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Abstract: D-amino acids are valuable building blocks for the synthesis of biologically active com-
pounds and pharmaceuticals. The asymmetric synthesis of chiral amino acids from prochiral ketones
using stereoselective enzymes is a well-known but far from exhausted approach for large-scale
production. Herein, we investigated a pyridoxal-5′-phosphate-dependent D-amino acid transaminase
from Haliscomenobacter hydrossis as a potential biocatalyst for the enzymatic asymmetric synthesis
of optically pure aliphatic and aromatic D-amino acids. We studied the catalytic efficiency and
stereoselectivity of transaminase from H. hydrossis in the amination of aliphatic and aromatic α-keto
acids, using D-glutamate as a source of the amino group. We constructed a one-pot three-enzyme
system, which included transaminase and two auxiliary enzymes, hydroxyglutarate dehydrogenase,
and glucose dehydrogenase, to produce D-amino acids with a product yield of 95–99% and an
enantiomeric excess of more than 99%. We estimated the stability of the transaminase and the cofactor
leakage under reaction conditions. It was found that a high concentration of α-keto acids as well as
a low reaction temperature (30 ◦C) can reduce the cofactor leakage under reaction conditions. The
obtained results demonstrated the efficiency of transaminase from H. hydrossis in the asymmetric
synthesis of enantiomerically pure D-amino acids.

Keywords: D-amino acid transaminase; substrate specificity; synthesis of D-amino acids; stereoselec-
tive amination of keto acids; PLP leakage

1. Introduction

In the modern world, the use of enzymes as catalysts provides many valuable ben-
efits, including mild reaction conditions with high enantioselectivity, conversion, and
high yield [1,2]. Biocatalysis has proven to be an environmentally friendly alternative
to chemical synthesis [2,3]. Enzyme applications in the large-scale industrial produc-
tion of various chemicals have proven particularly advantageous in obtaining optically
pure substances [1,3,4]. Among optically active compounds, chiral amines are of great
importance in the agrochemical and pharmaceutical industries [5–7]. Amines and amino
compounds account for up to 90% of the top-selling or approved small molecular drugs,
and around 30% of pesticides are chiral amine molecules [3].

D-amino acid biocatalytic production is under intense scrutiny because of the grow-
ing interest in pharmaceuticals containing nonproteinogenic D-amino acids [8,9]. Since
D-amino acids are frequently detected in the natural antibiotics isolated from microorgan-
isms, invertebrates, and amphibians, they can be used as a basis for the development of
medicinal and veterinary antimicrobial agents. Moreover, among the peptides containing
D-amino acids in the organisms, there are not only peptidoglycans and antibiotics but also
neuropeptides, hormones, hepatotoxins, opioid peptides, etc. [8].

Currently, amino acid production is based on microbial fermentation and, to a lesser
extent, on enzymatic synthesis [10,11]. Advances in fermentation technology and strain im-
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provement of amino acid-producing microorganisms raised fermentation to a predominant
industrial-scale production technique for L-amino acids [10,12]. D-amino acids are obtained
mainly as by-products of resolution in L-amino acid production [10]. Over the years, several
enzymes that produce or metabolize D-amino acids have been discovered, and enzymatic
synthesis of D-amino acids has been suggested accordingly [13]. These are D-hydantoinases
and D-carbamoylases, D-amino acid aminotransferases, N-acyl-D-amino acid amidohy-
drolases, D-amino acid dehydrogenases, etc., as well as amino acid oxidases and acylases
for enzymatic resolution [13–15]. Unfortunately, the enzymatic approaches suffer from
various drawbacks, including specific substrate requirements, unfavorable equilibrium,
low reaction rate, etc. [10,13]. Cascade multi-enzyme processes significantly improved the
effectiveness of enzymatic synthesis of D-amino acids [16–21] due to the desired equilib-
rium shift and simplification of the starting reactants. D-amino acid aminotransferases
(DAAT, EC 2.6.1.21) are among the key enzymes of enzymatic cascade systems [15,17],
and they catalyze stereoselective amination of α-keto acids. DAATs belong to pyridoxal-
5′-phosphate (PLP)-dependent transaminases of fold type IV and catalyze the reversible
stereoselective transfer of an amino group from D-amino acid (amino donor) to α-keto
acid (amino acceptor), producing new D-amino acid and α-keto acid [22–24]. According
to extensive studies, various non-proteinogenic D-amino acids and their keto analogs are
among DAAT substrates [25–28]. In the cell, DAATs are commonly known to synthesize
D-glutamate for cell wall peptidoglycans [8,12]. Other D-amino acids are synthesized in the
cell through racemization or epimerization processes catalyzed by various racemases and
NRP epimerization domains [12]. Successful examples of transaminase engineering [29–31]
raised the industrial potential of DAATs in the synthesis of unnatural products.

Previously, we reported the purification and biochemical and structural characteriza-
tion of a new DAAT from the bacterium Haliscomenobacter hydrossis (Halhy) [32]. Substrate
specificity analysis revealed a wide substrate scope of Halhy, which included aromatic
and aliphatic α-keto acids, D-alanine, D-leucine, and D-glutamate. Halhy was not active
toward primary amines and L-amino acids. The steady-state kinetic analysis showed that
α-ketoglutarate and pyruvate were the best substrates for Halhy, and the highest rate was
achieved in the reaction between D-glutamate and pyruvate in K-phosphate buffer, pH 8.0,
at 40 ◦C. The activity of Halhy remained unchanged at 40 ◦C for four days and decreased
to 40% in one day at 50 ◦C. We obtained the crystal structure of the holo form of Halhy
(PDB ID 7P7X) and performed a detailed structural analysis of the active site with the
identification of functional residues involved in substrate binding.

In this work, the applicability of DAAT from H. hydrossis (Halhy) to stereoselective
amination of various α-keto acids was investigated. Considering the high activity of Halhy
toward various aliphatic and aromatic α-keto acids as well as its high thermostability
at 40–50 ◦C, we examined the catalytic efficiency of Halhy in transamination reactions
between D-glutamate and various α-keto acids; we analyzed the enantioselectivity and
product yield; we estimated the stability of Halhy and the cofactor leakage under reaction
conditions. The results encouraged us to suggest Halhy for the enzymatic asymmetric
synthesis of enantiomerically pure aliphatic and aromatic D-amino acids.

2. Results
2.1. α-Keto Acid Substrate Scope of Halhy

Halhy was tested in the overall transamination reaction with various aromatic and
aliphatic α-keto acids and 4 mM D-glutamate as an amino donor in 50 mM K-phosphate
buffer, pH 8.0, at 40 ◦C (Scheme 1).
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Scheme 1. Transamination reaction between D-glutamate and α-keto acid catalyzed by Halhy.

These are optimal reaction conditions for Halhy [32]. The steady-state kinetic parame-
ters are shown in Table 1. Halhy demonstrated significant activity toward all but one of the
tested α-keto acids. The highest rate was achieved in the reaction between D-glutamate
and pyruvate. In reactions with aliphatic α-keto acids, the values of the maximal velocity
as well as the specificity constant (kcat/Km) values decrease as the substrate side chain was
lengthened; moreover, the specificity constants for the branched-chain α-keto acids with
a methyl substituent at Cβ atom were lower than those for the linear ones. No activity
was observed in the reaction with trimethylpyruvate, which has three methyl substituents
at the Cβ atom. The third methyl group at the Cβ atom appeared to cause steric hin-
drance near the Cα atom of the substrate, thus preventing the transamination reaction. The
specificity constants for the aromatic α-keto acids were higher than those for the aliphatic
ones with a C6 chain length. Apparently, the aromaticity improved the binding of the
substrate to the enzyme. Among the aromatic substrates, the highest activity was observed
in the reaction between D-glutamate and phenylpyruvate, as well as D-glutamate and
4-hydroxyphenylpyruvate. Thus, Halhy effectively converted various hydrophobic α-keto
acids. No substrate inhibition was observed in the examined α-keto acid concentration
ranges (see Supplementary Materials).

Table 1. Steady-state kinetic parameters of the overall transamination reaction between D-glutamate
and various α-keto acids catalyzed by Halhy in 50 mM K-phosphate buffer, pH 8.0, at 40 ◦C.

Substrate Structure Corresponding
Amino Acid Vmax, U/mg kcat, s−1 Km, mM kcat/Km,

s−1 M−1

pyruvate
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Table 1. Cont.

Substrate Structure Corresponding
Amino Acid Vmax, U/mg kcat, s−1 Km, mM kcat/Km,

s−1 M−1
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2.2. Cofactor Leakage under Reaction Conditions

The stability of the holo form of a transaminase (PLP form and PMP form) significantly
affects the product yield of the catalytic reaction, since the dissociation of the cofactor
generates an inactive and often unstable apo form of the enzyme. Usually, a small amount
of free PLP is added to the reaction mixture to shift the equilibrium toward the holo form
of the transaminase [25–28]. To investigate the stability of the Halhy PLP form under
reaction conditions (substrates, 50 mM K-phosphate buffer, pH 8.0, at 30–40 ◦C), the PLP
leakage was analyzed by evaluating changes in the concentration of the Halhy PLP form
spectrophotometrically by the absorption decay at 450 nm. The wavelength was chosen
to minimize the contribution of the unbound PLP to the absorbance (Figure 1). It should
be noted that the PLP conversion into the PMP form induced the absorbance changes at
450 nm as well (Figure 1). Incubation of the Halhy PLP form with substrates (10 mM α-
ketoglutarate and 100 mM D-alanine) was accompanied by the absorbance decay at 450 nm,
thus indicating a decrease in the concentration of the PLP form of Halhy (Figure 2A,
curve 1). The desalting of the reaction mixture after 40 min of incubation revealed the
complete dissociation of the cofactor from the enzyme active site and the presence of
the apo form of Halhy in the solution (Figure 2B); the observed rate constant of the PLP
dissociation under these conditions was 0.048 ± 0.006 min−1.
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Figure 2. Cofactor leakage under reaction conditions in 50 mM K-phosphate buffer, pH 8.0, at 40 ◦C.
(A) Absorbance change with time for the PLP form of Halhy (1.2 mg/mL) in the presence of 10 mM
α-ketoglutarate and 100 mM D-alanine (curve 1) and in buffer (curve 2). (B) Absorption spectra of
the PLP form of Halhy before (black) and after 40 min of incubation with 10 mM α-ketoglutarate and
100 mM D-alanine followed by desalting (purple). (C) Absorption spectra of the PLP form of Halhy
before (black) and after 40 min of incubation in buffer followed by desalting (purple). (D) Absorption
spectra of the PMP form of Halhy before (black) and after 40 min of incubation in buffer followed by
desalting (purple).

For comparison, in 50 mM K-phosphate buffer at 40 ◦C without substrates, the ob-
served rate constant of the PLP dissociation was only 0.012 ± 0.001 min−1 (Figure 2A,
curve 2), and the desalting after 40 min incubation confirmed the partial dissociation of
the cofactor (Figure 2C). When the PMP form of Halhy (the absorbance maximum of the
PMP form of Halhy was observed at 337 nm) was incubated alone in 50 mM K-phosphate
buffer at 40 ◦C, the desalting confirmed the complete loss of PMP (Figure 2D) as well, with
the observed rate constant of the PMP dissociation being 0.156 ± 0.012 min−1, which was
much higher than the observed rate constant of the PLP dissociation from the holo form
(with or without substrates). Apparently, PMP is weakly bound in the active site of Halhy.
Thus, leakage of the cofactor under operational conditions (with substrates) appears to
proceed via the PMP formation followed by the PMP dissociation (Scheme 2).
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Scheme 2. Proposed mechanism of cofactor leakage under reaction conditions.

We estimated the effects of α-keto acid concentrations, temperature, and the extra PLP
on the rate of PLP leakage (Figure 3) and calculated the half-life of the PLP form of Halhy
under various reaction conditions (Table 2). Lowering the temperature to 30 ◦C increased
the half-life of the PLP form of Halhy from 10 to 50 min (Figure 3A). The excess of α-keto
acid concentration (amino acceptor, which is active with PMP) relative to the amino donor
(D-alanine or D-glutamate) concentration had a significant impact on the half-life of the PLP
form of Halhy. The change in the (amino acceptor):(amino donor) concentration ratio from
1:10 to 1:1 (Figure 3B) gave a three-times increase in the half-life. The half-life of the PLP
form of Halhy in the presence of 50 mM α-ketoglutarate and 50 mM D-alanine was 170 min,
in the presence of 50 mM 2-oxovalerate and 50 mM D-glutamate—240 min. It is interesting
that the addition of 100 µM PLP to the reaction mixture with 10 mM α-ketoglutarate and
100 mM D-alanine resulted only in a slight stabilization of the Halhy PLP form; the half-life
changed from 50 to 62 min at 30 ◦C and from 10 to 17 min at 40 ◦C. Overall, Halhy in the
PLP form is preferable under operational conditions due to the high rate of leakage of
the cofactor in the PMP form. The percentage of the Halhy PLP form can be significantly
increased by lowering the temperature and increasing the concentration of α-keto acids
(amino acceptor).

Catalysts 2022, 12, x FOR PEER REVIEW 7 of 17 
 

 

 
Scheme 2. Proposed mechanism of cofactor leakage under reaction conditions. 

We estimated the effects of α-keto acid concentrations, temperature, and the extra 
PLP on the rate of PLP leakage (Figure 3) and calculated the half-life of the PLP form of 
Halhy under various reaction conditions (Table 2). Lowering the temperature to 30 °C 
increased the half-life of the PLP form of Halhy from 10 to 50 min (Figure 3A). The excess 
of α-keto acid concentration (amino acceptor, which is active with PMP) relative to the 
amino donor (D-alanine or D-glutamate) concentration had a significant impact on the 
half-life of the PLP form of Halhy. The change in the (amino acceptor):(amino donor) con-
centration ratio from 1:10 to 1:1 (Figure 3B) gave a three-times increase in the half-life. The 
half-life of the PLP form of Halhy in the presence of 50 mM α-ketoglutarate and 50 mM 
D-alanine was 170 min, in the presence of 50 mM 2-oxovalerate and 50 mM D-glutamate—
240 min. It is interesting that the addition of 100 µM PLP to the reaction mixture with 10 
mM α-ketoglutarate and 100 mM D-alanine resulted only in a slight stabilization of the 
Halhy PLP form; the half-life changed from 50 to 62 min at 30 °C and from 10 to 17 min at 
40 °C. Overall, Halhy in the PLP form is preferable under operational conditions due to 
the high rate of leakage of the cofactor in the PMP form. The percentage of the Halhy PLP 
form can be significantly increased by lowering the temperature and increasing the con-
centration of α-keto acids (amino acceptor). 

 
Figure 3. Effects of temperature and α-keto acid concentration on the PLP leakage from the PLP 
form of Halhy (1.2 mg/mL) under reaction conditions. (A) Time-dependence of the absorbance of 
the Halhy PLP form in the presence of 10 mM α-ketoglutarate and 100 mM D-alanine in 50 mM K-
phosphate buffer, pH 8.0, at 30 and 40 °C. (B) Time-dependence of the absorbance of the Halhy PLP 
form in the presence of substrates at different concentration ratios: 10 mM α-ketoglutarate and 100 
mM D-alanine (1:10), 50 mM α-ketoglutarate and 100 mM D-alanine (1:2), 50 mM α-ketoglutarate 
and 50 mM D-alanine (1:1) in 50 mM K-phosphate buffer, pH 8.0, at 30 °C. 

Table 2. Half-life of the PLP form of Halhy under various reaction conditions. 

Reaction Conditions 
𝐤𝐝𝐢𝐬𝐬

𝐚𝐩𝐩 , min−1 Half-Life, min 
Amino Donor Amino Acceptor Temperature, °С 

[PLP],  
µM 

Figure 3. Effects of temperature and α-keto acid concentration on the PLP leakage from the PLP
form of Halhy (1.2 mg/mL) under reaction conditions. (A) Time-dependence of the absorbance of
the Halhy PLP form in the presence of 10 mM α-ketoglutarate and 100 mM D-alanine in 50 mM
K-phosphate buffer, pH 8.0, at 30 and 40 ◦C. (B) Time-dependence of the absorbance of the Halhy
PLP form in the presence of substrates at different concentration ratios: 10 mM α-ketoglutarate and
100 mM D-alanine (1:10), 50 mM α-ketoglutarate and 100 mM D-alanine (1:2), 50 mM α-ketoglutarate
and 50 mM D-alanine (1:1) in 50 mM K-phosphate buffer, pH 8.0, at 30 ◦C.
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Table 2. Half-life of the PLP form of Halhy under various reaction conditions.

Reaction Conditions

kapp
diss, min−1 Half-Life, min

Amino Donor Amino Acceptor Temperature, ◦C [PLP],
µM

100 mM D-alanine 10 mM α-ketoglutarate 40 0 0.048 ± 0.006 10 ± 1
100 mM D-alanine 10 mM α-ketoglutarate 40 100 0.030 ± 0.004 17 ± 2
100 mM D-alanine 10 mM α-ketoglutarate 30 0 0.010 ± 0.001 50 ± 5
100 mM D-alanine 10 mM α-ketoglutarate 30 100 0.008 ± 0.002 62 ± 15
100 mM D-alanine 50 mM α-ketoglutarate 30 0 0.005 ± 0.001 100 ± 20
50 mM D-alanine 50 mM α-ketoglutarate 30 0 0.0030 ± 0.0003 170 ± 20

50 mM D-glutamate 50 mM 2-oxovalerate 30 0 0.0021 ± 0.0003 240 ± 30

2.3. Asymmetric Synthesis of D-Amino Acids

To evaluate the feasibility of Halhy as a biocatalyst, we examined the product yield
and enantiomeric excess of D-amino acids in the reactions catalyzed by Halhy. D-glutamate
was used as the amino donor. To shift the equilibrium of the transamination reaction to the
products, a one-pot three-enzyme system was applied. The α-ketoglutarate formed in the
transamination reaction was converted to (R)-2-hydroxyglutarate using NAD-dependent
(R)-2-hydroxyglutarate dehydrogenase (HGDG) [33]. The consumed NADH was regen-
erated in the D-glucose oxidation reaction catalyzed by glucose dehydrogenase (GDH)
(Scheme 3). The formation of hydroxyglutarate, together with the recycling of NADH and
the non-enzymatic hydrolysis of D-glucono-1,5-lactone, shifted the equilibrium toward
the formation of D-amino acids. The process was performed at 30 ◦C, at an (amino accep-
tor):(amino donor) concentration ratio of 1:1, and with the addition of 100 µM PLP. The
post-mixing concentrations of D-glutamate and α-keto acids were 50 mM, accordingly. The
amination process continued for 72 h, and finally product yield and enantiomeric excess
were determined (Table 3, Figure S2). The product yield exceeded 90% for most α-keto
acids, and the enantiomeric excess of the obtained D-amino acids exceeded 99%.
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Table 3. Asymmetric synthesis of D-amino acids.

Substrate Product Product Yield, % ee, %

2-oxobutyrate D-homoalanine
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We also analyzed the yield of 2-oxovalerate and 2-oxo-4-phenylbutyrate amination
product with the shortening of the synthesis time. After 17 h, the product yield reached
98% (ee > 99%) and 99% (ee > 99%) for D-norvaline and D-homophenylalanine, respectively.
In addition, we investigated the effectiveness of Halhy in the amination process at high
substrate loading. After 17 h of the reaction between 500 mM 2-oxo-valerate and 500 mM
D-glutamate, the product yield reached 73%, and after 17 h of reaction between 500 mM
2-oxo-4-phenylbutyrate and 500 mM D-glutamate, the product yield was only 33%; the
product yield remained unchanged for the next 55 h. Thus, high concentrations of substrates
reduced the product yield of the α-keto acid amination. The inactivation of enzymes, Halhy,
HGDH, or GDH, was not excluded.

We assessed the stability of Halhy under operational conditions with two pairs of
substrates: D-glutamate and 2-oxovalerate, and D-glutamate and phenylpyruvate (Figure 4).
The half-life of Halhy in the presence of 2-oxovalerate and D-glutamate was around four
days, and in the presence of phenylpyruvate and D-glutamate, only one day. Thus, the
aromatic substrate induced a higher rate of irreversible denaturation of Halhy. The observed
half-life of Halhy was much longer than that of the PLP form of Halhy (Table 2). In other
words, the apoenzyme retained the ability to bind the cofactor and regenerate the active
PLP form for a long time.
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Figure 4. Operational stability of Halhy. The time-dependence of the residual activity of Halhy under
the asymmetric synthesis conditions: 1 mg/mL Halhy, 50 mM 2-oxovalerate (black) or phenylpyru-
vate (blue), 50 mM D-glutamate, 100 µM PLP, 1 mM NADH, 150 mM D-glucose in 100 mM K-
phosphate buffer, pH 7.5, at 30 ◦C; 100% corresponds to 200 ± 10 U/mg in the standard assay. Error
bars represent standard deviation.

Overall, Halhy is effective in the stereoselective amination of α-keto acids at 30 ◦C.
The 500 mM of substrates is not fatal to Halhy. High operational stability, effective regener-
ation of the PLP form of the enzyme, and high rates of transamination reactions are clear
advantages of Halhy for industrial applications. The obtained results showed the potential
applicability of Halhy in the asymmetric synthesis of D-amino acids.
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3. Discussion

The high stereospecificity of DAATs makes them excellent biocatalysts for stereoselec-
tive amination of α-keto acids. Most of the currently proposed cascade processes for the
synthesis of D-amino acids include DAAT from the genus Bacillus at the stage of transami-
nation [16–21]. The well-studied DAAT from Bacillus sp. YM-1 is a thermostable enzyme,
active over a wide temperature range from 30 to 60 ◦C [17,25,35,36]. This DAAT and its
homologs from the genus Bacillus were applied in the asymmetric synthesis of substituted
D-tryptophans [18], various hydrophobic amino acids, including D-homoalanine, D-valine,
D-leucine, D-phenylalanine, and D-tyrosine at 35–37 ◦C [17,19–21]. The enantiomeric
excess in D-amino acids exceeded 99% [17]. The achieved specific activities of these DAATs
toward aliphatic and aromatic α-keto acids varied between 0.2 and 2.0 U/mg at 35 ◦C [17].
D-amino acid transaminase from H. hydrossis catalyzed transamination reactions with
much higher rates; the maximal velocity in the reaction between D-glutamate and pyruvate
achieved 380 U/mg at 40 ◦C. The rates of asymmetric synthesis of D-amino acids, catalyzed
by Halhy, varied from 3.7 U/mg in the indol-3-pyruvate conversion to 71 U/mg for the
2-oxobutyrate conversion in 50 mM K-phosphate buffer, pH 8.0, at 40 ◦C. The enantiomeric
excesses of D-amino acids in the studied processes exceeded 99% both for aromatic and
aliphatic substrates. Further studies on the development of cascade processes in which
a low-cost amino group donor could be used instead of D-glutamate are promising. The
usage of isopropylamine as an amino donor requires active site engineering, since naturally
Halhy does not react with isopropylamine. At the same time, based on the obtained results,
a four-enzyme cascade catalytic system can be developed, with D-glutamate generated
in situ by L-glutamate dehydrogenase and glutamate racemase from ammonium ion and
α-ketoglutarate, with the addition of formate dehydrogenase for NADH recycling [21].

PLP-dependent transaminase applications do not require the auxiliary cofactor re-
generation process. According to the mechanism, PLP converts into the PMP form in
the first half reaction with an amino donor and then regenerates to the PLP form in the
second half reaction with an amino acceptor, thus completing the overall transamination
reaction cycle [22,23]. However, the PMP form of transaminase suffers from the leakage of
PMP [37,38]. While the cofactor in the PLP form is bound in the active site both by elec-
trostatic interactions of its phosphate group and by Schiff-base linkage with the catalytic
lysine, the PMP form of the cofactor is stabilized only by electrostatic interactions; this
explains the lower stability of the PMP forms of some transaminases compared to their PLP
forms. It should be noted that PLP also dissociates from the active site due to hydrolysis of
the Schiff-base linkage, but to a lesser extent [37]. Usually, a small amount of PLP (1–50 µM)
is added both to the storage buffer and the reaction mixture [25–28] to shift the equilibrium
toward a holo form. In this work, we analyzed the cofactor leakage from the Halhy holo
form under reaction conditions that differ from the storage conditions by the presence of
substrates. We found significant cofactor leakage under reaction conditions at 40 ◦C. During
the catalytic act, the unstable PMP form of the enzyme was generated. We succeeded in
significant reduction of the cofactor leakage by lowering the temperature of the reaction
and increasing the α-keto acid concentration. As a result, the efficiency of converting
PMP to PLP exceeded the efficiency of the PMP dissociation from the active site, thereby
retaining the cofactor in the active site. In addition, according to the operational stability
experiments, Halhy was found to be resistant to irreversible denaturation under reaction
conditions; the residual activity was around 50% after four days at 30 ◦C. These data refer
to the stability of the protein globule of Halhy (apoenzyme). The effective approaches
to the holo form stabilization together with the high stability of the Halhy apo form are
quite beneficial for industrial applications. According to the achieved results, Halhy can be
suggested as an effective biocatalyst for the asymmetric synthesis of aliphatic and aromatic
D-amino acids.
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4. Materials and Methods
4.1. Expression and Purification of Recombinant Halhy

The expression and purification of Halhy have been described in detail in [32]. Briefly,
the His6TEV-tagged Halhy was expressed in E. coli BL21(DE3)pLys (Novagen, Darmstadt,
Germany). The recombinant Halhy was isolated using Ni-affinity chromatography. Frac-
tions showing the activity were stored in 50 mM K-phosphate buffer, pH 8.0, containing
100 mM NaCl, 300 mkM PLP, and 50% glycerol at −20 ◦C.

The (R)-2-hydroxyglutarate dehydrogenase (HGDG) from Acidaminococcus fermentans
was produced and purified similarly. The purified enzyme was desalted in 100 mM K-
phosphate buffer, pH 8, and stored at −20 ◦C in 50% glycerol.

The amino acid sequences were checked by MALDI-TOF MS analysis (UltraFlextreme
Bruker Daltonik, Bremen, Germany).

4.2. Enzyme Activity Assay

The activity of Halhy in the overall transamination reaction with different α-keto acids
was determined using a coupled enzyme assay with HGDH to detect a α-ketoglutarate
production [33]. The reaction mixture contained 50 mM K-phosphate buffer, pH 8; 30 µM
PLP; 4 mM D-glutamate; 1–150 mM α-keto acid; 0.01–10 µM of the purified Halhy; 330 µM
NADH; and 4 U/mL HGDH at 40 ◦C. The reaction was initiated by α-keto acid after
pre-incubation of the enzyme in the reaction mixture without α-keto acid for 10 min at
40 ◦C. The reaction progress was monitored spectrophotometrically by a decrease in the
absorbance (εNADH = 6220 M−1 cm−1) at 340 nm, using a SPECTROstar Omega (BMG
Labtech GmbH, Ortenberg, Germany). The reaction progress with indol-3-pyruvate or
4-hydroxyphenylpyruvate was monitored at 450 nm (εNADH = 3000 M−1 cm−1) because of
the high absorption of these substances at 340 nm.

The activity of Halhy was calculated from the initial linear region of the progress
curve of the reaction. One unit (U) was defined as the amount of the enzyme that catalyzed
the conversion of 1 µmol of the substrate into a product per minute. Steady-state kinetic
parameters of the reactions were determined from the substrate saturation curves at the
constant co-substrate concentration. Saturation curves were analyzed using the Michaelis–
Menten model. The kinetic parameters were calculated by fitting the initial velocity data to
Equation (1):

V =
Vmax × [A]× [B]

KA
M × [B] + KB

M × [A] + [A]× [B]
(1)

where V is the initial velocity, Vmax is the maximal velocity, A and B are substrate concentra-
tions, and KA

M and KB
M are the Michaelis constants of substrates A and B, respectively. All

measurements were performed at least in triplicate. The data were analyzed using Origin
8.0 software (OriginLab, Northampton, MA, USA, 2009).

4.3. Cofactor Leakage Assay

The PLP form of Halhy was obtained by incubating Halhy with 10 molar excess of
PLP and 20 mM α-ketoglutarate for 30 min at 25 ◦C, followed by the transfer into 50 mM
K-phosphate buffer, pH 8.0, using a HiTrap desalting column (Cytiva, Marlborough, MA,
USA). The PMP form of Halhy was obtained by incubating the PLP form of Halhy with
500 mM D-alanine for 30 min at 25 ◦C, followed by the transfer into 50 mM K-phosphate
buffer, pH 8.0. The process of PLP dissociation from the Halhy PLP form was monitored
by the decay of absorbance at 450 nm, using the UV–Vis spectrophotometer Evolution
300 equipped with a Peltier cell (Thermo Scientific, Waltham, MA, USA). The process of
PMP dissociation from the Halhy PMP form was monitored by the decay of absorbance at
337 nm. The Halhy PLP form (or the Halhy PMP form) at a concentration of 1.3 mg/mL
(36 µM) was incubated in 50 mM K-phosphate buffer, pH 8.0, or in the reaction mixture at
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30 and 40 ◦C. The apparent PLP (or PMP) dissociation rate constant was calculated from a
linear part (3–5 min) of the observed absorbance decrease using the following Equation (2):

kapp
diss = −

1
A0
× dA

dt
(2)

where A0 is the absorbance at t = 0. The value of half-life time (see Supplementary Materials)
was estimated as

t1/2 =
1

kapp
diss

× 1
2

. (3)

4.4. Enzymatic Synthesis of D-Amino Acids

The reaction mixture contained 50 mM D-glutamate, 50 mM keto acid, 100 µM PLP,
1 mg/mL Halhy, 1 mM NADH, 150 mM D-glucose, 90 U/mL HGDH, and 50 U/mL glucose
dehydrogenase (Sigma, St. Louis, MO, USA) in 100 mM K-phosphate buffer, pH 7.5. The
reaction mixtures were incubated for 3 days at 30 ◦C. The reaction mixtures with a high
substrate load contained 500 mM D-glutamate, 500 mM α-keto acid, 100 µM PLP, 1 mg/mL
Halhy, 1 mM NADH, 1 M D-glucose, 90 U/mL HGDH, and 50 U/mL GDH in 100 mM
K-phosphate buffer, pH 7.5. In reaction with 2-oxo-4-phenylbutyrate 20% (v/v), DMSO
was added to the reaction mixture because of the low solubility of α-keto acid.

Analysis of the Product Yield and the Enantiomeric Excess of D-Amino Acids

The product yield was determined by analyzing the consumption of α-keto acids or
the production of D-amino acids by HPLC assay. The low molecular weight fractions were
separated from the reaction mixtures using Amicon-Ultra-15 centrifugal tubes (Millipore,
Burlington, MA, USA). D-tyrosine and D-homophenylalanine precipitates were produced
during the reaction. For their dissolving, 20 µL of 12 M HCl was added to 500 µL of
the reaction mixture, and the denatured proteins were removed by centrifugation. The
α-keto acid and D-amino acid concentrations in the aliquots were analyzed by Acta Purifier
(Cytiva, Marlborough, MA, USA) equipped with a reverse-phase C18 column (Zorbax
Eclipse XDB-C18, 5 µm, 4.6 mm × 150 mm, (Agilent Technologies, Inc., Santa Clara, CA,
USA)) at 1.0 mL/min at 25 ◦C (Appendix A, Table A1).

The enantiomeric excesses of the produced D-amino acids were determined by HPLC
assay using a reverse-phase C18 column (Appendix B, Tables A2 and A3). Deproteinized
samples were derivatized with Marfey’s reagent (Sigma, St. Louis, MO, USA).

4.5. Analysis of the Operational Stability of Halhy

The operational stability of Halhy was analyzed by incubating 1 mg/mL (29.4 µM)
Halhy in 100 mM K-phosphate buffer, pH 7.5, supplemented with 100 µM PLP, 50 mM
D-glutamate, 50 mM α-keto acid, 1 mM NADH, and 150 mM D-glucose at 30 ◦C. The
residual activity of Halhy was determined at regular time intervals in the standard assay:
0.05 µg/mL Halhy, 100 mM D-alanine, 10 mM α-ketoglutarate, 30 µM PLP, 330 µM NADH,
and 2 U/mL lactate dehydrogenase from rabbit muscle (Sigma, St. Louis, MO, USA) in
50 mM K-phosphate buffer, pH 8.0, at 40 ◦C. The reaction was initiated by α-ketoglutarate
after pre-incubation of the enzyme in the reaction mixture without α-ketoglutarate for
10 min at 40 ◦C. The reaction progress was monitored by the decay of absorbance at
340 nm (εNADH = 6220 M−1 cm−1) using SPECTROstar Omega. The activity of Halhy was
calculated from the initial linear region of the progress curve. One unit (U) was defined as
the amount of the enzyme that catalyzed the conversion of 1 µmol of the substrate into a
product per minute.
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5. Conclusions

We investigated the catalytic efficiency and stereoselectivity of D-amino acid transami-
nase from H. hydrossis in the amination of aliphatic and aromatic α-keto acids. We analyzed
cofactor leakage under reaction conditions and identified two factors that support a high
percentage of the more stable PLP form of the enzyme, namely, the excess of α-keto acid, as
well as a low temperature (30 ◦C). We constructed a one-pot three-enzyme system, which
included transaminase from H. hydrossis and two auxiliary enzymes, hydroxyglutarate
dehydrogenase and glucose dehydrogenase, to produce D-amino acids via stereoselective
amination of α-keto acids at 30 ◦C using D-glutamate as the source of the amino group.
The enantiomeric excess of the target D-amino acids exceeded 99%, and the yield achieved
95–99%. Only with indol-3-pyruvate and 4-hydroxyphenylpyruvate were the yields of the
corresponding D-amino acids limited to 75 and 85%, accordingly. The obtained results
encouraged us to suggest Halhy for the asymmetric synthesis of D-amino acids.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/catal12121551/s1, Figure S1: Steady-state kinetics of the transam-
ination reactions catalyzed by Halhy; Figure S2: HPLC analysis of the enantiomeric excess of D-amino
acids after derivatization with Marfey’s reagent; The half-life time calculation (t1/2).
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Appendix A

Table A1. HPLC analysis conditions.

Compound Eluent UV
Detection

Retention
Time, min

2-oxobutyrate 20 mM NaH2PO4, pH 2.2, 5% methanol 210 nm 3.0

2-oxovalerate 20 mM NaH2PO4, pH 2.2, 5% methanol 210 nm 7.4

3-methyl-2-oxobutyrate 20 mM NaH2PO4, pH 2.2, 5% methanol 210 nm 6.1

2-oxohexanoate 20 mM NaH2PO4, pH 3.0, 15% methanol 210 nm 5.8

3-methyl-2-oxovalerate 20 mM NaH2PO4, pH 2.2, 5% methanol 210 nm 15.7

D-tryptophan 20 mM NaH2PO4, pH 3.0, 15% methanol 280 nm 6.2

D-tyrosine 20 mM NaH2PO4, pH 2.2, 5% methanol 280 nm 3.9

2-oxo-4-phenyl-butyric acid 20 mM NaH2PO4, pH 3.0, 30% methanol 210 nm 9.5

Appendix B

The enantiomeric excess of products was determined by HPLC equipped with a UV
detector set at 340 nm using a reverse-phase C18 column. Deproteinized samples were
derivatized with Marfey’s reagent (Sigma, St. Louis, MO, USA) according to Pavkov-
Keller et al. [39]. Briefly, 25 µL of Marfey’s reagent (28 mM in acetonitrile) and 10 µL 1 M

https://www.mdpi.com/article/10.3390/catal12121551/s1
https://www.mdpi.com/article/10.3390/catal12121551/s1
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NaHCO3 were added to a 10 µL sample and incubated at 50 ◦C for 2 h. The reaction
mixture was cooled, and then the reaction was stopped by adding 3 µL of 4 M HCl and
10 µL of 100% methanol.

Table A2. HPLC analysis conditions.

Instrument ӒKTA Purifier, Cytiva, Marlborough, MA, USA

Column Zorbax Eclipse XDB-C18, 5 µM, 4.6 mm × 150 mm, Agilent Technologies,
Inc., Santa Clara, CA, USA

Buffer A 0.1% trifluoroacetic acid in water
Buffer B 0.1% trifluoroacetic acid in 100% methanol
Elution linear gradient of Buffer B from 20 to 70% in 15 min

Flow rate 1.0 mL/min
Temperature 25 ◦C

Injection volume 10 µL
Detection UV, 340 nm

Table A3. Retention times of isomers of amino acids after derivatization with Marfey’s reagent.
HPLC analysis conditions are shown in Table A2.

Compound
RT, min

L-isomer D-isomer

norvaline 16.0 18.6
valine 16.5 19.4

norleucine 17.8 22.0
isoleucine 17.6 21.6

leucine 17.4 20.8
phenylalanine 17.1 20.0

tryptophan 16.0 17.7
tyrosine 20.0 29.0

homophenylalanine 20.1 26.3
homoalanine * 19.2 21.7

*—linear gradient of Buffer B from 10% to 70% in 20 min.
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