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Abstract D-phenyllactic acid is a value added chemical
with potential uses in wide areas of industry such as
antibiotics, biopolymers, and pharmaceutical syntheses. It
can be reduced from phenylpyruvic acid by various 2-
hydroxy acid dehydrogenases. In this work, the 2-hydroxy
acid dehydrogenase from Oenococcus oeni has been
expressed in Escherichia coli whole cell along with
formate dehydrogenases from two difference sources,
Candida boidinii and Pseudomonas species, for
regeneration of NADH cofactor. This could enhance the
conversion of the product up to 78%, 3.4-fold increase
from the one without cofactor regeneration, demonstrating
a possibility of an efficient D-phenyllactic acid production
system. Structural analysis by molecular dynamics
simulation indicated the flexibility of the enzyme was
lowered when the bound substrate was phenylpyruvic acid,
compared to the natural substrate, pyruvate. This can be
exploited to design 2-hydroxy acid dehydrogenase to
increase the flexibility for phenylpyruvic acid, in order to
further improve the production of D-phenyllactic acid.
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1. Introduction

Phenyllactic acid (2-hydroxy-3-phenylpropanoic acid,
PLA) is a promising value added chemical for uses in
pharmaceuticals, cosmetics, and other organic syntheses
[1]. Optically pure D-PLA has antimicrobial activities
against bacteria and fungi such as certain Aspergillus,
Staphylococcus, and Escherichia coli strains, and can be
used as food preservatives [2-4]. PLA is also a precursor to
the drugs such as Danshensu and Englitazone used in the
treatment of cardiovascular diseases and diabetes [5,6].
More recently, a possibility of utilizing the D-PLA as a
substrate to polymerization has been suggested, with the
resulting polymer molecular weight up to 100,000 g/mol
[7.8].

D-PLA was first discovered in lactic acid bacteria, which
used D-lactate dehydrogenase (D-LDH, EC. 1.1.1.28) to
convert phenylpyruvic acid (PPA) to D-PLA [9-11]. Later,
it was found that 5 g/LL PPA was converted per g E. coli co-
expressing a phenylpyruvate reductase from Lactobacillus
sp. CGMCC 9967 and a glucose dehydrogenase with an
addition of 1.5 equivalent glucose [5]. Structural studies
with pyruvate as a primary substrate docked in silico or
substrate analogues bound in the D-LDH crystal show that
D-LDHs are allosteric dimers with the active site located in
the interface between a cofactor binding and a catalytic
domain [12-15]. NADH cofactor binding is a prerequisite
of the enzyme’s catalytic function, as it induces domain
movement to bring NADH and pyruvate in proximity, and
allows the hydride transfer from the cofactor to the substrate
C2 atom [15]. In the meantime, the 2-oxo functional group
is reduced by proton from nearby histidine, hence leading
to reduction of the substrate. Computational modeling also
has suggested decreasing the hydride transfer distance
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Fig. 1. Scheme for reduction of PPA to D-PLA by coHADH coupled with formate dehydrogenase-mediated NADH regeneration.

between the cofactor and the substrate could increase the
efficiency of the catalysis [16].

It is therefore inferred that increasing the available pool
of NADH cofactor can increase the productivity of D-PLA.
There have been many cases of co-expressing the cofactor-
dependent target enzyme with cofactor regenerating
enzyme to increase the productivity. Metabolic engineering
of E. coli with NAD"-dependent formate dehydrogenase
(FDH) from Candida boidinii followed by the addition of
formate increased the yields of NADH, lactate and
succinate [17]. Whole-cell biotransformation of D-fructose
to D-mannitol via E. coli by co-expression of a mannitol
dehydrogenase along with a FDH from Mycobacterium
vaccae increased the D-mannitol production from 0 to
15mM [18]. In our previous study, a 2-hydroxy acid
dehydrogenase from Oenococcus oeni (0oHADH) was
able to convert 20% of phenylpyruvate to phenyllactate in
vitro [16]. For commercial purposes, conversion must be
examined in whole cells, especially because the cofactor
regeneration is much cheaper. Therefore, FDHs from two
different sources, C. boidinii (¢cbFDH) and Pseudomonas
sp. (psFDH), are co-expressed with ooHADH in this work
to increase the productivity of D-PLA (Fig. 1) [19]. Structural
analysis using molecular dynamics simulation was also
carried out to explain the activity.

2. Materials and Methods

2.1. Materials

The gene for ooDLDH (NCBI accession number MH920337)
was synthesized artificially from GenScript (New Jersey,
USA) after codon optimization for E. coli expression. A
six-histidine tag-encoding sequence was added to the C-
terminal of the gene. Miniprep kit for plasmid purification
and Ni-NTA agarose for the affinity chromatographic
purification were purchased from Qiagen (Valencia, CA,
USA). Competent E. coli DH5a and E. coli BL21 (DE3)
were purchased from Invitrogen (Carlsbad, CA, USA) and
Novagen (Madison, WI, USA), respectively. The restriction
enzymes and the In-Fusion® HD cloning kit were purchased
from Thermo Scientific (Waltham, MA, USA) and TaKaRa
(Mountain view, CA, USA), respectively. All other chemicals
were purchased from Sigma (St. Louis, MO, USA).

2.2. Cloning

For the co-expression of the ooHADH and one of the
FDHs, the genes need to be cloned into vectors with
different antibiotic resistances for dual-selection. The
00HADH was cloned into pCDFDuet-1 vector with
streptomycin resistance, while each FDH gene was cloned
into pET-22b(+) with ampicillin resistance using the

Table 1. Primers used in the cloning of ooHADH, cbFDH, and psFDH

Primer name

DNA sequence (5°>3")

00HADH For
00HADH Rev

GTATATTAGTTAAGTATAAGAAGGAGATATACATATGAAAATTTATGCGTACGGCATCCGTGATGAC
TTTCTTTACCAGACTCGAGTCAGTGGTGGTGGCTGGTGGTGAAATTTGACCAGATTGCGGGTTTCTTGGC

cbFDH For
cbFDH Rev
psFDH For
psFDH Rev

TTTTGTTTAACTTTAAGAAGGAGATATACATATGGGCAGCAGCCATCACCATCATCACCACAGC
CTTTGTTAGCAGCCGGATCTTACTTCTTATCATGCTTTCCGTAAGCCTTGGTAACATATTCACCATTAA
TTTTGTTTAACTTTAAGAAGGAGATATACATATGCATCACCATCATCACCACATGGCTAAAGTTCTG
CTTTGTTAGCAGCCGGATCTTAAACTGCTTTTTTGAATTTCGCGGCTTCTTCGCTACCGCCGGTAGCGT

*Bold type, gene; Italic type, vector; Underlined, histidine tag for purification.

@ Springer



404

Biotechnology and Bioprocess Engineering 26: 402-407 (2021)

primers in the Table 1. In more details, the vectors were
linearized with Ndel and Xhol restriction enzymes and the
gene was inserted via the Gibson cloning following the In-
Fusion® HD Cloning Kit protocol. The cloned plasmids
were transformed into E. coli DH5a and selected on LB-
agar plates with respective antibiotics. Whether the genes
had been correctly cloned was confirmed by DNA
sequencing (Cosmogenetech, Korea).

2.3. Co-expression and purification of enzymes

E. coli BL21 was transformed with ooHADH and selected on
a LB-agar plate supplemented with 50 pg/mL streptomycin
as a control. Co-transformation with ooHADH/psFDH or
with 00HADH/cbFDH and selection on LB-agar plates
supplemented with 50 pg/mL streptomycin and ampicillin
was also carried out. Single colony from each plate was
inoculated to 4 mL LB media with respective antibiotic
concentrations and grown overnight at 37°C, 200 rpm for
preculture, followed by 200 mL batch culture at the same
condition for growth up to 0.4~0.6 ODgo,, Value. 0.8 mM
IPTG (isopropyl-p-D-thiogalacto-pyranoside) was added
for protein induction at 20°C, 200 rpm.

The protein induced cells were harvested by centrifugation
at 4°C, 1,800 x g for 20 min and stored in -80°C for further
uses. To confirm protein expression, cells were lysed in
SmL of Bugbuster® at 20°C for 20 min, followed by
centrifugation (11,300 x g, 4°C, 20 min) from which the
supernatant was subjected to Ni-NTA affinity chromatography.
The affinity column was washed with six times the column
volume of wash buffer (50 mM NaH,PO,, 300 mM NaCl,
10 mM imidazole, pH 8.0). For elution, 1 mL elution buffer
(50 mM NaH,PO,, 300 mM NacCl, 250 mM imidazole, pH
8.0) was used. Each step of the purification was sampled
and subjected to 12% SDS-PAGE.

2.4. Whole-cell bioconversion of D-PLA

Harvested cells were diluted in 20 mL of 50 mM phosphate
buffer (pH 6.5) with 20 mM PPA and incubated for 8 h at
30°C, 200 rpm. 0, 20, 60, and 100 mM concentrations of
sodium formate was added to each culture to determine the
formate-dependent conversion of D-PLA, while minimizing
the pH change. The reaction mixture was sampled throughout
the incubation time and subjected to HPLC equipped with
an Aminex HPX-87H (300 x 7.8 mm, 9 pm) column and
an UV detector (210 nm). 5 mM sulfuric acid was used as
a mobile phase at 0.6 mL/min.

2.5. Structural analysis

The crystal structure of D-LDH from Lactobacillus bulgaricus
(PDB: 1J49) was used as a template to homology model
the 00HADH in the Prime module of Maestro software
from Schrodinger, with OPLS3e forcefield [20]. LigPrep
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was used to create the energy-stable configuration of
pyruvate and PPA substrates for docking, with all possible
ionization states [21]. Glide module was used for docking
of the substrates in the enzyme structure, which includes
Grid Generation to encompass the active site of ooHADH,
and the Standard Precision mode of Glide to produce
docking poses [16,22]. For the molecular dynamics
simulation, the substrate-docked enzyme structures were
prepared by creating a TIP3P solvent box encompassing
each structure with OPLS2005 forcefield, and subjected to
a NVT ensemble, 200 nanoseconds, at 303 K via Desmond
module.

3. Results and Discussion

3.1. Co-expression of o0oHADH and FDH

The co-expressed ooHADH and FDH were purified and
resolved on SDS-PAGE gel (Fig. 2). When ooHADH was
co-expressed with psFDH, both proteins were produced to
nearly the same quantity, clearly being resolved on the gel.
However, when ooHADH was co-expressed with cbFDH,
cbFDH was expressed much more than ooHADH. In both
cases, the amount of ooHADH expression decreased
comparable to the sole expression of ooHADH. This can
affect the whole cell productivity for D-PLA, along with
the difference in the cofactor regeneration capacity of the
two FDHs. The k., and Ky of ooHADH were 77.8 s and
15.6 mM for PPA, which in case for pyruvate are 674 s
and 1.12 mM, showing lower preference for PPA. However,
the k. is significantly higher than the previously known
phenylpyruvate reductase from Lactobacillus sp. CGMCC
9967, which was 47.3 s, and the disadvantageously high
Ky of ooHADH for PPA may be overcome by utilizing

« ooHADH

Fig. 2. Co-expression of ooHADH and FDH resolved on SDS-
PAGE. Each lane number above indicates: 1, ooHADH expressed
alone; 2, ooHADH and psFDH co-expressed; 3, ooHADH and
cbFDH co-expressed. Each lane letter above indicates a step from
the protein purification: L, cell lysate after centrifugation (11,300
x g, 4°C, 20 min) to remove debris; W, sampled from the wash
step; E, sampled from the elution step.
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sufficiently high concentration of the substrate. This also
suggests further engineering of 0o0HADH is preferred to
change the substrate preference and to enhance the D-PLA
biosynthetic activity.

3.2. Whole cell bioconversion of D-PLA

20 mM PPA was used as a substrate in bioconversion by
E. coli whole cell expressing ooHADH only or co-expressing
FDH (Fig. 3A). The cells expressing ooHADH alone
converted 35% of PPA after 8 h, and the conversions were
lower for ooHADH-psFDH (31%) and ooHADH-cbFDH
(20%) co-expressing cells. This is possibly due to the
lowered expression level of 00HADH in the co-expression
cells as shown in the SDS-PAGE (Fig. 2). However, when
varying concentrations of formate were added to the co-
expression cells, the conversion was greatly enhanced. Up
to 100 mM of formate was added, at which further increasing
formate concentration did not improve the yield. For the
00HADH and psFDH co-expressing cells, the conversion
reached maximum 31, 57, 68, and 76% in 8 h with 0, 20,
60, and 100 mM formate concentration, respectively, leading
to an overall 2.5-fold increase in conversion compared to
the one without formate (Fig. 3B). The conversion by the
00HADH and cbFDH co-expressing cells also reached 23,
56, 76, and 78% with 0, 20, 60, and 100 mM formate
concentration, respectively, a 3.4-fold increase to the one
without formate (Fig. 3C). Most notably, the cbFDH co-
expression was able to enhance the conversion faster as
well as requiring less formate than the psFDH, reaching the
maximum conversion within 4 h with 60 mM formate.
This is also comparable with the 25% conversion observed
in vitro from previous study, when 8.59 nM of purified
00HADH and 1 unit of commercial cbFDH were used to
react 20 mM PPA, 1.5 mM NADH, and 30 mM sodium
formate, due to the amount and stability of enzyme
expressed [16]. Any further increase in reaction time or
higher concentration of formate did not improve the yield
significantly.

3.3. Molecular dynamics simulation

From the previous docking study on ooHADH, bound
pyruvate had a Gibbs free energy of binding (AGy;,g) of -3.32
kcal/mol, whereas that of PPA had a AGy;q of -5.31 kcal/mol
[16]. This contradicted the 120-fold higher activity for
pyruvate than PPA found in ooHADH, especially the 14-
fold lower Ky value for pyruvate than PPA. The k., was
also 8.7-fold higher for pyruvate. The contradiction could
be explained by running molecular dynamics simulation on
the structures of ooHADH docked with pyruvate or PPA
(Fig. 4). The overall RMSD value for ooHADH-pyruvate
averaged at 5 A, but that for ooHADH-PPA was at 4 A,
indicating higher flexibility of the pyruvate bound enzyme
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Fig. 3. Escherichia coli whole-cell bioconversion for D-PLA. (A)
Conversion of 20 mM PPA to D-PLA by ooHADH alone or with
FDH co-expression without formate. Closed circle, ooHADH;
open circle, ooHADH and psFDH co-expressed; closed triangle,
00HADH and cbFDH co-expressed. (B) Conversion of 20 mM
PPA by ooHADH and psFDH. (C) Conversion of 20 mM PPA by
00HADH and cbFDH. For (B) and (C): Closed circle, no
formate; open circle, 20 mM formate; closed triangle, 60 mM
formate; open triangle, 100 mM formate.

structure. It is a general recognition that the increased
flexibility of an enzyme structure is correlated with its
higher catalytic activity, because the higher flexibility
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Fig. 4. RMSD values from molecular dynamics simulation of
0oHADH-pyruvate and ooHADH-PPA structures.

means the enzyme can adapt the substrate binding mode
for catalytic mechanism more frequently, with higher chances
of optimized active site configuration [23]. Furthermore,
1 A difference in RMSD of overall enzyme structure can
lead to much greater motion in the active site, accounting
for the inverted substrate preference between the experimental
data and the docking result, in which docking does not
reflect dynamic motion of the enzyme but only sample a
stationary state. The production of D-PLA by ooHADH
can therefore be enhanced by re-designing the ooHADH-
PPA structure to this end, in combination with the FDH-
cofactor regeneration system.

4. Conclusion

The conversion of PPA to D-PLA by ooHADH-expressing
E. coli whole cell could be enhanced up to 3.4-fold by
introducing a cofactor regeneration system, consisting of
co-expressed FDH and formate added. Although the
expression level of ooHADH was decreased due to the
FDH co-expression, replenishing NADH could overcome
the drawback. Furthermore, the structural information on
the decreased flexibility of ooHADH-PPA compared to
0oHADH-pyruvate can be exploited to re-design the
enzyme for a higher flexibility, covering the decreased
expression level with a higher activity. The development of
an efficient synthetic process for D-PLA is expected to
contribute to the production of various value added
chemicals.
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Nomenclature

Enzymes

cbFDH:  Formate dehydrogenase from Candida boidinii

psFDH:  Formate dehydrogenase from Pseudomonas
species

00HADH: 2-hydroxy acid dehydrogenase from Oenococcus
oeni

D-PLA:  D-phenyllactic acid

PPA: Phenylpyruvic acid

NADH:  Nicotinamide Adenine Dinucleotide, reduced
form

keat: Catalytic turnover number (unit: s™)

Kuv: Michaelis-Menten constant (unit: mM)

AGping: Gibbs free energy of binding between the
enzyme and the substrate (unit: kcal mol™)
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