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ABSTRACT

Unnatural amino acids are unique building blocks in modern medicinal chemistry as they
contain an amino and a carboxylic acid functional group, and a variable side chain. Synthesis
of pure unnatural amino acids can be made through chemical modification of natural amino
acids or by employing enzymes that can lead to novel molecules used in the manufacture of
various pharmaceuticals. The NAD+-dependent alanine dehydrogenase (AlaDH) enzyme
catalyzes the conversion of pyruvate to L-alanine by transferring ammonium in a reversible
reductive amination activity. Although AlaDH enzymes have been widely studied in terms of
oxidative deamination activity, reductive amination activity studies have been limited to the
use of pyruvate as a substrate. The reductive amination potential of heterologously expressed,

highly pure Thermomicrobium roseum alanine dehydrogenase (TrAlaDH) was examined with



regard to pyruvate, o-ketobutyrate, o-ketovalerate and a-ketocaproate. The biochemical
properties were studied, which included the effects of 11 metal ions on enzymatic activity for
both reactions. The enzyme accepted both derivatives of L-alanine (in oxidative deamination)
and pyruvate (in reductive amination) as substrates. While the kinetic Ky values associated
with the pyruvate derivatives were similar to pyruvate values, the kinetic ke values were
significantly affected by the side chain increase. In contrast, Ky values associated with the
derivatives of L-alanine (L-a-aminobutyrate, L-norvaline, and L-norleucine) were
approximately two orders of magnitude greater, which would indicate that they bind very
poorly in a reactive way to the active site. The modeled enzyme structure revealed differences
in the molecular orientation between L-alanine/pyruvate and L-norleucine/a-ketocaproate.
The reductive activity observed would indicate that TrAlaDH has potential for the synthesis
of pharmaceutically relevant amino acids.
Keywords: unnatural amino acids, medicinal chemistry, Alanine dehydrogenase,
Thermomicrobium roseum, reductive amination mechanism, o-keto acids, molecular
modeling
Introduction

Unnatural amino acids (UAA) play an important role in the production of
pharmaceuticals, with an increasingly large pool used as modular building blocks in drug
development, broadening their future applications [1]. However, the latter strictly depends on
UAA being synthesized at a high purity-enantiopure level prior to the drug formulation
process proceedings [2,3]. Enzymatic methods are widely preferred for cost-effective
asymmetric synthesis of UAA. Asymmetric synthesis of L-alanine (L-Ala) derivatives (as the
smallest member of the unnatural amino acid family) is invaluable since the derivatives are
the basic units for structural modification and novel molecules for medicinal chemistry. In

particular, enzymatic reductive amination reaction of NAD®- dependent alanine



dehydrogenase (AlaDH) has shown considerable potential for asymmetric synthesis of L-Ala
derivatives [4-7]. In microorganisms, AlaDH assists in redox balancing as its
deamination/amination reaction is linked to the reduction/oxidation of NAD'/NADH.
Moreover, AlaDH [L-alanine: nicotinamide adenine dinucleotide (NAD)*-oxidoreductase
(deaminating) EC 1.4.1.1] is a catalyst for the oxidizing deamination of L-Ala and the

reductive amination of oxyacid (Figure 1).

L-Alanine IFmiRepyruvate Transition state Carbinolamine Transition state Pyruvate
intermediate

Fig. 1 Reaction mechanism for oxidative deamination and reductive amination by Thermomicrobium roseum

alanine dehydrogenase (TrAlaDH). Numbering is according to the TrAlaDH sequence.

Numerous L-AlaDH enzymes, mainly from mesophilic organisms, have been identified via
purification, and partial kinetic and biochemical characterizations have been performed,
although most studies were limited to the analysis of oxidative deamination activity [6,8-19].
To date, AlaDH reductive amination activity studies have been limited to the use of pyruvate
[19-22], while a biochemical and computational study that proposes an AlaDH reductive
amination activity mechanism model for a-keto acid derivatives of pyruvate has not yet been
reported.

The present study investigates, for the first time, a comparative biochemical,

computational study of the potential of Thermomicrobium roseum alanine dehydrogenase



(TrAlaDH) for reductive amination activity with o-ketobutyrate, o-ketovalerate and o-
ketocaproate as pyruvate derivatives. This can be more efficient to synthesize their matching
L-alanine derivatives as unnatural amino acids. A computationally developed paradigm for
the TrAlaDH catalytic reductive amination mechanism model was also studied in respect to
the observed biochemical-kinetic oxidative deamination activity against L-alanine and

selected derivatives L-a-aminobutyrate, L-norvaline, and L-norleucine.

Materials and Methods
Microorganism, chemicals, and kits

All chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA) and Thermo
Fisher (Waltham, MA, USA). Transformation competent Escherichia coli DH-5a and BL21
(DE3) cells were purchased from New England Biolabs (Ipswich, MA, USA) and Invitrogen
(Waltham, MA, USA). Plasmid purification kits were purchased from Invitrogen, and BCA
Protein Assay kits were purchased from Thermo Fisher Scientific. All culture media were
prepared from chemicals purchased from LABM (Bury, UK), and PageRuler™ Plus
Prestained Protein Ladder was purchased from Thermo Fisher Scientific. Anti-His-tag and
horseradish peroxidase (HRP) were used as primary and secondary antibodies, respectively,
and were purchased from Abcam (Cambridge, UK). Western Blotting Luminol Reagent was
purchased from Santa Cruz, TX, USA, an Ni-NTA HisTrap column was purchased from
General Electric (Boston, MA, USA), and filters and PD-10 columns were purchased from

MilliporeSigma (Burlington, MA, USA).

Cloning of the T. roseum ald gene into pET28a (+) vector
The ald gene (UniProt accession number: BOLOI6) from T. roseum (ATCC 27502 /

DSM 5159 / P-2) coding for AlaDH enzyme was optimized by codon usage preference for E.



coli expression. The codon optimized gene was purchased from GeneUniversal (Newark,
USA). The synthesized gene of TrAlaDH was ligated into the pET-28a+ plasmid and
transformed into NEB® 5-alpha competent E. coli cells. The recombinant plasmid pET28a+
contains the complete alanine dehydrogenase coding region with Ndel/Xhol restriction sites

and the 6xHis-tag at the N-terminal end.

Expression and purification of TrAlaDH

E. coli BL21 (DE3) cells were used as the host to express traladh in the pET-28a+
plasmid. E. coli BL21 (DE3) cells with recombinant pET28a+ were plated on LB-agar
(Luria—Bertani) that contained kanamycin (50 pg/ml). Cultivation was scaled up to a 500 mL
culture, which was incubated at 37 °C at 200 x g. Studier autoinduction media (at 30 °C for 16
hours) was used for induction [23]. The pellets were harvested via centrifugation at 8000 x g
for 20 min at 4 °C.

For purification, the cell pellets were resuspended in lysis buffer (50 mM phosphate
buffer, pH 8.0, 300 mM NaCl and 1 mM phenylmethylsulfonyl fluoride [PMSF]), and cell
suspensions were sonicated on ice with a Soniprep 150 sonicator (Sanyo, Tokyo, Japan). The
cell lysates were centrifuged, and the obtained supernatants were filtered with a 0.45 pum filter
(Millipore Co, USA). Then, the filtrates were loaded onto the Ni-NTA HisTrap column
(General Electric, USA), regenerated and equilibrated with Buffer A (20 mM NaH,PO,, 30
mM NaCl, 30 mM imidazole, pH 7.4) and Buffer B (20 mM NaH2PO4, 30 mM NaCl, 500
mM imidazole, pH 7.4). Column chromatography was performed using the AKTA pure
system (GE Healthcare, USA) at 4 °C using Buffer A and B with different imidazole
concentrations (100-400 mM). After purification, the collected samples were analyzed on
12% SDS-PAGE performed on the Miniprotean Il electrophoresis cell system (Bio-Rad,

USA) with Coomassie brilliant blue R-250 to identify the fractions that contain pure protein



bands. Proteins were concentrated with ultracentrifuge tubes, and a PD-10 column (Millipore,
USA) was used for further purification. Protein concentration was measured with the
Bradford Assay Kit (Thermo Fisher Scientific, USA) and bovine serum albumin (BSA) was
used as a standard.

The presence of the recombinant TrAlaDH protein was also confirmed by Western
Blot analysis (Western Blot system, Biorad, USA) using an anti-6xHis Tag antibody and a

horseradish peroxidase secondary antibody.

Biochemical characterization of pH, temperature and the effects of metal ions on
enzymatic activity

Optimum pH levels for oxidative deamination and reductive amination were assayed
with the following buffers, which cover the pH range from 5 to 12: 100 mM sodium
phosphate for pH 5 and 6, 100 mM Tris-HCI for pH 7-9, 100 mM glycine NaOH for pH 10,
and 100 mM sodium bicarbonate for pH 11 and 12. The reactions were performed in a 96-
well microplate at 300 pL volumes. The reaction mixture for the oxidative deamination was
L-alanine (25 mM), NAD" (1.4 mM) and enzyme in the optimized buffer. The reaction
mixture for the reductive amination was NH,Cl (2 M), pyruvate (4.5 mM), NADH (0.27 mM)
and the enzyme (0.5 mg/mL) in the optimized buffer.

To evaluate the effect of temperature on enzymatic oxidative deamination and
reductive amination activity, measurements were performed at different temperatures (20-80
°C).

The effects of 6 different concentrations of 11 metal ions on enzymatic oxidative
deamination and reductive amination activity were investigated: chloride salts of Cu(ll),
Fe(111), Ca(ll), Li(l), Mg(l1), Mn(l1), K(I), Na(l), Zn(1l), metallic tungsten (W) as powder, and

Mo(VI) as sodium salt were added to the reaction mixture to obtain different final



concentrations (1, 3, 5, 7, 10, 100 uM), respectively. All reaction absorbances were measured
in triplicate by a microplate reader (Varioscan, Thermo Fisher Scientific, USA) at 340 nm at

10 sec intervals for 10 min at 25 °C.

Kinetic Assays

The oxidative deamination and reductive amination activities of TrAlaDH with regard
to L-alanine/L-a-aminobutyrate/L-norvaline/L-norleucine/pyruvate/a-ketobutyrate/a.
ketovalerate/a-ketocaproate were assayed under the determined optimum reaction conditions
by noting the change in the amount of NAD(H) at 340 nm in the microplate reader [24]. The
reaction mixture for oxidative deamination and reductive amination within a specified range
of L-alanine concentrations was (1-5 mM)/L-a-aminobutyrate (100-700 mM)/L-norvaline
(100-700 mM)/L-norleucine (100-700 mM)) with NAD" (1.4 mM; 0.153-15 mM) and a
range of a-keto derivatives (a-ketobutyrate/a-ketovalerate/a- ketocaproate); 0.1-15 mM) with
pyruvate (1-10 mM), NH,CI (2 M; 0.25-3 M), NADH (0.27 mM; 0.5-5 mM) and the enzyme
(0.5 mg/mL) in the optimized buffer. Control groups contained the enzyme in the optimized

buffer and NAD(H) for the oxidative deamination and reductive amination.

The kinetic parameters (Ky, kcat) were calculated for selected substrates and coenzyme
concentrations by fitting data to Michaelis-Menten plots with GraphPad Prism 8.0 (GraphPad
Software, San Diego, USA) using nonlinear least-squares regression. One unit described the
amount of enzyme that transformed 1 pmol of substrate per minute to the product. Reaction
mixtures for oxidative deamination or reductive amination included a range of substrates at
different concentration with specified NAD" or NADH and enzyme in the optimum pH buffer
[22]. Furthermore, the conversion efficiency of TrAlaDH on selected substrates was

calculated by consumption of NADH per time [25].



Molecular modeling

The 3-dimensional structure of TrAlaDH was modeled with the Swiss-Model [26]
using the crystal structure of Mycobacterium tuberculosis AlaDH (2voj.pdb: 50.95%
sequence identity) as a template [27]. 2voj.pdb structure contains both the NAD" cofactor and
pyruvate at the active site. Residues of Argl5, Lys74, Tyr93, His95, Leul28, Met131, 11267,
Asp268, GIn269, Gly270, Asn299, and Pro301 in the active site are fully conserved between
the template and TrAlaDH and also in larger AlaDH enzyme group (alignment in
supplementary material, Figure S1). L-alanine, L-norleucine and o-ketocaproate were
manually transferred in Swiss-PdbViewer to superimpose pyruvate in 2voj structure. After
this, energy minimization calculations were performed using the YASARA energy
minimization server [28]. Then, comparison of the structures was performed, and images
drawn, using the Chimera program (Figure 6) [29]. To describe the enzymatic catalysis, the
minimization energy for the complex structures formed by the L-alanine and L-norleucine and
substrates and the pyruvate and a-ketocaproate products were calculated in the presence of
explicit water molecules. Thus, observable changes in the binding interactions were

comparable.

Results
Cloning, expression, and purification of TrAlaDH

Overexpression of TrAlaDH was accomplished using E. coli BL21 (DE3) as the host
cell. The cell cultures were incubated for 16 h at 30 °C in an auto-induction Studier medium
for protein expression. The expressed protein was purified using an affinity chromatography
column, and the collected samples were analyzed on SDS-PAGE (Figure 2). Purified enzyme
was 2.5 mg/mL. The presence of TrAlaDH was confirmed using Western blot analysis

(Figure 3). A single major protein band in both SDS-PAGE and Western blot indicated that
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TrAlaDH had been successfully expressed in E. coli. The molecular mass of the highly

purified enzyme was 42 kDa.
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Fig. 2 SDS-PAGE gel analysis after Thermomicrobium roseum alanine dehydrogenase (TrAlaDH) purification

(Marker, Pellet, Supernatant, FT: column passed sample, Buffer A (BufA) 100-200-400 mM, Buffer B (BufB)
elution fractions). Buffer A consisted of 20 mM NaPi, 500 mM NaCl, and 30 mM imidazole at pH 7.4, while
Buffer B contained 20 mM NaPi, 500 mM NaCl, and 500 mM imidazole at pH 7.4. Each buffer was prepared
with varying concentrations of imidazole, namely 100 mM, 200 mM, and 400 mM. These buffers were utilized
to facilitate the separation and purification of the target substance. By applying an imidazole gradient, the target
proteins were separated and obtained as fractions from the column. The fractions collected after washing the
purification column were designated as Buffer A, with the numbers 1, 2, and 3 indicating the respective
fractions. For example, 100/1 referred to Fraction 1 containing 100 mM imidazole. Buffer B indicated the

passage of a solution containing 500 mM imidazole through the column.

M21 2 3 4 5 6

Fig. 3 Western blot analysis of Thermomicrobium roseum alanine dehydrogenase (TrAlaDH) protein

expression. Lanes: M, Molecular weight marker; 1: cell lysate; 2—-6: fractions eluted with 200 mM imidazole.
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Biochemical properties of the recombinant TrAlaDH

We investigated the effects of pH and temperature on TrAlaDH by monitoring the
change in enzymatic activity within a pH range 5-12 and a temperature range 25-80 °C.
Thermostability of the enzyme was also determined. The pH activity profile showed that the
enzyme was highly active at pH 8-10 for both oxidative deamination (Figure 4a) and

reductive amination (Figure 4b).
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Fig. 4 Dependence of Thermomicrobium roseum alanine dehydrogenase (TrAlaDH) activity on pH levels. (a)

Effect of pH on oxidative deamination reactions, and (b) effect on reductive amination reactions. The

experiments were carried out at 25 °C.

The greatest activity levels were observed at pH 9 for oxidative deamination and at pH
9.5 for reductive amination, both at 25 °C. The enzyme was found to maintain its activity in
both directions under neutral and basic conditions. The effect of temperature on oxidative

deamination and reductive amination activity in TrAlaDH was investigated by monitoring the
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change in enzymatic activity in the temperature range 25-80 °C. The enzyme exhibited

greatest oxidative deamination (Figure 5a) and reductive amination activity (Figure 5b) at

approximately 55 °C.
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Fig. 5. Dependence of Thermomicrobium roseum alanine dehydrogenase (TrAlaDH) activity on temperature.

(a) Temperature effect on oxidative deamination reactions, and (b) effect on reductive amination reactions. The

oxidative deamination was performed at pH 9 and reductive amination at pH 9.5.
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The kinetic parameters of TrAlaDH were determined for both oxidative deamination
and reductive amination reactions by fitting data to Michaelis-Menten plots (in supplementary
material, Figure S2) (Table 1).

Table 1. Kinetic parameters for Thermomicrobium roseum alanine dehydrogenase (TrAlaDH)
with L-alanine and derivates in oxidative deamination and reductive amination reactions.

Molecular structures are also shown for L-alanine and derivatives.

Oxidative Deamination

CH,

In=x

H

HN CHy

HO 0
L-Alanine L-a-aminobutyrate  L-Norvaline L-Norleucine NAD*
Ky (mM) 3.21+03  248.1+0.3 179.1+0.40 353.7+0.70 3.0+£0.20
K (sh 473%0.1 23.30+0.2 0.25+0.30 0.40+0.40 3.90+£0.20

cat

k, /K,(M's")  147+02 009401 00014+001 00011+020 1.30%0.20

Reductive Amination

CHy CHs
Chy
o CH; f
0 0 | i
o H——T»'-—H cl
I H
HO 0 HO 0 HO 0 HO' o
Pyruvate a-ketobutyrate a-ketovalerate a-ketocaproate NH,CI NADH
K, (mM) 1.90+0.20 1.30+0.2 1.70+0.20 ND* 430+0.50 3.60+0.50
kCat (sh 35.0 £0.50 1.50+0.2 1.29+0.10 ND* 240+0.30 7.10+0.20
kCat /KM (M*shy  18.40 £0.10 1.20+0.3 0.76 £0.20 ND* 0.50+0.20 2.0+0.10

ND*: Non defined

The measured Michaelis-Menten constant values (range 1.3-1.9 mM) showed a clear
affinity for enzyme binding for pyruvate, o-ketobutyrate and o-ketovalerate. In oxidative
deamination, the Ky, values (excluding L-alanine) were considerably greater, which indicates
significant problems in binding in a reactive way onto the active site. In both reactions, the
turnover rate ke, Values dropped considerably with the larger substrates, with the exception of

L-a-aminobutyrate. Due to changes in the Ky and kg values, the calculated catalytic
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efficiency values kq./Kwu also dropped considerably for all derivatives when compared to L-
alanine or pyruvate, respectively. There was a 1363-fold decrease in the Ke./Kw value
associated with L-norleucine. Only a-ketocaproate could not be measured.

Conversion efficiency of TrAlaDH is shown in Table 2. Conversions is expressed in
percentage change per min as calculated from NADH consumption. TrAlaDH enzyme
reached 54% conversion of pyruvate in the used substrate concentration per min, whereas
only 15% conversion rate was observed for L-alanine. The conversion rates are quite high
also for L-a-aminobutyrate a-ketobutyrate a-ketovalerate. These values show that the enzyme
functions quite efficiently with several substrates. On the other hand, conversion rate could
not be determined for a-ketocaproate.

Table 2. Conversion efficiency of TrAlaDH on different substrates

Substrates Conversion (%)
min’*

L-alanine 15
L-a-aminobutyrate 28
L-norvaline 7
L-norleucine 5

Pyruvate 54
a-ketobutyrate 22
a-ketovalerate 21
a-ketocaproate ND*

ND#*: Non defined

Effect of metal ions on TrAlaDH activity

The effects of group 2A elements on the dehydrogenase family are available in the literature
[30, 31]. The effects of 11 metal ions on TrAlaDH activity were investigated for both
oxidative deamination and reductive amination reactions. A standard enzyme assay was

performed in the presence of six different concentrations of metal ions (Table 3).
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Table 3. Effect of metal ions on the oxidative deamination and reductive amination reactions
of Thermomicrobium roseum alanine dehydrogenase (TrAlaDH). Effects are shown with
heatmap colors, which indicate a change in the activity of the TrAlaDH enzyme relative to the
control (no metal ion addition). Green indicates greater activity in the presence of a metal ion
and red indicates lower activity. The ANOVA test showed statistically significant values. The
white and italic values indicate a change in the statistical significance, p <0.05. The

underlined values are statistically almost significant, p <0.01.

Metals

Relative Activity (%) of oxidative deamination

1M

3uM

5 uM

7 nM

10 pM

100 pM

1M

3uM

5 pM

7 pM

10 pM

Relative Activity (%) of reductive amination

100 pM

Control

100
100+£2.1
100+4.5

99+2.4
100£2.0
98+4.1
100+0.5
96+3.5
100+2.2
93+2.3
99+1.9

102+2.9

100

102+2.6
98+3.5

96+1.1

99+2.6

96+1.3

100+1.3
95+0.7

97+2.9

92+2.1

100+3.6
103+3.7

100
10324
95+£2.5
94+1.6
98+2.5
98+0.9
103+1.0
96+2.0
9543.4
90+2.9
98+1.1

100
104+2.9
90+2.7
92+1.6
9242.2
96+2.4
104+2.1
98+1.5
9242.1
89+2.9
97+1.9

104+3.7 108+2.2

100
104+2.5
88+3.1
85+2.7
90+2.7
95+1.7

9243.3
90+4.2
85+2.6
95+2.6

100
106+4.7
86x6.5
83+1.8
88+4.7
95422

90+0.9
81+5.4
78+3.7
92+6.7

100
100+4.7
99+3.2
100£1.7
99+2.4
99+2.5
99+2.6
96+4.5
99+2.3
94+3.7
100+2.2
99+2.2

100
103+3.7
103+3.9
102+1.5

98+3.1
98+2.3
100+1.3
95+1.8
96+2.8
90+0.9
98+3.8
100+2.8

100
108+2.7
10543.7
105+1.3

99:+3.6
98+3.1
102+1.8
96+1.4
9742.7
89+2.2
99:1.4
101+2.7

100
105+3.9
108+2.4
110£2.3

90+2.3

99:3.1
105+1.8
98+2.8

93+3.2
88+1.7
95+2.2
102+2.3

100
103+3.3
106+2.0
103+4.4

89+4.4

97+2.8
102+2.9
9242.2

89+2.7
82+3.5

94+2.8
105+2.9

100

99+6.7
102+4.1
98+2.3
90+3.6
95+3.9
99+2.1
90+2.6
84+4.9
80+1.2
95+6.9
102+5.1

We found that 100 uM Fe®" resulted in the greatest inhibition of the deamination reaction
(~20% inhibition), with 100 uM Zn®* second (Table 3). At greater concentrations, tungsten
(W®) had an increasing effect on oxidative reactions, but less so on reductive reactions
(maximum 11% activation). In addition, Na* and K* showed clear inhibition of deamination
but no inhibition of amination was observed. However, the effect of the metals was minimal,
even at 100 uM concentrations.
TrAlaDH enzyme and its active site modeling

The reversible catalytic mechanism [45] for oxidative deamination and reductive
amination for TrAlaDH is described in Figure 1. It shows the active amino acids, which are
involved in the transfer of electrons between the acceptor and the donor. The structures for the

active molecules of the forward and reverse reactions at their first and final positions have
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been modelled using the YASARA energy minimization server [28]. Description of the
TrAlaDH reaction mechanism is consistent with the structures of the earlier publications
[27,54]. There are some detectable differences in the binding interaction between L-alanine
and L-norleucine at the active site before the reaction transition state is reached. The observed
differences in reaction Kkinetics can be principally explained by the hydrogen bonds of the -
NHs3 and -COO" groups; during binding, their spatial orientation differs (Figure 6). The
carboxylate group of alanine binds with hydrogen bonds Argl5, Lys74 and His95. The
hydrogen bonds of the Asp268 side chain and its main oxygen chain are also involved in the
orientation. In the case of L-norleucine, there are less hydrogen bonds at the active site, and
they are formed with Argl5, His95 and Asp299. The hydrophobic residue Leul28 has clear
contact with the methyl groups of L-alanine and L-norleucine. The distances between the
leaving hydrides of C,, of L-alanine and L-norleucine and the reactive C4 of the NAD" are 2.9
and 2.7 A, respectively. The Asp268 carbonyl group in the P-loop of the NAD-binding
Rossman fold appears to interact with the substrate. The P-loop may also be involved in the
orientation of the water molecule, which is needed for the reaction. In the case of C, of L-

alanine and L-norleucine, the water distance is 3.6 and 4.4 A, respectively (Figure 6).
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Fig. 6 (a) The oxidative deamination reaction of Thermomicrobium roseum alanine dehydrogenase (TrAlaDH)

with L-alanine to pyruvate. Oxygen is shown in red, nitrogen in blue, carbon in light brown and protons in white.
The active site structures before and after the transition state are shown for key reaction stages for the hydride
shift (hydride shown with red arrow) from L-alanine to NAD", and the transfer of a water molecule to form
pyruvate (Wat). The interaction distances between the L-alanine substrate and the pyruvate product are shown in
Angstréms. In the upper part of the graphic, the L-alanine substrate (C,, shown with green arrow) is bound to
three hydrogen bonds formed by the carboxylate group (-COO): to Arg15 (1.8 A), Lys74 (1.9 A) and His95 (1.9
A). In addition, its amino group (-CH3") binds with two hydrogen bonds to the side chain of Asp268 and the
carbonyl group of the main chain (-C=0). The methyl group of L-alanine (-CHs) is oriented towards the
hydrophobic region bordered by Leu128. During the reaction, the water molecule (Wat) enters the reactive C in
the substrate from a distance of 3.6 A. The hydride transfer (H-) distance to reactive C4 in NAD" as cofactor is
2.9 A. In the lower part of the graphic, the carboxylate group of the pyruvate (green arrow) after catalysis binds
to two hydrogen bonds Argl5 and the carbonyl group (-C=0) formed from the water molecule, and with two
hydrogen bonds to Lys74 (2.0 A) and His95 (1.8 A). At the NADH ring, the distance of hydrogen from pyruvate

is maintained at 2.9 A.
(b) The oxidative deamination reaction of TrAlaDH with L-norleucine to a-ketocaproate. Oxygen is shown in

red, nitrogen in blue, carbon in light brown and protons in white. The active site structures before and after the
transition state are shown for key reaction stages for the hydride shift (hydride shown with red arrow) from L-
norleucine to NAD", and the transfer of a water molecule (Wat) to form a-ketocaproate. The interactions
between the L-norleucine substrate (C,., shown with green arrow) and the a-ketocaproate product are shown in
Angstréms. In the upper part of the graphic, the carboxylate group of L-norleucine (-COO") has three hydrogen
bonds to Arg15 (2.2 A), Lys74 (2.0 A) and Asn299 (2.0 A), and the distance from its amino group (-CH3") to the
Asp268 side chain and the carbonyl group of the main chain are 1.9 A and 4.7 A, respectively. The distance
between the aliphatic chain of the substrate and Leu128 is 3.4 A, the distance to His95 is 5.4 A, and the distance
of hydride transfer to the reactive C4 is 2.7 A. In the lower part of the graphic, the binding of the a-ketocaproate
(green arrow) carboxyl group after catalysis is shown. There are two hydrogen bonds with Arg15 (1.8 A) and
Lys74 (1.8 A). The distance between the hydrophobic interaction of a-ketocaproate between the aliphatic side

chain and Leu128 is 3.7 A. The distance between the hydrogen at NADH to o-ketocaproate is 2.8 A.
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Discussion

A noteworthy finding of our study was the different temperature profiles associated
with enzyme catalysis of TrAlaDH. The binding of substrate molecules can affect the thermal
stability of enzymes [47]. Reductive deamination possibly occurs more at a higher
temperature than amination. The optimal growth temperature for T. roseum is 70-75 °C [48],
whereas TrAlaDH has an optimal catalytic temperature at 55-55°C. TrAlaDH is an
intracellular enzyme, so it is possible that when the enzyme is purified, it is not as stable as
when it is surrounded by other intracellular proteins. To date, optimum temperatures for
alanine dehydrogenase enzymes have been reported in the range of 30-40 °C [49,50], 40-50
°C [32, 51] and 50-70 °C [15, 19,52]. The most extreme thermostability has been found for
AlaDH from the extremophilic archaea Archaeoglobus fulgidus, which showed optimum
activity at 82 °C for reductive amination of pyruvate [11].

Since the T. roseum microbe is found in alkaline hot springs [46], the optimum
alkaline pH observed in our study fits well with natural conditions. The optimum pH for
oxidative deamination reaction activity of AlaDHs from different sources has been reported as
pH 6.4-7.4 [12], pH 9.5 [15,19], pH 10.0 [41], pH 10.0-11.0 [53] and pH 12 [12]. Mostly,
these studied enzymes are alkaliphilic, with the exception of the archaeal A. fulgidus AlaDH,
which has a neutral pH optimum [11]. Thus, the TrAlaDH optimum pH in oxidative
deamination is similar to most other studied enzymes [12-15,19,53]. In contrast, the optimum
pH for the reductive amination reaction of alanine dehydrogenase has been reported as pH
7.0-7.5 [52], pH 8 [12], pH 8.5 [42] and pH 9 [19]. This comparison indicates that the pH
optimum of reductive amination typically occurs in less alkaline pH. The pH optimum of
TrAlaDH for reductive amination is within the most alkaliphilic group. Moreover, TrAlaDH
exhibited a wide pH activity range between pH 5 and 12, both in oxidative deamination and

reductive amination reactions.
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Various methods have been reported to produce L-alanine amino acid. Microbial
production of L-alanine has gained much attention, but use has been limited since L-alanine is
not produced with high yield [35]. Biosynthesis of L-Ala can be performed by glutamate
dehydrogenase in two steps using a-ketoglutarate, ammonia and NADH as substrates.
However, this multistep process is limited due to its high cost [36]. Immobilization of AlaDH
cannot be used to produce L-Ala efficiently due to the loss of activity in the immobilized
enzyme [6, 37]. Reductive amination of pyruvate was evaluated as the main function of
AlaDH and this reaction synthesizes alanine for peptidoglycans in vivo [18,31,38-40]. This
function could be adapted to synthesize L-Ala derivatives in vitro, since the reductive
amination of keto acids by NAD"-dependent AlaDH has significant potential for the synthesis
L-Ala and its derivatives. Although AlaDH exhibit wide substrate specificity in oxidative
demination [18,41], they show selective activity towards pyruvate. Therefore, a number of
AlaDH have been tested for pyruvate derivatives, such as 3-hydroxypyruvate and 2-
oxovalerate [19-22] in reductive deamination reactions. One well-known example is to
produce L-B-fluoropalanine by utilizing AlaDH [43], although due to the large sequence
diversity among AlaDHs, each AlaDH can exhibit variable reductive amination activity
[9,16,24,33,42,44-46].

In this study, the reductive amination of the pyruvate derivatives that belong to the o-
keto acid family were tested with TrAlaDH. While activity was observed for a-ketobutyrate
and o-ketovalerate, which have four and five carbons, respectively, the six-carbon a-
ketocaproate substrate was not aminated reductively at a measurable rate, even though L-
norleucine, with the same carbon number, showed reactivity in oxidative deamination (Table
1). Calculated kinetic parameters for AlaDHs from different organisms are summarized in

Table 4.
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Table 4. Kinetic parameter Ky and kes: values of selected alanine dehydrogenases with L-
alanine and pyruvate.

L-Alanine Pyruvate

Organism K,(mM) k() K, (mM) k,(s')  Reference
Bilophila wadsworthia 1.60 - 1.1 - [32]
Vibrio proteolyticus 30.00 - 0.6 - [11]
Thermus caldophilus 2.60 - 0.2 - [12]
Arcohoeglobus fulgidus 0.70 0.2 - [13]
Shewanella sp. 0.04 35 - - [14]
Phormidium lapideum 0.04 96 - - [14]
Thielaviopsis paradoxa 1.35 - 8.2 - [15]
M. tuberculosis 4.30 - 2.8 - [33]
Amycolatopsis 203 13 ) ) (0]
sulphurea
M. tuberculosis 5.30 8 - - [18]
Streptomyces coelicolor - 2 - 1.9 [19]
Archaeoglobus fulgidus - - 0.2 0.1 [34]
T. roseum 2.90 43 1.9 35.0 This study

Few studies have calculated the kinetic values for both oxidative deamination and
reductive amination reactions for the enzyme from the same organism. The Ky values
associated with L-AlaDH obtained from other organisms can vary considerably (0.035-30
mM) (Table 4), whereas the Ky, value associated with TrAlaDH (2.7 mM) is within this
range. While the best ke value has been reported for Phormidium lapideum (95.5 s™) [14],
we calculated a value of 4.1 s for TrAlaDH in this study. Few kinetic data have been
reported for pyruvate and among these enzymes, TrAlaDH exhibited a greater K¢y value (35 s
Y. In our study, the Ky value for pyruvate with TrAlaDH is in the same range as reported for
other L-AlaDHs (Table 4). The Ky values occurred across a wide range, and true
comparisons may not be possible due to differing experimental conditions between studies,

although we found a single study that reported kinetic values of M. tuberculosis AlaDH
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(MtAlaDH) against L-alanine derivatives (Table 5). The oxidative deamination results of
TrAlaDH with L-alanine derivatives were compared with that of a single study in literature
[10] (Table 4). In that study, the M. tuberculosis enzyme seemed to react much better with L-
norvaline than TrAlaDH in oxidative deamination. This indicates that there are significant
differences between AlaDHs in their acceptance of various amino acids as a substrate.

Table 5. Kinetic efficiency values with L-alanine derivates for two selected alanine
dehydrogenases in oxidative deamination.

L-a-Aminobutyrate L-Norvaline L-Norleucine Reference
Organism 11 11 1
9 k. ./K,Ms) k. ./K,Ms) k. /K,Ms)
M. tuberculosis - 0.40 £ 0.07 <0.01 [10]
T. roseum 0.094 £ 0.0 0.0014+£0.0 0.0011 + 0.0 This study

A number of microorganism-gene-derived AlaDH enzymes have been characterized to date
(Table 4). Since both L-alanine and pyruvate exhibited similar Ky values, this would confirm
that both bind similarly to the active site, although pyruvate exhibited a much greater Kca
value. One reason could be that pyruvate (with planar C, ) is able to find the reactive position
much more easily. In our study, the Ky value for L-alanine (2.7 mM) was found to be similar
(only 1.5-fold higher) to the average Ky values in the literature, with the exception of Vibrio
proteolyticus AlaDH [9] (Table 4). In our study, pyruvate Ky and k., values were found to be
2.24- and 18.42-fold higher, respectively, compared to the literature (Table 4). Catalytic
reaction studies with the L-alanine derivatives, such as L-a-aminobutyrate, L-norvaline and
L-norleucine, are extremely limited (Table 5). Similarly, there is limited information about
derivatives undergoing reductive deamination [19-22]. While o-ketocaproate was not
identified in the enzyme activity studies in our study, a new understanding was observed for

a-ketobutyrate and a-ketovalerate (Table 1).
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The AlaDH enzymes could be used to synthesize single isomeric unnatural amino acid
derivatives from pyruvate derivatives [2,3]. This would require a more effective reductive
reaction with the pyruvate derivatives. Therefore, it is necessary to acquire a deeper structure-
based understanding of the catalytic mechanism and interactions with large substrates.
TrAlaDH is a NAD-dependent dehydrogenase that catalyzes a multi-step hydride transfer
reaction from alanine to pyruvate and vice versa. Reactions are redox reactions of two
substrates, L-alanine with NAD" and pyruvate with NADH (Figure 1). According to our
results, the positioning of various L-alanine derivatives with NAD(H) and thus their potential
to be substrates in the reductive reaction can be analyzed. Reactions measured with L-alanine
derivatives show that catalysis activity also exists with larger molecules than L-alanine,
although the effectiveness of catalysis decreased greatly according to their much higher Ky
values.

The differences in the kinetic values between the amination and deamination reactions
can be explained by the presence or absence of the amino group and the presence of a longer
aliphatic side chain. From the Ky values, it can be seen that the presence of the amino group
at C, affects the binding of the substrate considerably, apparently even more significantly
than aliphatic group size, once the molecule is larger than L-alanine (Table 1). The influence
of different structures can be seen in both the ke and kea/Ky values. Since pyruvate has a
greater k../Ky ratio than L-alanine, then the planar molecule is more favorable for reductive
amination, even though both L-alanine and pyruvate have a similar affinity to the active site.
The larger size of the aliphatic side chain among pyruvate, a-ketoglutarate and a-ketovalerate
does not unduly affect Ky but does impair the ke, value.

The values shown in Table 2 indicate that the enzyme has promising reaction rates
with several substrates. The calculations concern conversion rates in low substrate

concentrations. Industrially relevant high substrate concentrations and cofactor strategy
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require further studies. Earlier studies also showed that Corynebacterium gelatinosium,
Arthrobacter oxydans, Brevibacterium lactofermentum, Clostridium sp. and Pyrococcus
furiosus, produced L-alanine with a maximum conversion rate of 10 to 60% [54]. Also other
substrates have been studied [55].

The crystal structure of M. tuberculosis AlaDH (2voj.pdb) indicates that it contains a
water molecule near pyruvate (distance 3.6 A). The existence of a water molecule indicates
possible free space for a side chain larger than the methyl group, and for the NH4" group to
settle at the active site. The molecular model of T. roseum AlaDH and the crystal structure of
M. tuberculosis AlaDH suggest that the binding site amino acids Tyr93, Leul28 and Met131
form a clear hydrophobic environment (Fig. 6) and that substrate aliphatic side chains can
orient toward it. The hydrophobic region that binds the aliphatic groups also controls the
position of the substrates for the catalysis. Both structures have a large flexible loop area
(amino acids 264-286), and especially, four amino acids 267-270 may have effect on the
access of the substrate to the active site and the position close to the NADH in it. Planar keto
form substrates lack a NH3; group and exhibit a different configuration at C,, (green arrows in
Figure 6 show C,, position, at which big structural differences exist between pyruvate and L-
alanine) and therefore, have more room to bind with a salt bridge to arginine and with a
hydrogen bond to lysine. This is favorable for reductive amination because the positive charge
of lysine can amplify the electrophilicity of the carbon of the carboxyl group as it exhibits
attraction to the double bond electrons. Therefore, the reaction rate with pyruvate is much
higher than with L-alanine as substrate.

Cations that may be present in the reaction environment could affect the transfer of
electrons in the reaction and they may cause repulsion with NH," and with NAD"* molecules.
The cations Na* and K™ may act as the oxidative deamination inhibitor, and in the reductive

amination Li* and K" may accelerate it. Mn?* and W®" can also act as accelerators in the
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oxidative reaction, while iron seems to strongly inhibit the reaction. In the reductive
amination, inhibiting cations are Mg®*, Zn?* and Fe** (Table 3). This might possibly indicate
that a repulsion force prevents the departure of NH,4" in the deamination reaction, whereas the
effect is positive in the amination reaction.

Derivatives of both pyruvate and L-alanine are acceptable as substrates. However,
with a large side chain they may have challenges to bind correctly in respect to reaction with
NADH, although according to the modeled structures they can fit into the active site. Highly
conservative amino acids such as Argl5, Lys74, His95 with hydrogen bonds to the substrate
or NADH are likely to be critical for the enzyme catalysis. On the other hand, the modeling
with larger substrates shows that there is space for the aliphatic part of different substrates to
fit into the area between Tyr93, His95, Leul28, Met131 and the nicotinamide ring of cofactor
NADH. However, the slow catalysis rates indicate that the positioning of the bigger substrates

becomes restricted in non-optimal way.

Conclusions

In this study, we analyzed the biochemical behavior of heterologously expressed and purified
TrAlaDH in reductive amination and oxidative deamination reactions. The reaction
mechanism is based on hydride transfer, proton transfer and oxidative amino-to-ketone
interconversion. Previous structural L-alanine dehydrogenase studies [26,56,57] and
molecular modeling of TrAlaDH was used to generate an understanding of the enzyme
reaction with L-alanine and pyruvate derivatives. The TrAlaDH enzyme exhibited significant
potential to recognize selected various keto acids and L-alanine derivatives. The biochemical
studies and active site analysis showed that larger derivatives of L-alanine and pyruvate were
accepted as substrates, and they have space to bind onto the active site. These results support

the possibility to develop new biocatalytic tools (by protein engineering) from these enzymes
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and utilize them in biocatalysis to synthesize non-natural amino acids [18]. Further studies are
needed to improve the conditions to obtain soluble enzymes while performing scale-up
studies and this would also provide how the chiral differences of the L-alanine derivatives
(compared to corresponding keto acids) affect the reaction efficiency with TrAlaDH, and how

the reaction efficiency could be improved by active site mutations.
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Highlights
e TrAlaDH was heterologously expressed in E. coli cells.
e TrAlaDH was characterized kinetically with non-natural substrates.
e The enzyme was more efficient in amination than deamination reactions.

e Active site modeling revealed the possible reasons for substrate preferences.





