess multiple bioactivities; especially, 8-OHDe has been proven for its
skin-whitening activity in vivo in the skin of mice and human volunteers [13,14]. Some skin-whitening
agents maintain skin-whitening activity after glycosylation. For examples, ascorbic acid and hydroquinone
are famous skin-whitening agents. Their glucoside derivatives, ascorbic acid 2-glucosdie (AA2G) and
arbutin (hydroquinone-glucoside), possess potent skin-whitening activity and are the most well-known
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skin-whitening agents used in cosmetic markets nowadays. In our previous study, we found that
ortho-hydroxyisoflavone glucosides possessed skin-whitening activity in vivo in the skin of mice [34].
Therefore, the 8-OHDe glucosides in the present study might have skin-whitening activity. The experiments
to evaluate the in vivo skin-whitening activity in the mice skin of the 8-OHDe glucosides in the present
study were conducting in our laboratory.

3. Materials and Methods

3.1. Microorganisms, Animal Cells and Chemicals

Bacillus subtilis ATCC 6633 (BCRC 10447) was purchased from the Bioresources Collection and
Research Center (BCRC, Food Industry Research and Development Institute, Hsinchu, Taiwan).
8-OHDe was prepared according to Wu et al.’s [4] method. 3’-OHDe and 3’-OHGe were prepared
according to our previous study [35]. 6-OHDe was purchased from Sigma (St. Louis, MO, USA).
UDP-glucose was obtained from Cayman Chemical (Ann Arbor, MI, USA). All the materials needed
for polymerase chain reaction (PCR), including primers, deoxyribonucleotide triphosphate and Taq
DNA polymerase, were purchased from MDBio (Taipei, Taiwan). pETDuet-1 plasmid was purchased
from Novagen (Madison, WI, USA). Restriction enzymes and DNA ligase were obtained from New
England Biolabs (Ipswich, MA, USA). The other reagents and solvents used were of high quality and
were purchased from commercially available sources.

3.2. Identification of Bacteria B. subtilis ATCC 6633 with Biotransformation Activity

Bacillus subtilis ATCC 6633 was cultivated in a 250-mL baffled Erlenmeyer flask containing 20 mL
of a modified glucose-nutrient (MGN) medium (5 g/L of peptone, yeast extract, K2HPO4 and NaCl;
20 g/L of glucose) and 20 mg/L of 8-OHDe. After cultivation at 180 rpm, 28 ◦C for 24 h, 1 mL of
the culture was then mixed with an equal volume of methanol. The cell debris was removed by
centrifugation at 10,000× g for 10 min. The supernatant from the extracted broth was assayed with
UPLC to measure the biotransformation activity.

3.3. UPLC Analysis

The UPLC system (Acquity UPLC H-Class, Waters, Milford, MA, USA) was equipped with an
analytic C18 reversed-phase column (Acquity UPLC BEH C18, 1.7 μm, 2.1 i.d. × 100 mm, Waters,
Milford, MA, USA). The operation conditions contained a gradient elution using water (A) containing
1% (v/v) acetic acid and methanol (B) with a linear gradient for 7 min with 35% to 80% B at a flow rate
of 0.2 mL/min, an injection volume of 0.2 μL and absorbance detection at 254 nm.

3.4. Phylogenetic Analysis of BsGTs

The unrooted phylogenetic tree of the candidate genes was constructed with the maximum
likelihood method, using Molecular Evolutionary Genetics Analysis (MEGA X) software (Version
10.0.4, Center for Evolutionary Functional Genomics, The Biodesign Institute, Arizona State University,
Tempe, AZ, USA, 1993–2018) [32] with 500 bootstrap replications, the mtREV24+I model [31] and
partial deletion.

3.5. Expression and Purification of UGT398 and UGT489

The genomic DNA of B. subtilis ATCC 6633 was isolated using the commercial kit Geno PlusTM

(Viogene, Taipei, Taiwan). The three GT target genes, BsGT110 (GenBank Protein Accession No.
WP_003220110), BsGT292 (GenBank Protein Accession No. WP_032727292) and BsGT296 (GenBank
Protein Accession No. WP_003219296), were amplified from the genomic DNA with PCR with the
following primer sets: forward: 5′-CGC GAA TTC ggc taa tgt att aat gat cgg tt-3′; reverse: 5′-CGC
AGA TCT tta tgc gtt ggc tga ttg agt tt-3′ for BsGT110; forward: 5′-CGC GAA TTC gat gaa gct tgc ctt
tat ctg tac ag-3′; reverse: 5′-CGC CTC GAG tta tga ttt ggc ttt cac aaa aag c-3′ for BsGT292; forward:
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5’-CGC GAA TTC Gat gaa aat agc act gat cgc cac ag-3’; reverse: 5’-CGC CTC GAG cta tct gtt ctt ctc
ata cac gct g-3’ for BsGT296. Restriction enzyme-recognizing sites were designed at the forward
primer (EcoRI, GAATTC) for the three BsGTs and the reverse primer (BglII, AGATCT) for BsGT110
and (XhoI, CTCGAG) for BsGT 292 and BsGT296. The amplified BsGT genes were subcloned into
the corresponding sites of the pETDuet-1™ vector to obtain the expression vector pETDuet-BsGT
(Figure 3a). In the cloning strategy, the N-terminal fusion with His-tag would allow the expressed
proteins to be purified with Ni2+ chelate affinity chromatography. The expression vectors were
transformed into E. coli BL21 (DE3) via electroporation to obtain the recombinant E. coli.

The recombinant E. coli was cultivated in 150 mL of Luria–Bertani (LB) medium containing 50
μg/mL of ampicillin with 200 rpm shaking at 37 ◦C. When the optical density at 600 nm reached 0.6,
0.2 mM IPTG was added to induce expression of the BsGT genes. The cells were continuously cultured
in an incubator at 18 ◦C for another 20 h. At the end of the cultivation, the cells were harvested by
centrifugation at 5000 rpm and 4 ◦C and washed once with 100 mL of phosphate saline buffer (PBS,
50 mM phosphate pH 6.8 and 100 mM NaCl). The cells were resuspended in 5 mL of PBS containing
25 mM of imidazole and broken by sonication at 4 ◦C. Cell debris was removed by centrifugation at
17,000× g for 30 min 4 ◦C. The supernatant containing the recombinant UGTs was applied on a Ni2+

chelate affinity column (10 i.d. × 50 mm, Ni Sepharose 6 Fast Flow, GE Healthcare, Chicago, IL, USA).
After washing with 20 mL of PBS containing 25 mM of imidazole, the bound proteins were eluted with
15 mL of PBS containing 250 mM of imidazole. The elute protein was dialyzed twice against 50 mM
Tris pH 8.0 and 100 mM of NaCl and then concentrated using Macrosep 10K centrifugal filters (Pall,
Ann Arbor, MI, USA). The purity and molecular weights of the purified UGTs were analyzed with
SDS-PAGE. The protein concentration was measured with the Bradford method with bovine serum
albumin as the standard. The final purified proteins were stored at −80 ◦C in the presence of 50% of
glycerol for use.

3.6. In Vitro Biotransformation Assay

The in vitro biotransformation was conducted with the purified BsGTs. The reaction (1 mL)
containing 2 μg of the tested enzyme, 0.02 mg/mL of 8-OHDe, 0.4 mM of UDP-glucose, 10 mM of
MgCl2 and 50 mM of Tris at pH 8.0 was carried out at 40 ◦C for 30 min. After the reaction, the mixture
was stopped by adding an equal volume of methanol and analyzed with UPLC. To determine the
optimal condition, a standard condition was set as 2 μg of the purified BsGT110, 1 mg/mL of 8-OHDe,
10 mM of MgCl2 and 10 mM of UDP-glucose at 50 mM of Tris at pH 8.0 and 40 ◦C, and the pH,
temperature or metal ion in the standard condition was replaced by the tested condition. For pH
testing, phosphate buffer (pH 6.0 and 7.0) and Tris buffer (pH 8.0) were used. For metal ion testing,
10 mM of either MgCl2 or CaCl2 were used. Relative activity was obtained by dividing the area of the
summation of the two product peaks, Compound (1) and Compound (2), of the reaction in the UPLC
profile by that of the reaction at the standard condition.

3.7. Scale-Up, Isolation and Identification of the Biotransformation Product

To purify the biotransformation metabolites, the reaction was scaled up to a 40-mL reaction
mixture containing 20 μg of the purified BsGT110, 1 mg/mL of 8-OHDe, 10 mM of UDP-glucose, 10 mM
of CaCl2 and 50 mM of phosphate buffer at pH 7.0. After reaction at 40 ◦C for 30 min, 40 mL of methanol
were added to stop the reaction. After being filtrated through a 0.2-μm nylon membrane, the mixture
was injected into a preparative YoungLin HPLC system (YL9100, YL Instrument, Gyeonggi-do, Korea).
The system was equipped with a preparative C18 reversed-phase column (Inertsil, 10 μm, 20.0 i.d.
× 250 mm, ODS 3, GL Sciences, Eindhoven, The Netherlands). The operational conditions for the
preparative HPLC analysis were the same as those in the UPLC analysis. The elution corresponding
to the peak of the metabolite in the UPLC analysis was collected, concentrated under vacuum and
then lyophilized. Finally, 17.4 mg and 24.5 mg of Compound (1) and Compound (2) were isolated,
and the structures of the compounds were confirmed with NMR and mass spectral analysis. The mass
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analysis was performed on a Finnigan LCQ Duo mass spectrometer (ThermoQuest Corp., San Jose,
CA, USA) with electrospray ionization (ESI). 1H- and 13C-NMR, DEPT, HSQC, HMBC, COSY and
NOESY spectra were recorded on a Bruker AV-700 NMR spectrometer (Bruker Corp., Billerica, MA,
USA) at ambient temperature. Standard pulse sequences and parameters were used for the NMR
experiments, and all chemical shifts were reported in parts per million (ppm, δ).

3.8. Determination of Solubility

Aqueous solubility of 8-OHDe and its glucoside derivatives was examined as follows. Each compound
was vortexed in d.d. H2O for 1 h at 25 ◦C. The mixture was centrifuged at 10,000× g for 30 min at 25 ◦C
and analyzed with UPLC. The concentrations of the tested compounds were determined based on their
peak areas using calibration curves prepared with UPLC analyses of authentic samples.

3.9. Determination of Stability

A stock of 8-OHDe or its glucosides (100 mg/mL in dimethyl sulfoxide) was diluted 100-fold to a
concentration of 1 mg/mL in 50 mM of Tris buffer at pH 8.0. Then, the diluted solutions in 1.5-mL
tubes covered with alumni fossil to avoid light were placed at 20 ◦C for 96 h. During the storage time,
samples were taken out for the UPLC analysis at the determined interval times.

4. Conclusions

8-OHDe, which has been demonstrated to possess multiple bioactivities, is a valuable isoflavone.
However, the compound has very low aqueous solubility and stability, which limit its applications.
In the present study, two new 8-OHDe glucoside derivatives, 8-OHDe-7-O-β-glucoside and
8-OHDe-8-O-β-glucoside, were produced through glycosylation of 8-OHDe by the glycosyltransferase
BsGT110 from B. subtilis ATCC 6633. The two produced 8-OHDe glucoside derivatives have higher
aqueous solubility and stability than those of 8-OHDe, which could expand the use of the two new
isoflavone glucosides in pharmaceutical and cosmeceutical applications in the future.
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Abstract: Ferulic acid esters have been suggested as a group of natural chemicals that have the
function of sunscreen. The study aimed to utilize an environmentally-friendly enzymatic method
through the esterification of ferulic acid with octanol, producing octyl ferulate. The Box-Behnken
experimental design for response surface methodology (RSM) was performed to determine the
synthesis effects of variables, including enzyme amount (1000–2000 propyl laurate units (PLU)),
reaction temperature (70–90 ◦C), and stir speed (50–150 rpm) on the molar conversion of octyl ferulate.
According to the joint test, both the enzyme amount and reaction temperature had great impacts
on the molar conversion. An RSM-developed second-order polynomial equation further showed a
data-fitting ability. Using ridge max analysis, the optimal parameters of the biocatalyzed reaction
were: 72 h reaction time, 92.2 ◦C reaction temperature, 1831 PLU enzyme amount, and 92.4 rpm stir
speed, respectively. Finally, the molar conversion of octyl ferulate under optimum conditions was
verified to be 93.2 ± 1.5%. In conclusion, it has been suggested that a high yield of octyl ferulate
should be synthesized under elevated temperature conditions with a commercial immobilized lipase.
Our findings could broaden the utilization of the lipase and provide a biocatalytic approach, instead
of the chemical method, for ferulic acid ester synthesis.

Keywords: ferulic acid esters; octyl ferulate; esterification; Box-Behnken design; response surface
methodology; molar conversion; optimum condition

1. Introduction

Ferulic acid (FA) is one of the phenolic acids, which exist in natural fruits and vegetables.
FA has been demonstrated as having many bioactivities, such as antioxidation [1], excellent
ultraviolet-absorbing activity [2,3], and health benefits for numerous diseases, including
cardiovascular-related diseases, inflammatory-related diseases, and cancers [4]. However, FA is
a polar and small compound, with poor solubility in oils. Due to the limited solubility of FA in a
lipophilic medium, the application of FA in cosmetics, food, and other nutraceutical industries are
commonly limited due to their low dissolution rate [5,6]. Thus, it is essential to increase the solubility
of FA to increase its practicality. A related study has indicated that the ester form of FA has better
antioxidant activity than the original form, especially when compared to butylated hydroxytoluene
(BHT) [7]. To overcome the problem of poor solubility, pharmaceutical particle technology of chemical
modifications has attracted attention [8–13]. However, it is difficult to chemically synthesize such
derivatives because FA is oxidation-sensitive under certain pH conditions [7,14,15]. Thus, enzymatic
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biocatalysis of FA as esters has been considered an alternative to chemical processes [16]. However,
the environmentally-friendly synthesis process of hydrophobic derivatives, such as FA, is still a
significant challenge for researchers.

The hydrophilic feruloylated derivatives have been produced by the esterification reaction of
FA with monosaccharides [17]. The water-soluble derivative of glyceryl ferulate with glycerol by
pectinase [18] was also synthesized through the esterification of FA. Under solvent-free conditions,
the enzymatic transesterification of ethyl ferulate (EF) with triolein had a higher EF conversion of
77% [19]. In addition, hydrophobic feruloylated derivatives can be synthesized by the esterification
of FA with alcohols. The strategy for esterifying hydrophilic FA with lipophilic substrates, such as
fatty alcohols, can be used to modify its solubility in a lipophilic medium. In previous literature,
Katsoura et al. (2009) indicated that ferulic acid esterified with different chain lengths of alkyl—such
as methyl, ethyl, and octyl—and possessed a significant antioxidant capacity against lipoprotein
oxidation in serum. Moreover, the study also indicated that the protective effect increased the chain
length of alkyl from methyl to octyl. [20]. However, because the reaction rate of FA condensation
with long chain alcoholic substrates is slow, FA might have conjugated with carboxyls and a sizable
noncarboxylic region [21].

Lipases are commonly used among biocatalysts in synthetic organic chemistry [22,23]. They have
been widely used to catalyze carboxylic acids and chiral alcohols, because of their great chiral
recognition [24]. Among them, the lipase isoform from Candida antarctica (CAL-B) is used most,
possessing higher enantioselectivity for a comprehensive range of substrates [25,26]. Novozym® 435
is a commercial enzyme prepared by CAL-B and immobilized on the macroporous acrylic polymer
resin. Novozym® 435 is a versatile biocatalyst, mainly conducted to catalyze the hydrolysis of oils and
fats, althought it can also be used to catalyze various esterification-related reactions [27]. 3D-structures
of the Novozym® 435 that show a short oligopeptide helix acting as a lid and adopting different
conformations as a role of detergent, provide higher mobility in its environment [28]. The performance
of catalytic activity requires the flexible active site of the enzyme. Although Novozym® 435 is active
in many organic solvents, in the esterification process it is needed to react under the condition of
lower water activity [29]. This suggests that Novozym® 435 is stabilized mainly by hydrophobic
interactions as a biocatalyst for esterification reaction [30,31]. Evidence shows that an increased rate
of enzyme hydration is associated with increasing mobility of enzyme molecules [32,33]. Although
Novozym® 435 was used in the synthesis of ferulic esters, the final yield remained very low (17%)
after a reaction lasting several days [19]. Moreover, the study also reported that, in the ferulic esters by
esterification reaction with ferulate synthesis process, the enzyme activity might be affected partly by
the hydrophilicity of ferulate [34,35]. In fact, a solvent-free reaction system, which is an eco-friendly
method minimizing environmental pollution, could be conducted by lipase in the synthesis system
of ferulate esters. This process could reduce the reaction time but increase the synthesized yield of
esters [9,23]. Additionally, the solvent-free reaction system commonly contains simple substrates and
offers reaction benefits, including the maximization of substrate concentration, a higher volumetric
productiveness, less environmental hazard, and a cost savings in both the reactor design of large-scale
production and the chemical separation/purification of products [36]. However, to increase the yield
of FA esters, it is required to develop a solvent-free system that operates at a high temperature.

As mentioned above, ferulic acid has been suggested as a natural nutraceuticals with a
biological function, but because in many solvent systems FA exhibits low stability and poor solubility,
its application might be limited. The present work is aimed to develop an environmentally friendly
biocatalytic method, instead of chemical synthesis, for the preparation of FA esters. In this study,
under solvent-free conditions, the lipase-catalyzed esterification of FA with octanol formed octyl
ferulate, followed by optimizing processes that featured an experimental design using response surface
methodology (RSM) to evaluate the best experimental conditions. Finally, the thermodynamic and
optimum effects on a solvent-free reaction system of lipase-catalyzed biocatalysis of FA was evaluated.
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2. Results and Discussion

2.1. Primary Experiment

The synthesis of octyl ferulate, catalyzed by Novozym® 435 (1500 PLU) from ferulic acid (20 mM)
and octanol, was performed in a water bath at a reaction time of 72 h. The octyl ferulate catalyzed by
Novozym® 435, as well as the liquid samples analyzed by high-performance liquid chromatography
(HPLC), are shown in Figure 1.

 

Figure 1. Scheme of octyl ferulate synthesis and high-performance liquid chromatography (HPLC)
chromatogram. Peak 1 of HPLC chromatogram is ferulic acid, and peak 2 is octyl ferulate.

Moreover, the effects of reaction time and reaction temperature on molar conversion of octyl
ferulate are shown in Figure 2, which illustrates an increased molar conversion observed after a reaction
time of 24 h and an increased reaction temperature. Additinoally, the higher reaction temperature
and increased reaction time could be observed without the weakening of enantioselectivities [37].
Although reaction temperature is a critical factor in biocatalysis, an elevated temperature may result in
inactive enzymes. In previous literature, producing feruloylated lipids through the transesterification
of monostearin and ethyl ferulate by catalysis has been investigated, and the optimal reaction
temperature was performed at 74 ◦C [9]. Under a solvent-free system, a different enzymatic synthesis
of feruloylated structured lipids occurred through the transesterification of ethyl ferulate with castor
oil, which indicated that a high conversion of ethyl ferulate could be obtained at a reaction temperature
of 90 ◦C [23]. The reaction temperature has a considerable influence on the equilibrium of the reversible
thermodynamic reaction. Therefore, experiments performed at 70 ◦C, 80 ◦C, and 90 ◦C investigated
the effect of temperature on biocatalysis reaction. As illustrated in Figure 2, the molar conversion
increased with an elevating reaction temperature. At a reaction temperature of 90 ◦C, molar conversion
reached a high value of 88.4%; the fastest reaction rate (observed by the slope of the linear curves) was
also determined. When the reaction time was over 72 h, the time course was leveled-off. The reason for
this may be that the viscosity of the reaction mixture gradually increased over reaction time, leading to
a decrease in mutual solubility and inhibiting the diffusion of substrates [38]. Thus, reducing mass
transfers and unfavorable interactions between substrates and enzyme particles might occur in the
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catalysis process. However, a longer reaction time could lead to a higher molar conversion. Thus,
the following experimental design was conducted at a reaction time of 72 h.
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Figure 2. Effects of reaction temperature and time on Novozym® 435-catalyzed synthesis of octyl
ferulate. The reaction was employed in a water bath at a reaction temperature of 70–90 ◦C and enzyme
amount of 1500 propyl laurate units (PLU).

2.2. Model Fitting

In our preliminary study, we explored the relationship between the influence factors and synthesis
yield of octyl ferulate catalyzed by Novozym® 435, testing various independent variables, such as
reaction time, reaction temperature, the molar ratio of octanol and ferulic acid, enzyme amount,
stirring speed, and so on. Moreover, our preliminary data indicated that the reaction temperature,
enzyme amount, and stirring speed were synthesis-dependent variables in response to Novozym®

435-catalysed octyl ferulate. Thus, we chose these factors to investigate the optimal process of octyl
synthesis by Box-Behnken design (BBD). In order to systematically realize the interactions between
enzyme amount, reaction temperature, and stir speed of the octyl ferulate synthesis, a three-level,
three-factor BBD was used to test 15 experiments (treatments). Using statistical response surface
methodology (RSM) modelling, we determined the experimental data for process optimization of
octyl ferulate production. This study aimed to develop and evaluate a statistical approach in order to
thoroughly realize the relationship between experimental variables and lipase-catalyzed responses.
Thus, the process could be fully optimized before the scaling-up production, which decreased the cost
and time to obtain a high-quality product. Compared with the single-factor-at-a-time design in most
studies, our study’s combination of RSM and BBD was more effective in reducing experimental runs
investigating the optimized process of octyl ferulate biocatalysis.

The experimental conditions and results of a three-level, three-factor BBD are shown in Table 1.
The response surface regression (RSREG) process for SAS was employed to fit the second-order
polynomial Equation of the experimental molar conversions. Among these treatments, the highest
molar conversion (88.4 ± 3.1%) was treatment 8 (reaction temperature 90 ◦C, enzyme amount 1500 PLU
and stirring speed 150 rpm); the lowest molar conversion (42.4 ± 5.7%) was treatment 1 (reaction
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temperature of 70 ◦C, enzyme amount of 1000 PLU and stirring speed of 100 rpm). From the SAS
output of RSREG, the second-order polynomial Equation (1) is given below:

Y = −299.1 + 5.6825X1 + 0.06625X2 + 0.22X3 − 0.00031X1X2

−0.0035X1X3 − 0.00005X2X3 − 0.02025X1
2

−0.0000059X2
2 + 0.00091X3

2
(1)

Table 1. Box-Behnken design experiments and observed data of molar conversion.

Treatment No. a
Experimental Factors b

Molar Conversion c (%)
X1 (◦C) X2 (PLU) X3 (rpm)

1 –1(70) –1(1000) 0(100) 42.4 ± 5.7
2 1(90) –1(1000) 0(100) 75.2 ± 0.7
3 –1(70) 1(2000) 0(100) 61.7 ± 3.6
4 1(90) 1(2000) 0(100) 88.3 ± 0.5
5 –1(70) 0(1500) –1(50) 49.4 ± 1.1
6 1(90) 0(1500) –1(50) 88.3 ± 0.1
7 –1(70) 0(1500) 1(150) 56.5 ± 0.7
8 1(90) 0(1500) 1(150) 88.4 ± 3.1
9 0(80) –1(1000) –1(50) 56.4 ± 0.1

10 0(80) 1(2000) –1(50) 80.2 ± 3.8
11 0(80) –1(1000) 1(150) 64.7 ± 4.9
12 0(80) 1(2000) 1(150) 83.5 ± 1.1
13 0(80) 0(1500) 0(100) 71.1 ± 1.4
14 0(80) 0(1500) 0(100) 70.2 ± 2.8
15 0(80) 0(1500) 0(100) 70.2 ± 3.5

a The treatments were employed in a random order. b X1: reaction temperature; X2: enzyme amount; X3: stir speed.
c Molar conversion for octyl ferulate shows means ± SD of duplicated experiments.

Furthermore, the analysis of variance (ANOVA) indicated that the second-order polynomial
equation had a significant correlation between the experimental response (molar conversion) and
dependent variables, which had a very small p-value of 0.0001 and a satisfactory coefficient of
R2 = 0.9887. Additionally, the total effects of these three experimental variables on the molar conversion
were investigated by a joint test. The results indicated that the reaction temperature (X1) and enzyme
amount (X2) were the most critical factors, statistically showing a significant effect (p < 0.001) on the
responded molar conversion. The stirring speed (X3) was statistically insignificant on the responded
molar conversion.

2.3. Optimal Synthesis Conditions

The optimal biocatalysis of octyl ferulate was further determined by the ridge max analysis,
indicating that the highest molar conversion was 91.74 ± 2.3% at 72 h, temperature 92.2 ◦C, enzyme
amount 1831 PLU, and stir speed 92.4 rpm (Figure 3). Figure 4 indicates the correlation between the
predicted and experimental values of the average cutting speed in the RSM model. A certification
experiment, performed in the investigated optimal conditions, could obtain a 93.2 ± 1.5% molar
conversion, which was similar to the RSM-predicted molar conversion, thus indicating that the
predicted model in this study was successfully established. Thus, the lipase-catalyzed biocatalysis of
octyl ferulate could be carried out with an easy method.

117



Catalysts 2018, 8, 338

40

50

60

70

80

90

70

75

80

85

90

1000
1200

1400
1600

1800
2000

C
on

ve
rs

io
n 

(%
)

Rea
cti

on
 T

em
pe

ra
tur

e (
o C) 

Enzyme Amount (PLU)

Figure 3. Response surface plots show the correlation between the molar conversion of octyl ferulate
synthesis and reaction parameters (enzyme amount and reaction temperature).

Figure 4. Comparison of the experimental data with those predicted by the response surface
methodology (RSM) model.

Additionally, to confirm the enzyme reusability, the immobilized lipase used for octyl ferulate
synthesis was determined under optimum conditions. Novozym® 435 was recovered from the reaction
medium after synthesis, followed by a direct reuse in the next batch. When the immobilized lipase
was reused five times, the molar conversion of octyl ferulate remained higher than 90% with very little
loss of enzymatic activity (Figure 5).
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Figure 5. Reusable cycles of Novozym® 435 in the synthetic process of octyl ferulate under indicated
optimal condition.

The data indicated that the immobilized lipase could keep enzymatic stability under the conditions
of long-term octanol exposure and high reaction temperature (90 ◦C). Therefore, the data confirmed
that the Novozym® 435 could be efficiently used for the synthesis of octyl ferulate and that the
enzymatic stability was enough to reuse.

3. Materials and Methods

3.1. Materials

A total of 10,000 U/g (propyl laurate units, PLU) of immobilized lipase Novozym® 435 from
Candida antarctica B (EC3.1.1.3) (on a macroporous acrylic resin) was purchased from Novo Nordisk
Bioindustrials Inc. (Copenhagen, Denmark). Ferulic acid (FA), acetic acid, 2-methyl-2-butanol,
methanol, hexanol, and octanol were obtained from Sigma Chemical Co. (St. Louis, MO, USA).
A 4-Å molecular sieve was purchased from Davison Chemical (Baltimore, MD, USA). All chemicals
and reagents were of analytical grade.

3.2. Enzymatic Synthesis of Octyl Ferulate

In this study, the synthesis process was performed under a solvent-free system in order
to biocatalyze ferulic esters, using the maximum concentration of ferulic acid, which helped its
participation in esterification. However, the best solubility of ferulic acid in octanol was also determined
by a maximum concentration of 20 mM. Therefore, 20 mM of ferulic acid was employed in this study.
All materials were dehydrated using molecular sieve (4 Å) for 24 h before use. The 20 mM of ferulic
acid and Novozym® 435 were thoroughly mixed with octanol (1 mL) in sealed dark vials, and reacted
in a water bath for 72 h, under different experimental conditions of temperature, enzyme amount, and
stir speed, as shown in Table 1. The reacted samples were further analyzed by high-performance liquid
chromatography (HPLC). Samples were centrifuged and diluted with hexanol/2-methyl-2-butanol
(1:100). Analyses were done according to the procedure modified by Huang et al. [36]. The flow rate
was set at 1.0 mL/min, followed by detection at a wavelength of 325 nm. Molar conversion was
calculated based on the peak areas of the sample.
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3.3. Experimental Design

In this study, a three-level, three-factor Box-Behnken design requiring 15 experiments was
employed. To avoid bias, the 15 runs were done in a random order. The variables and their response
levels selected for the synthesis of octyl ferulate were: Reaction temperature (70–90 ◦C), enzyme
amount (1000–2000 PLU), and stir speed (50–150 rpm). All of the experiments were performed at a
reaction time of 72 h. Table 1 shows the independent factors (X1), levels, and experimental design of
the coded and un-coded values.

3.4. Statistical Analysis

All data were analyzed by the procedure of response surface regression (RSREG) with SAS
software to fill in the second-order polynomial equation, as shown in Equation (2):

Y = β0 +
3

∑
i=1

βixi +
3

∑
i=1

βiixi
2 +

2

∑
i=1

3

∑
j=i+1

βijxixj (2)

Y is the molar conversion of octyl ferulate; β0 represents a constant; βi, βii, and βij represent constant
coefficients; and xi and xj are uncoded variables. The suffixes i and j are shown in Equation (1) with
the three variables representing: x1 for reaction temperature, x2 for enzyme amount, and x3 for stir
speed. The decision of ridge max in the SAS software was used to calculate the estimation of maximum
response ridge, in which the radius increased from the center of the original design.

4. Conclusions

In this study, the esterification of ferulate with octanol catalyzed by lipase in a solvent-free system
was well investigated. The immobilized Novozym® 435 could be used to synthesize octyl ferulate.
Both three-level, three-factor BBD and RSM were employed successfully for the experimental design.
An environmentally friendly experimental model for the octyl ferulate synthesis was built, and the
optimal conditions for biocatalysis had a reaction time of 72 h, a reaction temperature of 92.2 ◦C,
an enzyme amount of 1831 PLU, and a stir speed of 92.4 rpm. In order to obtain a molar conversion
of 93.2 ± 1.5%, we employed a synthesis of octyl ferulate by lipase biocatalysis under the optimal
condition. Notably, our results indicated that a high reaction temperature significantly affected the
efficiency of a lipase-catalyzed ester synthesis under a solvent-free system. Overall, as compared to the
chemical methods, our present study suggests that the lipase-catalyzed and environmentally-friendly
synthesis of esters, when under a solvent-free reaction system at a high reaction temperature and
without a marked loss of enzymatic activity, could offer a significant reference for an industrial
preparation process.
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Abstract: CpCR, an (R) specific carbonyl reductase, so named because it gave (R)-alcohols on
asymmetric reduction of ketones and ketoesters, is a recombinantly expressed enzyme from
Candida parapsilosis ATCC 7330. It turns out to be a better aldehyde reductase and catalyses
cofactor (NADPH) specific reduction of aliphatic and aromatic aldehydes. Kinetics studies against
benzaldehyde and 2,4-dichlorobenzaldehyde show that the enzyme affinity and rate of reaction
change significantly upon substitution on the benzene ring of benzaldehyde. CpCR, an MDR (medium
chain reductase/dehydrogenase) containing both structural and catalytic Zn atoms, exists as a dimer,
unlike the (S) specific reductase (SRED) from the same yeast which can exist in both dimeric and
tetrameric forms. Divalent metal salts inhibit the enzyme even at nanomolar concentrations. EDTA
chelation decreases CpCR activity. However, chelation done after the enzyme is pre-incubated
with the NADPH retains most of the activity implying that Zn removal is largely prevented by the
formation of the enzyme-cofactor complex.

Keywords: MDR—medium-chain reductase/dehydrogenase; ADH—alcohol dehydrogenase; enzyme
kinetics; EDTA (Ethylenediaminetetraacetic acid) chelation; ultrafiltration

1. Introduction

The MDR superfamily is a part of the oxidoreductase class and contains a family of zinc-dependent
alcohol dehydrogenases [1]. MDRs are hypothesized to have evolved from SDR (short-chain
reductases/dehydrogenases) superfamily and later incorporated zinc atoms within themselves to
facilitate divergence in catalytic abilities [2]. CpCR belongs to MDR superfamily and is reported to
catalyse reductions of ketoesters, ketones and aldehydes leading to the production of some important
pharmaceutical precursors [3]. It is one of the important enzymes present in Candida parapsilosis ATCC
7330, which is a well-known whole-cell biocatalyst [4]. CpCR, a heterodimer (PDB: 4OAQ), has two
different Zn atoms viz. catalytic Zn and the structural Zn. The former is coordinated to two Cys, His
and a water while the latter is coordinated to four Cys residues and lies away from the active site.
Aldehyde reduction by various ADHs from horse liver, human liver and Saccharomyces sp. is well
established [5–7]. CpCR reduces aliphatic and aromatic aldehydes with higher activity compared to
other carbonyl substrates.

Even though a lot of literature on understanding the role of Zn in MDR superfamily exists [8–17],
still there is some ambiguity in the function of structural Zn [8,9,16,17]. Chelation studies with
multi-dentate ligands, like EDTA and 1,10-phenanthroline on ADHs, indicate that they significantly
affect the activity by chelating one of the Zn atoms [9,17,18]. Dithiothreitol (DTT) at higher
concentrations is known to cause heat lability of yeast ADH (YADH) by changing the Zn stoichiometry
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in the enzyme [9]. Cofactor binding to the liver ADH (LADH) induces a large conformational change
where the two domains (catalytic and cofactor binding domains) rotate around 10 degrees to close the
active site cleft [19]. A similar observation was made in alcohol dehydrogenase from Arabidopsis thaliana
but the mechanism is different from that of LADH [20]. It is also established that the conformational
change induced by cofactor binding requires the presence of the nicotinamide part of NAD(P)H, while
the binding of ADP-ribose does not induce such a change [21]. Recently, cofactor binding to various
ADHs was studied using circular dichroism wherein the orientation of nicotinamide ring of the cofactor
at the active site could be observed [22]. Another study on cofactor binding shows that NAD+ and
NADH adopt different structures in water, but both fit in the enzyme’s active site in a semi-extended
conformation [23]. These studies are essential in understanding the initial step (binding of the cofactor
to the active site) of the reactions catalysed by NAD(P)H-dependent ADHs. Cofactor switching is also
an important aspect in obtaining enzymes with better catalytic ability and applications in metabolic
engineering [24–27]. However, the effect of this changed configuration upon cofactor binding on
enzyme activity has not been probed systematically to date. This is of importance because in nature
most enzymes exist bound to their natural cofactor as evidenced by typically low Kd values of the
cofactor [22].

In this study we used various concentrations of EDTA for chelation studies against CpCR and
employed ultrafiltration for rapid removal of EDTA. To the best of our knowledge this is the first report
to elucidate the kinetic characteristics of cofactor-enzyme complex.

2. Results and Discussion

2.1. Purification of CpCR, Expanding Its Substrate Scope and Kinetic Studies

The purification protocol was modified, keeping in mind the yield and the stability of the enzyme.
Compared to the previous protocol [28], the modified protocol increased the yield ten times and fold
purification by 3.7 times. CpCR, an MDR, is a Zn-containing enzyme and it is very important that
the Zn coordination stays unaffected by the buffer conditions in which it is purified/stored. Earlier
purifications of CpCR had DTT in the buffers to maintain a reducing environment for the four free
cysteine residues present in the enzyme. DTT, a reducing agent is known to reduce the Cys residues
coordinated to the zinc and release it [9]. CpCR and YADH belong to the same MDR superfamily.
Thus, the enzyme was purified without the addition of DTT in the buffering system and the effects
were clear with the increase in the activity by more than three times. The presence of MgCl2 in the
storage buffer was also omitted as the Mg ion does not have any significant interactions with the
protein surface (PDB: 4OAQ). HEPES replacing Tris-HCl buffer was based on the fact that the pH of
the Tris buffer is sensitive to changes in temperature.

Our previous study reported an asymmetric reduction of ketones and ketoesters by CpCR, but the
activity with aldehydes was better [3]. Thus, in this work, a detailed study of aldehydes, i.e., aliphatic
and various substituents of benzaldehyde as the substrates for CpCR, was carried out. Aldehyde
reduction is NADPH-specific. Aliphatic aldehydes show 60–70% activity as that of benzaldehyde
(Table 1). Any substitution on any position of benzaldehyde decreases the activity, due to electronic
and steric effects. 2, 4-dichlorobenzaldehyde (substrate 15) shows the least activity. Among the ortho
and para substituted benzaldehydes, electron withdrawing groups like NO2 and CN (substrates 13
& 12) show less activity as they can destabilise the benzene ring. Bromo and floro substitutions along
with electron donating groups such as CH3 and O-CH3 at ortho and para positions (substrates 4, 9, 10
and 11) show comparatively better activity than substrates which contain electron-withdrawing groups
(substrates 6, 12 and 13). It is expected that substitutions on ortho and para positions behave similarly
but in the case of ortho bromo (substrate 5), steric effects dominate. Substrate 9 shows comparatively
better activity than substrates 10 and 11 due to the presence of the smaller methyl group.
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Table 1. The specific activity of CpCR against various aldehydes that were not reported earlier.

Entry Substrate Specific Activity (U mg−1) 1

1 24.98 ± 1.06

2

 
19.29 ± 0.59

3 21.9 ± 0.64

4 23.06 ± 0.94

5 6.76 ± 0.63

6 21.17 ± 0.73

7 6.53 ± 0.82

8 20.79 ± 0.76

9 26.46 ± 0.92

10 21.0 ± 0.53

11 19.69 ± 0.97

12 18.63 ± 0.72

13 13.35 ± 0.69

14 33.96 ± 1.02 2

15

 

3.8 ± 0.64

1 One unit of the enzyme activity is defined as the amount of enzyme that oxidizes 1μmol of NADPH per minute at
30 ◦C. 2 Previously reported [3]. Put here for comparative analysis with other substrates.

The kinetic parameters, i.e., enzyme affinity and the catalytic rates of CpCR with two different
substrates (benzaldehyde and 2, 4-dichlorobenzaldehyde) show drastic differences in activity (Table 2).
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The dramatic decrease in activity with 2,4-dichlorobenzaldehyde could be because of its poor fit in
the substrate cleft as reflected in >20 fold higher Km value as compared to that of benzaldehyde.
A similar decreased activity can be seen in case of the ortho and para substituted benzaldehydes
(Table 1). The presence of two Cl substitutions (inductive electron withdrawing groups) in
2,4-dichlorobenzaldehyde cause significant instability of the benzene ring which does not favour the
reduction of the carbonyl group. Thus, both electronic and steric factors can explain the low activity of
compound seen in entry 15, Table 1. Overall, the affinity of CpCR towards benzaldehyde decreases
with increase in substitution on the benzene ring.

Table 2. Kinetics of CpCR.

Entry Substrate Vmax (μmol min−1 mg−1) Km (mM)

1 34 ± 0.9 0.29 ± 0.04

2 3.88 ± 0.56 7.14 ± 0.04

2.2. Oligomeric State of CpCR

The crystal structure of CpCR (PDB: 4OAQ) shows that the enzyme is a hetero dimer. SDS-PAGE
indicates the presence of a 40 kDa sub unit in the buffer [19]. Gel filtration chromatography data indicates
that CpCR is indeed a dimer of 80 kDa (Figure 1A) and remains so even at higher concentrations
(Figure 1B). SRED from Candida parapsilosis ATCC 7330 exists in other oligomeric states unlike CpCR [29].

(A) (B) 

Figure 1. Oligomeric state of CpCR. (A) A plot of Log Mol. Wt. vs. Kav shows the calibration curve of
the known standards including and the molecular weight of CpCR; (B) A plot of velocity of reaction vs.
micro molar concentration of CpCR.

2.3. Effect of Chelating Agent EDTA and Divalent Metal Salts on Activity of CpCR

2.3.1. Effect of Time on Chelation

Addition of EDTA to the enzyme solution in a 1:3 enzyme: EDTA mole ratio, resulted in a drop of
the specific activity of the enzyme immediately by 30% (from around 36 U/mg to 25 U/mg). Prolonged
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incubation of the mixture for up to 120 min showed that the specific activity remained around 25 U/mg
for the entire duration. Furthermore, this experiment when repeated with a four-fold increased EDTA
concentration (1:12—enzyme: EDTA mole ratio) over a lesser duration of 30 min showed the exact
same trend (Figure S1). This indicates that EDTA binding to zinc in the enzyme is a fast process, and
since the equilibrium is established, prolonged incubation is unnecessary.

2.3.2. Removal of EDTA

Different amounts of EDTA were incubated with a fixed concentration of enzyme in order to
determine the effective concentration of EDTA necessary to remove zinc from the enzyme. However,
it was found that despite the wide range of mole ratio tested, the specific activity of the protein samples
containing EDTA remained the same (Figure S2). This was indicative of the fact that although EDTA
binds to the enzyme quickly, it has to be removed in order to remove the zinc. This is consistent with
what has been reported in literature [11,17,18].

The specific activities obtained after EDTA removal from samples by dialysis shows a decreasing
trend in specific activity with increasing EDTA content (results not shown), indicating that the EDTA
removal is necessary for zinc removal. A similar trend was observed in CPCR2 where the loss of
activity of the enzyme is a function of loss of catalytic Zn [17]. However, the dialysis method was
time consuming (12 h) and not feasible for this enzyme as it is not very stable. The specific activities
obtained after EDTA removal from samples by ultrafiltration shows a similar decreasing trend using
dialysis (Figure 2A). This method takes 3 h, and is likely to be associated with a gradual loss of specific
activity which has to be taken into account. The protein recovery from this method is very high and,
therefore, this method was optimized for use in future experiments.

 
(A) (B) 

Figure 2. Activity of CpCR after chelation with EDTA (A) Effect of EDTA on CpCR activity at various
concentrations; (B) Change in specific activity of CpCR before and after incubation at 4 ◦C.

Prolonged incubation during the EDTA removal on the enzyme sample was also studied.
Two controls were designed to check spontaneous loss of activity—a temperature control that was
placed at 4 ◦C for three hours and a centrifugal control that was placed in the filtration unit without
EDTA treatment. The specific activity values were measured for all the controls and a sample treated
with 10:1 enzyme:EDTA (Figure 2B). It was seen that there is a decrease of specific activity from 35 U/mg
to 30 U/mg due to the three-hour incubation. However, the loss due to EDTA treatment was much
more significant.

2.3.3. Inhibition of CpCR by Divalent Metal Salts

Attempts were made to restore specific activity of the enzyme samples treated with EDTA by
addition of zinc chloride. Surprisingly, it was found that the addition of external zinc decreased
the specific activity of not only the EDTA treated sample but also of the control sample without any
EDTA (Figure 3A). This has been previously reported for carboxypeptidase-A and could be caused
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by bridging of the water molecule bound to the catalytic zinc to the external zinc thereby preventing
substrate entry [30]. It was confirmed that this phenomenon is not just specific to zinc but to divalent
ions of size similar to zinc as shown in Figure 3B. Reports on inhibition of ADHs by divalent metal ions
suggest that the inhibition can be pH dependent and the mechanism mainly involves the replacement
of native metal ion present in the catalytic site or by the coordination of added divalent metal ions with
the sulphydryl groups of the enzyme. The inhibition can be reversed by addition of EDTA to remove
the excess Zn ions [31–34]. Currently we are investigating the mechanism of inhibition of CpCR by
such divalent metal salts.

 
(A) (B) 

Figure 3. Effect of Zn2+ and other divalent metals on activity of CpCR. (A) Effect of Zn2+ (ZnSO4) on
CpCR activity at various concentrations; (B) Specific activity of CpCR influenced by various divalent
metal ions.

2.4. Cofactor Pre-Treatment Prevents CpCR Activity Loss

Pre-treatment of enzyme samples with cofactors NADPH/NADP+ prevented the loss of specific
activity upon EDTA treatment in a concentration-dependent manner (Figure 4A). This is also reported
with 1,10-phenanthroline when YADH is pre-incubated with the cofactor [18]. It was seen that
pre-treatment with 1 mM NADP+ gave 50% more specific activity as compared to the EDTA treated
sample without cofactor treatment, while 2 mM NADPH retained the entire specific activity of the
initial control. This may be due to retaining zinc and not allowing EDTA to access it possibly a result
of structural changes due to cofactor binding.

  
(A) (B) 

Figure 4. Effect of NADPH incubated CpCR on its activity. (A) Effect of incubation of different
concentrations of NADPH on CpCR activity; (B) Kinetics of CpCR, NADPH bound vs. unbound.

The kinetics of the cofactor-bound enzyme were determined by the enzyme obtained from the
modified purification protocol presented in this study with changes in the kinetic parameters duly
noted. It was observed that the Km value for both cofactor bound and unbound CpCR remained

128



Catalysts 2019, 9, 702

more or less constant at 0.23 mM, implying that substrate binding remained largely unchanged in the
cofactor-bound enzyme. However, there was a two-fold decrease in Vmax of cofactor-bound enzyme
(Figure 4B). The structure of CpCR is significantly similar to LADH (PDB: 1HLD) with a p-value of
1.41 × 10−13 [35]. The decreased Vmax value may also be attributed to the structural changes in the
cofactor bound enzyme resulting in narrowing of the catalytic cleft and hindering the entry of the
substrate [36]. Overall, the conversion of the apo enzyme to the holo form seems to affect the rate of the
reaction significantly even though the enzyme affinity towards the substrate is retained.

3. Materials and Methods

3.1. Chemicals and Media

All the chemicals and media were purchased from SRL, Chennai, India and HiMedia, Mumbai,
India. AKTA protein purification system and GST affinity column were purchased from GE Healthcare
Life Sciences, Bangalore, India. The ultra-centrifugal filters were obtained from Merck, Mumbai, India.

3.2. Enzyme Expression and Purification

The overexpression and purification of CpCR were performed as per the reported methodology
using GST affinity chromatography [28]. For all the experiments, except cofactor binding studies,
the enzyme obtained from this protocol was used. Slight modifications to the protocol were done to
obtain better yield and stability of the enzyme. They include: 1. Removal of DTT and MgCl2 from all
the buffers and replacing the Tris HCl with HEPES buffer. 2. Cell disruption was done using a 150 W
ultra-sonicator. 3. The cleared lysate was loaded onto the GST column at a flow rate of 1 ml min−1.
4. The use of a superdex column was skipped. The yield and fold purifications were obtained by
checking the specific activity of CpCR against benzaldehyde.

The composition of the buffers used are as follows: Equilibration and wash buffer: 50 mM HEPES
pH 7.5, 500 mM NaCl, 2.5% glycerol; Elution buffer: 50 mM HEPES pH 7.5, 20 mM Glutathione;
Desalting buffer: 20 mM HEPES pH 7.5, 50 mM NaCl.

3.3. Specific Activity, Substrate Scope and Kinetic Studies of CpCR

The protocol used for determining the specific activity of the enzyme against different substrates
was the same as reported previously [3]. The activity of CpCR against benzaldehyde substituents
and aliphatic aldehydes was checked. Substrate concentrations varying from 0–4 mM were used to
determine the specific activity of CpCR and the Lineweaver–Burk plot gave the Km and Vmax of CpCR
against the specific substrates.

3.4. Oligomeric State of CpCR

Gel filtration chromatography was done to find out the oligomeric state of CpCR [37]. Mixture of
standard proteins containing ribonuclease (13.7 kDa), chymotrypsin (25 kDa), ovalbumin (43 kDa),
albumin (67 kDa), aldolase (158 kDa), catalase (232 kDa), ferritin (440 kDa) and thyroglobulin (669 kDa)
were used to calibrate the Sephadex 200 HR column. A plot of Log Mol. Wt. and Kav was made to
calculate the molecular weight of CpCR.

A plot of velocity (μmoles min−1) vs. concentration of CpCR (μM) was made to find the presence
of higher oligomeric state of CpCR at its higher concentrations of up to 500 μM.

3.5. Treatment of CpCR with EDTA, Divalent Metal Salts

Benzaldehyde was used as the substrate to check the activity of CpCR against the effects of EDTA
and other metal salts. The mixture containing the ratio of 1:3 and 1:12 (number of moles of CpCR to the
number of moles of EDTA) was checked for the activity instantaneously and compared to the untreated
CpCR. Another experiment with the same mixtures incubated for up to two hours at 4 ◦C with the
activity checked every 15 min from the start of incubation was also done. Additionally, different ratios
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of the number of moles of CpCR to EDTA were tried to see the instantaneous effect on the activity
of CpCR.

Ultrafiltration was done to remove the low Mol. Wt. EDTA from the above mixtures to later
determine the change in the activity of CpCR. The chelator treated protein (100–500 μg) in a volume <
500 μL was placed in 0.5 mL filter (Amicon, 10 kDa mol. wt. cutoff) and the volume was made up to
500 μL using a desalting buffer. The samples were then concentrated at 14,000 g at 4◦ C for 30 min,
following which the volume was again made up to 500 μL. This process was repeated for a total of six
times over three hours. At the end of the process, the enzyme was recovered and its concentration was
determined by Bradford’s method [38] followed by its activity assay.

The addition of micro- and nanomolar concentrations of ZnSO4 to the EDTA treated CpCR was
also studied. The metal salt in question was directly added to the assay solution from a 1 M stock
to obtain the desired concentration after addition of substrate and enzyme to determine the activity
spectrophotometrically. Effects of divalent metal salts like CoCl2, NiCl2, MgCl2, CuCl2, MnCl2 and
ZnCl2 at nanomolar concentrations on the CpCR activity were noted.

3.6. CpCR—Cofactor Binding Studies

For this study, the modified protocol for purification was used. NADPH was added to 100 μg
of the protein from 10 mM and 20 mM stock of cofactor to a final concentration of 1 mM and 2 mM
respectively, and the solution was incubated at 4 ◦C for one hour. Following this, the sample was
treated with EDTA maintaining a 1:1000 enzyme: EDTA mole ratio. The EDTA was removed by
ultra-centrifugation, and the specific activity of the sample was determined. Kinetic studies of CpCR
against benzaldehyde were compared with the CpCR pre-incubated with 2 mM NADPH.

4. Conclusions

CpCR substrates include substituted benzaldehydes and aliphatic aldehydes. Substituted
benzaldehydes showed lower activity as compared to benzaldehyde. The oligomeric state of the
enzyme was confirmed to be dimeric at all concentrations, in agreement with the crystal structure.
In chelation studies with EDTA, a decrease in enzyme activity with an increase in EDTA concentration
is seen after removal of the EDTA from the solution by ultrafiltration. All the divalent metal ions
inhibit the activity of CpCR even at nanomolar concentrations. The protocol for CpCR purification
was modified to obtain 10 times more yield and > 3-fold purification and used in studying the cofactor
binding studies. The pre-incubation of CpCR with cofactor makes the enzyme resist the Zn removal
by EDTA chelation and retains activity. The apo and holo forms of CpCR do not differ in their affinity
towards benzaldehyde but differ in their reaction rates.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/9/702/s1;
Figure S1. Time study of chelation; Figure S2. Concentration based chelation without removing the chelator.
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Abstract: Microbial electrosynthesis (MES) is a process where bacteria acquire electrons from a
cathode to convert CO2 into multicarbon compounds or methane. In MES with Sporomusa ovata as
the microbial catalyst, cathode potential has often been used as a benchmark to determine whether
electron uptake is hydrogen-dependent. In this study, H2 was detected by a microsensor in proximity
to the cathode. With a sterile fresh medium, H2 was produced at a potential of −700 mV versus
Ag/AgCl, whereas H2 was detected at −500 mV versus Ag/AgCl with cell-free spent medium from a
S. ovata culture. Furthermore, H2 evolution rates were increased with potentials lower than −500 mV
in the presence of cell-free spent medium in the cathode chamber. Nickel and cobalt were detected at
the cathode surface after exposure to the spent medium, suggesting a possible participation of these
catalytic metals in the observed faster hydrogen evolution. The results presented here show that
S. ovata-induced alterations of the cathodic electrolytes of a MES reactor reduced the electrical energy
required for hydrogen evolution. These observations also indicated that, even at higher cathode
potentials, at least a part of the electrons coming from the electrode are transferred to S. ovata via H2

during MES.

Keywords: industrial biotechnology; electrochemistry; biohydrogen; biocatalysis; process
development; bacteria

1. Introduction

Reductive bioelectrochemical processes rely on the transfer of electrons from a cathode to a
microbial catalyst for the reduction of a substrate with protons coming from an anodic reaction [1,2].
The substrate can be inorganic carbon molecules like CO2 that will be reduced to multicarbon
compounds or CH4 via microbial electrosynthesis (MES) [3–10]. Organic carbon compounds can
also be converted into commodity chemicals via electrofermentation [11,12] or electrorespiration [13].

In reductive bioelectrochemical systems (BES), the electrons are thought to be transferred directly
via physical contact between the microbes and the cathode or indirectly via an electron shuttle such
as H2 [14–16]. Experimental evidences suggest that H2 evolution from a graphite electrode often
used in reductive BES starts happening only at potentials below −800 mV vs. Ag/AgCl in batch
experiments [17]. Thus, it has been proposed that when the cathode potential is set higher than
−800 mV, electrons are transferred via a H2-independent mechanism that could possibly involve the
direct acquisition of electrons by components of the bacterium cell wall [3,18].
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A recent study indicated that in the presence of cell-free spent medium from the electroactive
acetogen Sporomusa sphaeroides, a significant quantity of H2 is produced in a BES with a cathode
potential set at −710 mV vs. Ag/AgCl [19]. Furthermore, the same study showed that in the presence
of cell-free spent medium from the electroactive methanogen Methanococcus maripaludis, H2, as well as
formate, are formed in a BES at higher cathode potential compared to sterile fresh medium control
and in sufficient quantities to account for all the methane produced from CO2. The authors suggested
a novel electron transfer mechanism in which hydrogenases and formate dehydrogenase released
in the medium from microbial cells would interact with a cathode set at a potential above −800 mV
vs. Ag/AgCl to catalyze the formation of soluble electron shuttles. Alternatively, other groups have
proposed that copper, nickel, iron, or vanadium deposited at the surface of a cathode via microbial
activity could be responsible for the increase of bioelectrochemical hydrogen production observed at
different potentials after exposure of the cathode to microbial catalysts [20–22].

Cathode materials [23], reactor designs [24–27], and operating modes [28,29] are all parameters
that can positively affect H2 evolution. The chemistry of the solution filling the cathodic reactor also
has an impact on the relation between the cathode potential and H2 evolution through changes in H2

initial concentration [22,30], changes in buffer composition [31–33], and through the presence of weak
acids [34,35]. During MES, the microbial catalyst will alter the chemical environment surrounding
the cathode by releasing metabolic wastes, products, or diverse cell components or debris in the
cathodic solution [19,21,36,37]. To study the possible correlation between microbial alterations and H2

evolution in a MES system, a hydrogen microsensor was placed in close proximity to the surface of a
cathode set at different potentials to measure H2 evolution in situ in the presence of sterile medium,
bacterial culture or cell-free filtrate. Sporomusa ovata, one of the best pure culture MES catalysts for
the production of acetate from CO2 [38,39] is used here as a model because of its capacity to perform
MES over a large range of cathode potential [3,40–46]. In order to further understand H2 evolution
and electron uptake during MES, other variables were investigated, including the presence of metals
at the cathode surface as well as the presence of hydrogenases and other enzymes in the cell-free
spent medium.

2. Results and Discussion

2.1. H2 Evolution in an Abiotic MES Reactor

A hydrogen microsensor with a sensitivity of ≥ 0.1 μM was inserted into an abiotic MES reactor
to monitor H2 evolution with a cathode set at potential ranging from −900 to −400 mV vs. Ag/AgCl
(Figure S1). H2 concentration was measured in close proximity to the cathode surface where microbial
catalysts in operating MES reactor [3,38,41] are likely to oxidize large fraction of H2, if any is produced,
before it can diffuse away in the medium and in the reactor gas phase. The initial evaluation of H2

evolution was conducted in an abiotic MES reactor. Both cathodic and anodic chambers were filled with
sterile 311 medium at pH 6.8, which is the growth medium as well as the electrolyte solution normally
used in S. ovata-driven MES reactors [3]. Under these experimental conditions, the highest cathode
potential at which H2 evolution was observed was −700 mV vs. Ag/AgCl (Table 1). As expected,
more current was drawn at lower potentials versus higher potentials because H2 evolved faster at
lower potentials (Figure 1, Table 1, Figure S2).
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Table 1. H2 evolution, current density and electrons recovery in MES reactors with sterile fresh 311
medium a.

Potential vs. Ag/AgCl (mV) H2 Evolution Rates (μM min−1) Current Density (mA m−2) Electrons Recovery in H2 (%)

−900 0.088 ± 0.012 −19.8 ± 2.1 87 ± 1.8
−850 0.073 ± 0.010 −16.3 ± 1.7 85 ± 3.7
−800 0.059 ± 0.008 −14.9 ± 1.8 80 ± 2.1
−750 0.052 ± 0.011 −13.7 ± 1.2 79 ± 9.0
−700 0.048 ± 0.007 −12.8 ± 1.0 78 ± 7.0
−600 n.d. b n/a c n/a

a Each result is the mean and standard deviation of three replicates. b Not detected. c Not applicable.

Figure 1. Current draw in a MES reactor filled with sterile fresh 311 medium at different cathode
potentials. Results shown are from a representative example of three replicate.

2.2. H2 Evolution in the Presence of a S. ovata Cell Suspension

S. ovata is an efficient acetogenic microbial catalyst for the production of acetate from CO2 by MES
capable of acquiring electrons from the cathode at potentials as high as −600 mV vs. Ag/AgCl [1,3,41].
To determine the impact of S. ovata on H2 accumulation in a MES system, a cell suspension was added
to a cathode chamber equipped with a H2 microsensor. At the tested potentials higher than −900 mV,
no H2 was detected (Table 2). At −900 mV, 0.11 ± 0.02 μM min−1 (n = 3) of H2 accumulated, and the
electron recovery from current to H2 was only 8.5 ± 1.5% (Table 2, Figure 2, Figure S3), indicating that
S. ovata cells probably quickly consumed most of the H2 generated at the cathode. In the meantime, ca.
6.6 ± 0.2 μM of acetate was produced by S. ovata cell suspension from CO2 in the cathode chamber of
the MES system over a period of 25 minutes, and the coulombic efficiency was 75 ± 3%.

Table 2. H2 evolution, current density and electrons recovery in MES reactors with S. ovata cell
suspension a.

Potential vs. Ag/AgCl (mV) H2 Evolution Rates (μM min−1) Current Density (mA m−2) Electrons Recovery in H2 (%)

−900 0.11 ± 0.02 −317 ± 32 8.5 ± 1.5
−850 n.d. b n/a c n/a
−800 n.d. n/a n/a
−750 n.d. n/a n/a
−700 n.d. n/a n/a
−600 n.d. n/a n/a

a Each result is the mean and standard deviation of three replicates. b Not detected. c Not applicable.
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Figure 2. Current draw in a MES reactor containing a S. ovata cell suspension at a cathode potential of
−900 mV vs. Ag/AgCl. Results shown are from a representative example of three replicate.

2.3. H2 Evolution Shifting in the Presence of a Cell-Free Filtrate from S. ovata Culture

To recreate the chemical environment of an operating MES reactor in the absence of the
H2-oxidizing microbial catalyst, a cell-free filtrate from a S. ovata culture grown beforehand for four
weeks under electrosynthetic condition was employed as the cathodic solution. Compared to a S. ovata
cell suspension, H2 was present in significant quantities at −900 mV vs. Ag/AgCl with simultaneous
current draw indicating that the cell-free filtrate was unable to oxidize detectable amount of H2 (Table 3,
Figure 3). Furthermore, higher H2 evolution rates in the MES reactor were detected with the cell-free
filtrate than with the sterile fresh medium at cathode potential ranging from −900 mV to −700 mV vs.
Ag/AgCl (Figure 4, Figure S4). In addition, the detectable H2 evolution in the presence of cell-free
filtrate was shifted by +200 mV compared to sterile medium control. H2 started to accumulate at
−500 mV with S. ovata cell-free filtrate, whereas H2 evolution was detected at −700 mV with sterile
fresh 311 medium. These results suggested that secreted metabolites, secreted cell components or
chemical characteristics of the S. ovata cell-free filtrate enabled H2 evolution at higher cathode potentials
and accelerated it. Furthermore, it seems to indicate that electron transfer in MES driven by S. ovata
at high cathode potentials involved H2 as an electron shuttle. However, further characterization is
required to determine whether all the electrons required for the acetate production by MES at high
cathode potentials are transferred via H2, or if a significant fraction of the electrons comes from an
alternative H2-independent route such as direct electron transfer.

Table 3. H2 evolution, current density and electrons recovery in MES reactors with cell-free spent
medium a.

Potential vs. Ag/AgCl (mV) H2 eVolution Rates (μM min−1) Current Density (mA m−2) Electrons Recovery in H2 (%)

−900 1.91 ± 0.25 −398 ± 90 87 ± 8.4
−850 1.71 ± 0.14 −320 ± 86 89 ± 8.0
−800 1.34 ± 0.10 −289 ± 38 85 ± 7.9
−750 1.17 ± 0.17 −276 ± 51 80 ± 3.2
−700 1.03 ± 0.12 −254 ± 60 75 ± 3.0
−600 0.84 ± 0.10 −225 ± 47 74 ± 5.9
−500 0.73 ± 0.08 −179 ± 42 77 ± 9.0
−400 n.d. b n/a c n/a

a Each result is the mean and standard deviation of three replicates. b Not detected. c Not applicable.
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Figure 3. Current draw in a MES reactor containing cell-free spent medium from an electrosynthetic
S. ovata culture. Results shown are from a representative example of three replicate.

Figure 4. H2 evolution rate with fresh sterile medium, S. ovata cell suspension and cell-free spent
medium. (A) Cathode potential at −900 mV vs. Ag/AgCl and (B) cathode potentials ranging from
−850 to −500 mV. Above −500 mV vs. Ag/AgCl, no H2 evolution was detected under all tested
conditions. No H2 evolution was detected with S. ovata cell suspension above −900 mV vs. Ag/AgCl.
Each result is the mean and standard deviation of three replicates.

A possible explanation for the faster H2 evolution observed here would be the presence of acetic
acid in the cell-free spent medium. Weak acids including acetic acid have been shown to have a
catalytic effect on H2 evolution in BES at acidic pH as well as in abiotic electrochemical systems [34,35].
In the cell-free filtrate samples of S. ovata tested here, the concentration of acetate/acetic acid varied
from 10.4 to 12.4 mM (Figure S5). This was generated by the filtered cells beforehand during the MES
process. However, the pH of the cell-free filtrate maintained with a carbonate buffer was measured
at ca. 6.8, which suggests that the acetic acid/acetate ratio is unlikely to be high enough to have a
significant impact on the electrochemical generation of H2.

2.4. Metals at the Surface of the Cathode after Exposure to Cell-Free Spent Medium

Energy-dispersive X-ray spectroscopy (EDS) was employed to examine the presence of elements
on the surface of cathode electrodes exposed to electrosynthetic S. ovata cell-free spent medium or
sterile 311 medium. As expected, C, O, Na, Mg, P, Cl, K and Ca were observed on spectra for each
condition (Figure 5). Interestingly, two metal elements, i.e., cobalt and nickel, that may be involved in
the acceleration of H2 evolution, were detected with the electrode samples exposed to cell-free spent
medium but not with samples exposed to sterile 311 medium. When subtracting the background,
the EDS signal corresponding to cobalt had an X-ray count of ca. 50 and 120 in cell-free spent
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medium replicate A and B, respectively. For nickel, the X-ray count was ca. 60 for replicate A and
140 for replicate B. No signal corresponding to nickel or cobalt was detected with sterile 311 medium
(Figure 5C).

Figure 5. EDS spectra (from 0.0 to 4 KeV) of the cathode electrode surface after exposure to cell-free
spent medium from electrosynthetic S. ovata (A,B) or to sterile fresh 311 medium (C).

Multiple proteins and enzymes found in acetogens, such as NiFe hydrogenases,
acetyl-CoA synthase, CO dehydrogenase, corrinoid iron-sulfur protein and cobalamin-dependent
methyltransferases, have metal centers containing nickel or cobalt [47–49]. Evidence suggested that
hydrogenases released in the medium by S. sphaeroides cells are responsible for improved H2 evolution
from a cathode [19]. In this study, we were unsuccessful at detecting hydrogenase activity in the
cell-free spent medium with a methyl-viologen based assay. Additionally, SDS-PAGE and mass
spectrometry were applied to examine S. ovata cell-free spent medium and no intact hydrogenases
were detected (Figure S6). Further research is warranted to establish if functional hydrogenases or
other redox enzymes are released by S. ovata during MES, and if these enzymes participates actively to
electron transfer from the cathode.

Three main visible bands were excised from the SDS-PAGE corresponding to an
aldehyde oxidoreductase (Sov_1c12660), a glutamate synthase (gltB2) and an ll-diaminopimelate
aminotransferase (dapL2) (Figure S6). All three are predicted to be cytoplasmic proteins [50],
which suggest that microbial cell content was spilled in the MES reactor medium due to lysis.
This further increased the chemical complexity of the material surrounding the cathode. The presence
of cytoplasmic enzymes in the cell-free spent medium suggests that the detected nickel and cobalt at
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the surface of the cathode could come from three sources: intact enzymes, metal centers attached to
damaged enzymes and free metal centers detached from apoenzymes. Furthermore, metal centers
associated for instance with Sov_1c12660 (Fe, Mo), as well as with other proteins possibly found in
the cell-free spent medium of S. ovata, could also interact transiently with the cathode and facilitate
hydrogen evolution.

3. Materials and Methods

3.1. Bacterium and Growth Conditions

S. ovata DSM-2662 [51] was obtained from the Deutsche Sammlung Mikroorganismen und
Zellkulturen (DSMZ, Braunschweig, Germany). S. ovata strains were routinely maintained in the
DSMZ-recommended 311 medium at 30 ◦C and at pH 6.8 with a H2:CO2 (80:20) atmosphere (1.7 atm).
Casitone, sodium sulfide, yeast extract, and resazurin were omitted from the 311 medium. For MES
experiments, cysteine was also omitted from the 311 medium.

3.2. Preparation of Cell Suspension

Triplicate of 300 mL of anoxic cultures of S. ovata were harvested by centrifugation and washed
two times with 311 sterile medium before being resuspended in a final volume of 3 mL. H2:CO2-grown
S. ovata cells were harvested when the optical density was ca. 0.3 (545 nm). Cell suspensions were then
used to inoculate the cathodic chamber of MES reactors containing 250 mL of sterile 311 medium.

3.3. Cell-Free Spent Medium of S. ovata

S. ovata cultures at an OD545 of 0.2 catalyzing the conversion of CO2 to acetate for 4 weeks in a
MES reactor with a cathode potential of −900 mV vs. Ag/AgCl/3M KCl were filtered two times with
0.45 μm pore size filters. 250 mL of cell-free spent medium was then injected in the cathodic chamber
of a MES reactor.

3.4. MES Reactor and H2 Evolution

Three-electrode H-cell glass bioreactor (Adams and Chittenden Scientific Glass, Berkeley, CA,
USA) systems were used for H2 evolution experiments during MES. The anode chamber was filled with
250 mL of sterile 311 medium, whereas the cathode chamber contained S. ovata cell suspension, S. ovata
cell-free spent medium or sterile 311 medium. The anode and cathode chambers were separated by a
Nafion 115 membrane (DuPont Inc., Wilmington, DE, USA). Graphite plates (type HLM, SGL carbon,
Wiesbaden, Germany) with a normalized surface area of 35.5 cm2 were used as both anode and cathode.
The anode and cathode chamber was stirred at 300 rpm and bubbled with N2:CO2 (80:20) gas mixture
at a flow rate of 18.5 ± 1.0 mL/min (ADM 2000 Flowmeter, Agilent, Santa Clara, CA, USA). For the
data presented here, the stirring and bubbling in cathode chamber was paused for 25 min during H2

measurement to avoid interference of accuracy measurement. Fixed potentials were applied to the
cathode from −900 to −400 mV vs. Ag/AgCl using a multi-potentiostat (CHI 1000C, CH Instrument,
Inc., Austin, TX, USA).

H2 evolution was measured in close proximity to the surface of the graphite cathode of a MES
reactor maintained at 25 ◦C with a hydrogen microsensor (H2-500, Unisense, Aarhus, Denmark).
The microsensor with a tip surface area of 0.2 mm2 was installed in the MES reactor and the distance
between the tip of the H2 microsensor and the cathode surface was ca. 2 mm (Figure S1). Before
each experiment, the microsensor was calibrated with a gas mixture containing 7% H2. The sensor
data was logged continuously every second using a data logger (Microsensor Multimeter, Unisense,
Aarhus, Denmark). H2 evolution was measured for a maximum of 25 min until H2 concentration
curves reached an equilibrium plateau. The rates of H2 evolution presented in this study are the slopes
of H2 concentration curves before this plateau.
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3.5. High-Performance Liquid Chromatography (HPLC)

Acetate concentration was measured with an HPLC apparatus equipped with a HPX-87H anion
exchange column (Bio-Rad Laboratories Inc., Hercules, CA, USA) at a temperature of 30 ◦C, with 5
mM H2SO4 as the mobile phase, and a flow rate of 0.6 mL/min.

3.6. SDS-PAGE and Mass Spectrometry

Proteins from 220 mL of S. ovata cell-free spent medium were concentrated 375 times with
Amicon Ultra-15 centrifugal filter devices with a nominal molecular weight limit of 3 kDa (Merck
Millipore, Hellerup, Denmark). Protein concentration was measured with a Coomassie Plus Assay
kit (ThermoScientific, Hvidovre, Denmark) and 1.5 μg of protein from two cell-free spent medium
samples were loaded on a Sodium Dodecyl Sulfate Poly-Acrylamide Gel Electrophoresis (SDS-PAGE,
12.5%). The PageRuler prestained protein ladder (ThermoScientific) was loaded on the same gel to
evaluate the molecular weight of protein bands. After protein separation, the SDS-PAGE was stained
with the GelCode Blue stain reagent (Life Technologies, Carlsbad, CA, USA). Revealed protein bands
were excised and sent to Alphalyse (Odense, Denmark) for protein identification by matrix-assisted
laser desorption/ionization-tandem mass spectrometry (MALDI-MS/MS).

3.7. Hydrogenase Activity Assay

Hydrogen-evolving hydrogenase activity in the cell-free spent medium from a S. ovata-driven
MES reactor and in 311 sterile fresh medium was measured in triplicate by monitoring the decrease in
the absorbance of dithionite-reduced methyl viologen as described previously [52,53]. Briefly, cell-free
spent medium or sterile medium were combined with 0.1M HEPES buffer (pH 8.0) and 100 μM
reduced methyl viologen in an anoxic rubber-stoppered cuvette. Change in the absorbance at 604 nm
was monitored over time at room temperature. The extinction coefficient of methyl viologen at 604 nm
is 13.9 mM−1 cm−1.

3.8. Energy-Dispersive X-ray Spectroscopy (EDS)

Duplicate electrode samples were air-dried and examined with a Quanta 200 FEG scanning
electron microscope (FEI, Hillsboro, OR, USA). EDS data were collected at an accelerating voltage of
20 kV under high vacuum conditions, with 10 mm working distance and 4.0 spot size.

3.9. Equations

The Nernst Equation (1) was used to calculate theoretical cathode potential (E) at which H2

evolution starts as described in Vincent et al., 2007 [30].

E = E0 + 2.3RT/nF log{(aH+)2/p(H2)} (1)

where E0 is the standard reduction potential for H2, R is the gas constant, T is the absolute temperature,
n is the number of electrons involved (2 e− for H2 evolution), F is the Faraday constant, aH+ is the
activity of H+ and p(H2) is the H2 partial pressure.

Henry’s law 2 was used to calculate H2 partial pressure in the MES reactor gas phase.

pH2 = kHC (2)

where kH is the Henry’s law constant for H2 and C is the concentration of H2 in solution.

4. Conclusions

This study showed that in a S. ovata-driven MES reactor, faster H2 evolution at higher cathode
potential was enabled because the presence of microbial catalyst modified the cathodic solution
chemistry. A higher accumulation of H2 means more reducing power, which should lead to lower
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requirements for electrical energy input for microbial CO2 reduction. The observed acceleration of H2

evolution could be due to the deposition of cobalt and nickel at the surface of the cathode caused by
S. ovata catalytic activity. However, given the complexity of chemical species in S. ovata cell-free filtrate,
it is possible that a more complicated synergistic effect is involved in H2 evolution during MES with
S. ovata.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/2/166/s1,
Figure S1: Experimental setup for H2 measurement in close proximity to the cathode surface of a MES reactor,
Figure S2: H2 evolution profile over a period of 25 min with fresh sterile medium in the cathode chamber of a
MES reactor, Figure S3: H2 evolution profile over a period of 25 min with S. ovata cell suspension in the cathode
chamber of a MES reactor, Figure S4: H2 evolution profile over a period of 25 min with S. ovata cell-free spent
medium in the cathode chamber of a MES reactor, Figure S5: Evolution of acetate concentration over time in a MES
reactor filled with sterile medium or with S. ovata cell-free spent medium with a cathode set at a potential of either
−600 mV or −900 mV vs. Ag/AgCl, Figure S6: Proteins found in the cell-free spent medium of electrosynthetic
S. ovata.

Author Contributions: P.-L.T. and T.Z. conceived the project and designed the experiments. N.F. assembled and
operated MES reactors. N.F. prepared S. ovata cell suspension, cell-free spent medium and measured H2 evolution
with a hydrogen microsensor. Energy-dispersive X-ray spectroscopy, protein identification via SDS-PAGE and
hydrogenase activity assay were done by P.-L.T. and T.Z. P.-L.T. and T.Z. wrote the manuscript with feedback
from N.F.

Funding: This work was funded by the Novo Nordisk Foundation, the Chinese Thousand Talents Plan Program
and Wuhan University of Technology.

Acknowledgments: We thank Daniel Höglund and Dawid Mariusz Lizak for their assistance with sampling and
data processing.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tremblay, P.-L.; Zhang, T. Electrifying microbes for the production of chemicals. Front. Microbiol. 2015, 6, 201.
[CrossRef] [PubMed]

2. Rabaey, K.; Rozendal, R.A. Microbial electrosynthesis—Revisiting the electrical route for microbial
production. Nat. Rev. Microbiol. 2010, 8, 706–716. [CrossRef] [PubMed]

3. Nevin, K.P.; Woodard, T.L.; Franks, A.E.; Summers, Z.M.; Lovley, D.R. Microbial electrosynthesis: Feeding
microbes electricity to convert carbon dioxide and water to multicarbon extracellular organic compounds.
mBio 2010, 1, e00103–e00110. [CrossRef] [PubMed]

4. Lovley, D.R. Electromicrobiology. Annu. Rev. Microbiol. 2012, 66, 391–409. [CrossRef] [PubMed]
5. Cheng, S.; Xing, D.; Call, D.F.; Logan, B.E. Direct biological conversion of electrical current into methane by

electromethanogenesis. Environ. Sci. Technol. 2009, 43, 3953–3958. [CrossRef] [PubMed]
6. Ganigué, R.; Puig, S.; Batlle-Vilanova, P.; Balaguer, M.D.; Colprim, J. Microbial electrosynthesis of butyrate

from carbon dioxide. Chem. Commun. 2015, 51, 3235–3238. [CrossRef] [PubMed]
7. Bajracharya, S.; Vanbroekhoven, K.; Buisman, C.J.N.; Pant, D.; Strik, D.P.B.T.B. Application of gas diffusion

biocathode in microbial electrosynthesis from carbon dioxide. Environ. Sci. Pollut. Res. Int. 2016, 23,
22292–22308. [CrossRef] [PubMed]

8. Bajracharya, S.; Yuliasni, R.; Vanbroekhoven, K.; Buisman, C.J.N.; Strik, D.P.B.T.B.; Pant, D. Long-term
operation of microbial electrosynthesis cell reducing CO2 to multi-carbon chemicals with a mixed culture
avoiding methanogenesis. Bioelectrochemistry 2017, 113, 26–34. [CrossRef] [PubMed]

9. Zhang, T.; Tremblay, P.-L. Hybrid photosynthesis-powering biocatalysts with solar energy captured by
inorganic devices. Biotechnol. Biofuels 2017, 10, 249. [PubMed]

10. Jourdin, L.; Raes, S.M.T.; Buisman, C.J.N.; Strik, D.P.B.T.B. Critical biofilm growth throughout unmodified
carbon felts allows continuous bioelectrochemical chain elongation from CO2 up to caproate at high current
density. Front. Energy Res. 2018, 6, 7. [CrossRef]

11. Harnisch, F.; Rosa, L.F.M.; Kracke, F.; Virdis, B.; Krömer, J.O. Electrifying white biotechnology: Engineering
and economic potential of electricity-driven bio-production. ChemSusChem 2015, 8, 758–766. [CrossRef]
[PubMed]

141



Catalysts 2019, 9, 166

12. Kracke, F.; Vassilev, I.; Krömer, J.O. Microbial electron transport and energy conservation—The foundation
for optimizing bioelectrochemical systems. Front. Microbiol. 2015, 6, 575. [CrossRef] [PubMed]

13. Gregory, K.B.; Bond, D.R.; Lovley, D.R. Graphite electrodes as electron donors for anaerobic respiration.
Environ. Microbiol. 2004, 6, 596–604. [CrossRef] [PubMed]

14. Tremblay, P.-L.; Angenent, L.T.; Zhang, T. Extracellular electron uptake: Among autotrophs and mediated by
surfaces. Trends Biotechnol. 2017, 35, 360–371. [CrossRef] [PubMed]

15. Lovley, D.R.; Nevin, K.P. Electrobiocommodities: Powering microbial production of fuels and commodity
chemicals from carbon dioxide with electricity. Curr. Opin. Biotechnol. 2013, 24, 385–390. [CrossRef]
[PubMed]

16. Yates, M.D.; Eddie, B.J.; Kotloski, N.J.; Lebedev, N.; Malanoski, A.P.; Lin, B.; Strycharz-Glaven, S.M.;
Tender, L.M. Toward understanding long-distance extracellular electron transport in an electroautotrophic
microbial community. Energy Environ. Sci. 2016, 9, 3544–3558. [CrossRef]

17. Aulenta, F.; Reale, P.; Catervi, A.; Panero, S.; Majone, M. Kinetics of trichloroethene dechlorination and
methane formation by a mixed anaerobic culture in a bio-electrochemical system. Electrochim. Acta 2008, 53,
5300–5305. [CrossRef]

18. Summers, Z.M.; Gralnick, J.A.; Bond, D.R. Cultivation of an obligate Fe(II)-oxidizing lithoautotrophic
bacterium using electrodes. mBio 2013, 4, e00420. [CrossRef]

19. Deutzmann, J.S.; Sahin, M.; Spormann, A.M. Extracellular enzymes facilitate electron uptake in biocorrosion
and bioelectrosynthesis. mBio 2015, 6, e00496. [CrossRef]

20. Jourdin, L.; Lu, Y.; Flexer, V.; Keller, J.; Freguia, S. Biologically induced hydrogen production drives high
rate/high efficiency microbial electrosynthesis of acetate from carbon dioxide. ChemElectroChem 2016, 3,
581–591. [CrossRef]

21. LaBelle, E.V.; Marshall, C.W.; Gilbert, J.A.; May, H.D. Influence of acidic pH on hydrogen and acetate
production by an electrosynthetic microbiome. PLoS ONE 2014, 9, e109935. [CrossRef] [PubMed]

22. May, H.D.; Evans, P.J.; LaBelle, E.V. The bioelectrosynthesis of acetate. Curr. Opin. Biotechnol. 2016, 42,
225–233. [CrossRef] [PubMed]

23. Kundu, A.; Sahu, J.N.; Redzwan, G.; Hashim, M.A. An overview of cathode material and catalysts suitable
for generating hydrogen in microbial electrolysis cell. Int. J. Hydrogen Energy 2013, 38, 1745–1757. [CrossRef]

24. Call, D.; Logan, B.E. Hydrogen production in a single chamber microbial electrolysis cell lacking a membrane.
Environ. Sci. Technol. 2008, 42, 3401–3406. [CrossRef] [PubMed]

25. Cheng, S.; Logan, B.E. High hydrogen production rate of microbial electrolysis cell (MEC) with reduced
electrode spacing. Bioresour. Technol. 2011, 102, 3571–3574. [CrossRef] [PubMed]

26. Hu, H.; Fan, Y.; Liu, H. Hydrogen production using single-chamber membrane-free microbial electrolysis
cells. Water Res. 2008, 42, 4172–4178. [CrossRef] [PubMed]

27. Lee, H.-S.; Salerno, M.B.; Rittmann, B.E. Thermodynamic evaluation on H2 production in glucose
fermentation. Environ. Sci. Technol. 2008, 42, 2401–2407. [CrossRef] [PubMed]

28. Lee, H.-S.; Rittmann, B.E. Characterization of energy losses in an upflow single-chamber microbial electrolysis
cell. Int. J. Hydrogen Energy 2010, 35, 920–927. [CrossRef]

29. Selembo, P.A.; Merrill, M.D.; Logan, B.E. The use of stainless steel and nickel alloys as low-cost cathodes in
microbial electrolysis cells. J. Power Sources 2009, 190, 271–278. [CrossRef]

30. Vincent, K.A.; Parkin, A.; Armstrong, F.A. Investigating and exploiting the electrocatalytic properties of
hydrogenases. Chem. Rev. 2007, 107, 4366–4413. [CrossRef] [PubMed]

31. Jeremiasse, A.W.; Hamelers, H.V.M.; Kleijn, J.M.; Buisman, C.J.N. Use of biocompatible buffers to reduce the
concentration overpotential for hydrogen evolution. Environ. Sci. Technol. 2009, 43, 6882–6887. [CrossRef]

32. Liang, D.; Liu, Y.; Peng, S.; Lan, F.; Lu, S.; Xiang, Y. Effects of bicarbonate and cathode potential on hydrogen
production in a biocathode electrolysis cell. Front. Environ. Sci. Eng. 2014, 8, 624–630. [CrossRef]

33. De Silva Muñoz, L.; Bergel, A.; Féron, D.; Basséguy, R. Hydrogen production by electrolysis of a phosphate
solution on a stainless steel cathode. Int. J. Hydrogen Energy 2010, 35, 8561–8568. [CrossRef]

34. Merrill, M.D.; Logan, B.E. Electrolyte effects on hydrogen evolution and solution resistance in microbial
electrolysis cells. J. Power Sources 2009, 191, 203–208. [CrossRef]

35. Daniele, S.; Lavagnini, I.; Baldo, M.A.; Magno, F. Steady state voltammetry at microelectrodes for the
hydrogen evolution from strong and weak acids under pseudo-first and second order kinetic conditions.
J. Electroanal. Chem. 1996, 404, 105–111. [CrossRef]

142



Catalysts 2019, 9, 166

36. Rosenbaum, M.; Aulenta, F.; Villano, M.; Angenent, L.T. Cathodes as electron donors for microbial
metabolism: Which extracellular electron transfer mechanisms are involved? Bioresour. Technol. 2011,
102, 324–333. [CrossRef] [PubMed]

37. Yates, M.D.; Siegert, M.; Logan, B.E. Hydrogen evolution catalyzed by viable and non-viable cells on
biocathodes. Int. J. Hydrogen Energy 2014, 39, 16841–16851. [CrossRef]

38. Tremblay, P.-L.; Höglund, D.; Koza, A.; Bonde, I.; Zhang, T. Adaptation of the autotrophic acetogen Sporomusa
ovata to methanol accelerates the conversion of CO2 to organic products. Sci. Rep. 2015, 5, 16168. [CrossRef]
[PubMed]

39. Aryal, N.; Tremblay, P.-L.; Xu, M.; Daugaard, A.E.; Zhang, T. Highly conductive poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate polymer coated cathode for the microbial electrosynthesis of acetate from carbon dioxide.
Front. Energy Res. 2018, 6, 72. [CrossRef]

40. Aryal, N.; Tremblay, P.-L.; Lizak, D.M.; Zhang, T. Performance of different Sporomusa species for the microbial
electrosynthesis of acetate from carbon dioxide. Bioresour. Technol. 2017, 233, 184–190. [CrossRef]

41. Zhang, T.; Nie, H.; Bain, T.S.; Lu, H.; Cui, M.; Snoeyenbos-West, O.L.; Franks, A.E.; Nevin, K.P.; Russell, T.P.;
Lovley, D.R. Improved cathode materials for microbial electrosynthesis. Energy Environ. Sci. 2013, 6, 217–224.
[CrossRef]

42. Nie, H.; Zhang, T.; Cui, M.; Lu, H.; Lovley, D.R.; Russell, T.P. Improved cathode for high efficient
microbial-catalyzed reduction in microbial electrosynthesis cells. Phys. Chem. Chem. Phys. 2013, 15,
14290–14294. [CrossRef] [PubMed]

43. Ammam, F.; Tremblay, P.-L.; Lizak, D.M.; Zhang, T. Effect of tungstate on acetate and ethanol production by
the electrosynthetic bacterium Sporomusa ovata. Biotechnol. Biofuels 2016, 9, 163. [PubMed]

44. Aryal, N.; Halder, A.; Tremblay, P.-L.; Chi, Q.; Zhang, T. Enhanced microbial electrosynthesis with
three-dimensional graphene functionalized cathodes fabricated via solvothermal synthesis. Electrochim. Acta
2016, 217, 117–122. [CrossRef]

45. Aryal, N.; Halder, A.; Zhang, M.; Whelan, P.R.; Tremblay, P.-L.; Chi, Q.; Zhang, T. Freestanding and flexible
graphene papers as bioelectrochemical cathode for selective and efficient CO2 conversion. Sci. Rep. 2017, 7,
9107. [CrossRef] [PubMed]

46. Chen, L.; Tremblay, P.-L.; Mohanty, S.; Xu, K.; Zhang, T. Electrosynthesis of acetate from CO2 by a highly
structured biofilm assembled with reduced graphene oxide–tetraethylene pentamine. J. Mater. Chem. A 2016,
4, 8395–8401. [CrossRef]

47. Ragsdale, S.W.; Pierce, E. Acetogenesis and the Wood–Ljungdahl pathway of CO2 fixation. Biochim. Biophys.
Acta 2008, 1784, 1873–1898. [CrossRef]

48. Ragsdale, S.W. Nickel-based enzyme systems. J. Biol. Chem. 2009, 284, 18571–18575. [CrossRef]
49. Ragsdale, S.W. Enzymology of the Wood–Ljungdahl pathway of acetogenesis. Ann. N. Y. Acad. Sci. 2008,

1125, 129–136. [CrossRef]
50. Yu, N.Y.; Wagner, J.R.; Laird, M.R.; Melli, G.; Rey, S.; Lo, R.; Dao, P.; Sahinalp, S.C.; Ester, M.; Foster, L.J.; et al.

PSORTb 3.0: Improved protein subcellular localization prediction with refined localization subcategories
and predictive capabilities for all prokaryotes. Bioinformatics 2010, 26, 1608–1615. [CrossRef]

51. Möller, B.; Oßmer, R.; Howard, B.H.; Gottschalk, G.; Hippe, H. Sporomusa, a new genus of gram-negative
anaerobic bacteria including Sporomusa sphaeroides spec. nov. and Sporomusa ovata spec. nov. Arch. Microbiol.
1984, 139, 388–396. [CrossRef]

52. Nakashimada, Y.; Rachman, M.A.; Kakizono, T.; Nishio, N. Hydrogen production of Enterobacter aerogenes
altered by extracellular and intracellular redox states. Int. J. Hydrogen Energy 2002, 27, 1399–1405. [CrossRef]

53. Fernández, V.M.; Gutiérrez, C.; Ballesteros, A. Determination of hydrogenase activity using an anaerobic
spectrophotometric device. Anal. Biochem. 1982, 120, 85–90. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

143





MDPI
St. Alban-Anlage 66

4052 Basel
Switzerland

Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Catalysts Editorial Office
E-mail: catalysts@mdpi.com

www.mdpi.com/journal/catalysts





MDPI  
St. Alban-Anlage 66 
4052 Basel 
Switzerland

Tel: +41 61 683 77 34 
Fax: +41 61 302 89 18

www.mdpi.com ISBN 978-3-0365-1231-0 


	Blank Page

