JOURMAL ©O

AGRICULTU RAI.F AND “ MACQUARIE
FOOD CHEMISTRY

Biotechnology and Biological Transformations

One-Pot Synthesis of Phenylglyoxylic Acid from
Racemic Mandelic Acids via Cascade Biocatalysis

Cunduo Tang, Peng-Ju Ding, HongLing Shi, Yuanyuan Jia, Maozhi
Zhou, Hui-Lei Yu, Jian-He Xu, Lunguang Yao, and Yunchao Kan

J. Agric. Food Chem., Just Accepted Manuscript « DOI: 10.1021/acs.jafc.8b07295 « Publication Date (Web): 26 Feb 2019
Downloaded from http://pubs.acs.org on February 27, 2019

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.

is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036

Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the
course of their duties.

N4 ACS Publications



Page 1 of 35

10

11

12

13

14

15

16

17

Journal of Agricultural and Food Chemistry

One-Pot Synthesis of Phenylglyoxylic Acid from Racemic
Mandelic Acids via Cascade Biocatalysis

Cun-Duo Tang™#*, Peng-Ju Ding™#, Hong-Ling Shi™*, Yuan-yuan Jia’, Mao-zhi Zhous,
Hui-lei Yu¥, Jian-He Xu¥, Lun-Guang Yao *f and Yun-Chao Kan*'

T Henan Provincial Engineering Laboratory of Insect Bio-reactor and Henan Key Laboratory
of Ecological Security for Water Source Region of Mid-line of South-to-North, Nanyang
Normal University, 1638 Wolong Road, Nanyang, Henan 473061, People’s Republic of
China

¥ State Key Laboratory of Bioreactor Engineering, East China University of Science and
Technology, Shanghai 200237, People’s Republic of China

# These authors contribute equally to this work

*Corresponding Author: Dr. Cun-Duo Tang, Prof. Lun-Guang Yao and Yun-Chao Kan
Corresponding Address:

Henan Provincial Engineering Laboratory of Insect Bio-reactor, Nanyang Normal
University, 1638 Wolong Road, Nanyang, Henan 473061, People’s Republic of China
Phone:  +86-377-63525087, Fax: 86-377-63525087, E-mail: tcd530@126.com;

kanyunchao@163.com; lunguangyao@163.com

1

ACS Paragon Plus Environment


mailto:tcd530@126.com
mailto:kanyunchao@163.com
mailto:lunguangyao@163.com

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

Journal of Agricultural and Food Chemistry

ABSTRACT

Phenylglyoxylic acid (PGA) are key building blocks and widely used to synthesize
pharmaceutical intermediates or food additives. However, the existing synthetic methods for
PGA generally involve toxic cyanide and complex processes. In order to explore an
alternative method for PGA biosynthesis, we envisaged cascade biocatalysis for the one-pot
synthesis of PGA from racemic mandelic acid. A novel mandelate racemase named 4rMR
showing higher expression level (216.9 U-mL-! fermentation liquor) was cloned from
Agrobacterium radiobacter and identified. And six recombinant E. coli strains were
engineered to co-express three enzymes of mandelate racemase, D-mandelate
dehydrogenase and L-lactate dehydrogenase, and transform racemic mandelic acid to PGA.
Among them, the recombinant E. coli TCD 04, engineered to co-express three enzymes of
ArMR, LhDMDH and LALDH, can transform racemic mandelic acid (100 mM) to PGA
with 98% conversion. Taken together, we provide a green approach for one-pot biosynthesis
of PGA from racemic mandelic acid.

KEYWORDS: mandelate dehydrogenase, mandelate racemase, cascade reaction,

phenylglyoxylic acid, whole cell catalysis
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INTRODUCTION

Phenylglyoxylic acid (PGA) are key building blocks in the chemical synthesis process, and
widely used to synthesize pharmaceutical intermediates or food additives.!* Compared with
chemical preparation generally involve toxic cyanide and complex processes,” > microbial
or enzymatic biosynthesis of PGA provides an eco-friendly approach to industrial-scale
production.? ¢7 It is reported that many microorganisms can selectively transform mandelic
acid to PGA, including Gibberella fujikuroi, Alcaligenes bronchisepticus, Pseudomonas
polycolor, and Pseudomonas putida.3® D-mandelate dehydrogenase (DMDH) plays a key
role in the process of converting D-mandelic acid to PGA, and it is a member of
ketopantoate reductase family.> *-19 Heterologous expression of DMDH genes from many
microorganisms in E. coli was capable to oxidize mandelic acid into PGA.# ° In our
previous study, the PGA yield was about 40% from 50 mM racemic mandelic acid
catalyzed by co-culturing two engineered E. coli strains.* Meanwhile, we have verified that
the NAD™ regeneration capacity could be enhanced by utilizing the pyruvic acid based on
co-culturing two engineered E. coli strains. However, the residual mandelic acid
significantly increases the cost of product purification. Therefore, enhancing the
transformation efficiency of substrates can not only improve the utilization rate of raw
materials, but also reduce the cost of purification.

Mandelate racemase (EC 5.1.2.2) is well-characterized racemases!®!! and an ideal
candidate for the racemization of non-natural o-hydroxycarboxylic acids under
physiological reaction conditions, which had been applied in deracemization protocols in
connection with a kinetic resolution step.'?> So far, the PpMR from Pseudomonas putida
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ATCC 12633 (Uniprot No. P11444) is well-characterized and widely-applied mandelate
racemase, which k., values towards D- mandelic acid and L- mandelic acid were 822 and
756 s, 1213 And many cascade reactions had been designed and applied using the PpMR as
the core catalyst.!% 1415 However, the industrial application of PpMR was impeded due to
its poor soluble expression level. It had been reported that genome mining could be an
economical strategy in discovering novel enzyme with higher expression level,% 16-13
therefore it should also be used to discover novel mandelate racemase with higher
expression level. In addition, the mature DNA synthesis and sequencing techniques have
enabled the overproduction of a desired enzyme in microorganisms.

In this work, we tried to discover novel mandelate racemases with higher expression
level, and achieve a eco-friendly synthesis of PGA from racemic mandelic acid via one-pot
cascade biocatalysis (Scheme 1) combined with the previous research basis.> As known to
us, the PGA is more expensive than racemic mandelic acid, thus the process of converting
racemic mandelic acid to PGA is highly value-added and attractive. Taken together, our
results will build a solid basis for future studies, including chiral resolution of racemic
mandelic acid, biosynthesis of PGA derivatives and so on.

MATERIALS AND METHODS

Reagents and Kits

PrimeSTAR® HS (Premix), DNA Marker and DNA Ligation Kit Ver.2.1 were purchased
from TaKaRa (Dalian,China). Restriction enzymes EcoR 1, BamH 1, Sal 1, Hind 111, Nde 1
and Xho 1 were purchased from New England Biolabs, Inc. (Ipswich, MA, England).
D-mandelic acid, L-mandelic acid, racemic mandelic acid, L-lactic acid and PGA were
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purchased from Aladdin (Shanghai, China). NAD", NADP*, NADH and NADPH were
purchased from Bontac-bio (Shenzhen, China). BCA-200 protein assay kit, IPTG and
protein markers were purchased from Sangon (Shanghai, China). Axygen® AxyPrep™ PCR
Clean-Up Kit, Axygen® AxyPrep™ DNA Gel Extraction Kit and Axygen® AxyPrep™
Plasmid Miniprep Kit were purchased from Corning (New York, United States). EasyPure
Bacteria Genomic DNA Kit was purchased from TransGen Biotech (Beijing, China). All
other chemicals were of analytical grade and purchased from Solarbio (Beijing China).
Strains, Plasmids and Culture Media

Escherichia coli BL21, E. coli DH5a/pACYCDuet-1, E. coli DH50/pET28a, E. coli BL21/
pET28a-LhDMDH?, E. coli BL21/ pET28a-PpMR!? and E. coli BL21/ pET28a-LbDMDH"’
preserved by our Lab were cultured in LB medium.* E. coli BL21/ pET28a-LhLDH
contained an L-lactate dehydrogenase encoding gene from Lactobacillus helveticus, which
was artificially synthesized and constructed by Synbio Technologies Genes for Life after
codon optimization. Agrobacterium radiobacter DSM 30147, Bradyrhizobium japonicum
CGMCC 1.2550, Clostridium ljungdahlii DSM 13528, Halomonas sp. S23321 and
Herbaspirillum rubrisubalbicans ATCC 19308 preserved by our group were used for
genomic DNA extraction after culturing in LB medium.

Genome Mining for Putative Mandelate Racemases

PpMR, a well-characterized mandelate racemase with high specific activity encoded by
Pseudomonas putida ATCC 12633 (Uniprot No. P11444), was used as probe for the
BLAST search for potential novel mandelate racemases, which were mainly from bacterial
genome sequences and unidentified. In order to ensure the diversity of sequences, candidate
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sequences with the similarity of probe sequences between 20% and 65% were selected. And
the functions of these sequences were not commented and verified in detail.

Gene Cloning and Expression of Selected Mandelate Racemases

Based on the results of genome mining, many paired primers shown in Table S1 were
designed and synthesized, which were used to amplify the gene fragments of potential novel
mandelate racemases. The cultivation, collection and genomic DNA extraction of original
strains were performed as reported before.* Nextly, the gene fragments of potential
mandelate racemase were respectively amplified based on these genomic DNA. The
amplified genes were transformed into E. coli BL21 by the pET28a plasmid, and those
recombinant transformants were identified by DNA sequencing. The expressions of these
transformants were performed as reported before,* and then the lysate supernatant was
purified to electrophoretic purity by Ni-chelating affinity chromatography.*

Enzyme Activity and Protein Assays

The oxidation activity of D-mandelate dehydrogenase on D-mandelic acid and reduction
activity of L-lactate dehydrogenase on sodium pyruvate were assayed as reported before.*
The racemization activity of mandelate racemase on L-mandelic acid was assayed by
determining the production of D-mandelic acid. 1 mL reaction mixture contained 100 mM
Tris-HCI buffer, pH 7.5, 3.3 mM Mg?", proper quantity of enzyme and 2.0 mM L-mandelic
acid. The conversion reaction was maintained at 30 °C and 1000 r/min for 30 min. Then the
reaction was stopped by adding 20 pL 2 M sulfuric acid, and extracted with equivoluminal
ethyl acetate, and the production of D-mandelic acid or residual quantity of L-mandelic acid
was determined by HPLC analysis in organic phase using a Shimadzu LC2010A HPLC
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system with a UV detector (working wavelength 228 nm) at 30 °C, equipped with a
CHIRALCEL® OJ-H (250 mm x 4.6 mm, 5 pm, DAICEL INVESTMENT CO., LTD.). The
mobile phase contained 92% hexane, 8% isopropanol and 0.1% TFA, and the flow rate of
mobile phase was 1.0 mL min~!. Retention time of D-mandelic acid was 19.9 min (Figure
S1), and the one of L-mandelic acid was 23.0 min (Figure S2).

The protein concentration and SDS-PAGE were carried out as reported before.* Then
the apparent molecular weight of subunit was estimated with the Quantity One software
based on the standard marker proteins.'® Meanwhile, the actual molecular weights of these
recombinant enzymes were determined by mass spectrometric analysis at Xevo G2-XS
Q-TOF. And the subunit numbers of these enzymes were calculated by comparing the
apparent molecular weight and actual molecular weight.

Biochemical Characterization of Recombinant Mandelate Racemases

To estimate the temperature optima of the recombinant mandelate racemases, their activities
were determined under the standard assay conditions as above, except temperatures ranging
from 20 to 60°C with an interval of 5 °C. To estimate the thermostability of these
recombinant mandelate racemases, they were incubated with 100 mM, pH 7.5 HEPES
buffer at 30, 40 and 50 °C, respectively, and the residual enzyme activity was determined by
sampling at different time. Then, the half-lives of these recombinant mandelate racemases
were calculated. The pH optimum of the mandelate racemase was assayed by the standard
activity assay method with 100 mM glycine-NaOH buffer over the pH range of 8.0—-10.5, 20
mM citric acid-sodium citrate buffer over the pH range of 5.0—6.0 and 100 mM Tris-HCl
buffer over the pH range of 6.5-7.5. To estimate influence of metal ions and EDTA on
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mandelate racemase, the activity of mandelate racemase was assayed by the standard
activity assay method with various metal ions and EDTA at a final concentration of 1.0 mM.
The kinetic parameters of the mandelate racemases were determined by assaying the activity
on various substrate concentrations. The correlation curve was fitted in nonlinear fitting by
the Origin 9.0 software.* 1°

Genetic Engineering of the Plasmids Containing DMDH and LDH Encoding Gene
Based on the analysis of multiple cloning sites of plasmid and restriction enzyme sites of the
target gene, many paired primers shown in Table S2 were designed and synthesized, which
were used to amplify the gene fragments of D-mandelate dehydrogenase and L-lactate
dehydrogenase. LhLDH was amplified from the strain of E. coli BL21/ pET28a-LhLDH
using primers LhLDH-F and LhLDH-R with PrimeSTAR® HS (Premix) Kit. The PCR
product was double-digested with BamH I and Sal/ I, and then ligated to the BamH 1 and Sa/
I digested MCS1 of pACYCDuet-1 plasmid with DNA Ligation Kit Ver.2.1. The ligation
product was transformed into E. coli BL21 expression competent cells to give
pACYC-LALDH. Then, the LbDMDH and LhDMDH was respectively amplified,
double-digested and then ligated to the Nde I and Xho I digested MCS2 of pACYC-LhLDH
plasmid to give pACYC-LALDH-LbDMDH and pACYC-LhLDH-LhDMDH using similar
methods.

Engineering of E. coli (TCD01-06) Strains

Each of  the LDH-DMDH  plasmids (pACYC-LALDH-LbDDMDH and
pACYC-LALDH-LhDMDH) and each of the MR plasmids (pET28a-PpMR and the
recombinant plasmid constructed as above) were co-transformed into competent cells of E.
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coli BL21 (DE3) to give the six E. coli strains co-expressing DMDH, MR and LDH. The
details are provided in Table S3 of the Supporting Information.

‘One-pot’ Biosynthesis of PGA from Racemic Mandelic Acid

To evaluate application potential of the engineered E. coli strains in transforming racemic
mandelic acid to PGA, these engineered E. coli strains were cultured and induced as above.
And then, 100 mM racemic mandelic acid was added and transformed for 48 h at 30°C.
During this transformation process, 100 pL samples were extracted for HPLC analysis every
4 hours.* After the catalytic reaction was terminated, the purification of biotransformation
products was performed as reported before.* And then, the product yield was determined by
HPLC analysis as above, and the product was characterized by 'H NMR spectroscopy at
400 MHz.

Analysis of PGA

PGA was determined by HPLC analysis and '"H NMR spectroscopy at 400 MHz as reported
before.* Retention time of PGA was 3.1 min. The correlation curve was fitted in linear
fitting by the Origin 9.0.

RESULTS AND DISCUSSION

Gene Cloning and Expression of Mandelate Racemases

To search for an efficient mandelate racemase for deracemization of racemic mandelic acid,
genome mining strategy was adopted. Ten gene fragments of potentially novel mandelate
racemases were amplified and detected by agarose gel electrophoresis as shown in Figure
S3, and then they have been cloned and over-expressed in E. coli BL21. To detect
recombinant protein expression patterns, SDS-PAGE was carried out on a 12.5% gel, and its
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results were shown in Figure 1. As shown in Figure 1, eight of them were successfully
expressed except BiMR-B and BjMR-F. Interestingly, two of them displayed racemization
activity toward L-mandelic acid. Among them, a putative mandelate racemase (UNIPROT
accession no: B9JQ28) from Agrobacterium radiobacter, herein designated as 4rMR, was
confirmed with the highest racemization activity. It was examined and converted that the
ArMR had the racemization activity on L-mandelic acid of 216.9 U-mL-! fermentation
liquor, which was near to four times that of the probe. Meanwhile, another putative
mandelate racemase (GenBank accession no: WP _058894565.1) from Herbaspirillum
rubrisubalbicans, herein designated as HrMR, was confirmed with racemization activity of
33.7 U-mL-! fermentation liquor, which was slightly lower than that of the probe. In
addition, as shown in Figure 1C, the soluble expression level of ArMR using pET28a
plasmid was significantly higher than that of PpMR. Sequence alignment revealed a
relatively low amino acid sequence identity (about 60%) with the PpMR (Figure S4),
indicating that they are novel mandelate racemases.

In order to characterize the enzymatic properties of the recombinant mandelate
racemases, they were firstly purified to homogeneity through Ni-NTA affinity
chromatography. As shown in Figure 1D, they were purified to homogeneity, and their
apparent molecular weights were about 43.0 kDa. Based on the results of high resolution
mass spectrometer analysis, the actual molecular weight of PpMR, 4rMR and HrMR was
308460.8, 154811.2 and 157253.2 Da, respectively. Comparing with the apparent molecular
weight and actual molecular weight, the A¥MR and HrMR were all comprised of four
subunits, while the PpMR was comprised of eight subunits as previously reported. 2°
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The specific racemization activity of purified A¥MR and H¥rMR was 107.4 and 21.5
U-mg! for the L-mandelic acid, respectively. They were slightly lower than the one of the
PpMR determinated in this study, which specific racemization activity toward L-mandelic
acid was 324.8 U-mg!. Nevertheless, the 4¥MR can still reflect a higher level of enzyme
activity in fermentation liquor owe to its higher proportion of soluble expression comparing
with the probe, which further indicated that the racemases obtained, especially the 4¥MR,
has a great application prospect in deracemization of racemic mandelic acid.

Comparative Enzymatic Properties of Mandelate Racemases

In order to compare the enzymatic properties of these recombinant mandelate racemases,
they were investigated using L-mandelic acid as the model substrate. The temperature
properties of these mandelate racemases were shown in Figure 2. These purified mandelate
racemases exhibited higher catalytic activity from 45 to 55°C, and the temperature optimum
of ArMR was 50°C, while the one of HrMR was 55°C. The half-life of these recombinant
mandelate racemases at various temperatures was summarized in Table 1. Unfortunately,
the half-life of A¥rMR at 50 °C was 0.17 h, and its thermostability was too bad to be
impeded in enzymatic racemization of racemic mandelic acid. Hence, to eliminate the
influence of bad thermostability, whole cell catalysis was preferred at 30 °C in enzymatic
racemization of racemic mandelic acid. In addition, with the emergence of various
bioinformatical software, the computer-aided rational design is playing a more significant
role in molecular modification of thermostability. Particularly, molecular dynamics

simulation has become more mature and reliable.® 2! In next research, the molecular
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modification of A¥MR for improving its thermostability will be carried out by in silico
design.

The pH properties of these mandelate racemases were shown in Figure 3. The pH
value of buffer can significantly influence the activities of these enzymes as shown in
Figure 3. These purified mandelate racemases had no racemization activity at pH value of 6
or below, which could be attributed to that mandelate racemase catalyzes deracemization of
substrate by a two-base mechanism.??> Proton gains and losses are catalyzed by two typical
alkaline amino acid residues, so it is speculated that the more acidic environment is not
conducive to proton exchange and significantly reduces the catalytic activity. In the alkaline
pH range, these enzymes activities were higher, and even in the glycine - NaOH buffer with
a pH value of 10, it still retained more than 10% of the relative activity. And the pH
optimum of the A¥MR was 8.0, while the one of the H¥MR was 9.0.

The kinetic parameters of these mandelate racemases toward L-mandelic acid were
summarized in Table 2. The K, toward D-mandelic acid and L-mandelic acid of ArMR was
1.44 and 0.81 mM, which was slightly higher than the one of the probe, !3 indicating that
ArMR displayed lower affinity toward D-mandelic acid and L-mandelic acid. Moreover, the
k.at values toward D-mandelic acid and L-mandelic acid of A¥rMR were 409.8 and 218.3 s°!,
which were also distinctly lower than the ones (822 and 756 s') of the probe. 13 20
Nevertheless, the A¥MR can still reflect a higher level of enzyme activity in fermentation
liquor attribute to its higher proportion of soluble expression comparing with the probe,
which further indicated that the ArMR could display further advantage in the
deracemization process of racemic mandelic acid by whole-cell catalysis. Meanwhile, it also
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means that the catalytic activity of ArMR still needs to be improved on the premise of
ensuring the proportion of soluble expression.

It is reported that the crystal structure of PoMR contained a Mg?" in the catalytic center,
which is connected to the side chain of catalytic triad in the active center and played an
important role in the catalytic process.? In this paper, we investigated the influence of Mg?*
and other metal ions on the activity of mandelate racemase (Figure 4). As shown in Figure
4, there is no effect of the tested metal ions and EDTA on enzyme activity but the activity of
racemase was improved by adding Mg?* and Zn?*. These results indicated that Mg>" and
Zn** also played an important role in the catalytic processes of A¥MR and HrMR, and they
might have the same catalytic mechanism as the PnMR, which would be further verified in
our subsequent studies.

Engineering and Expressing of E. coli (TCD01-06) Strains

Based on the techno-economic impact of reducing addition of coenzyme and
cosubstrate, and enhancing regeneration of NAD" and conversion efficiency of substrate, we
investigated the feasibility of co-expressing three relevant enzymes in an E. coli cell to
achieve the purpose of Scheme 1. Each of the LDH-DMDH plasmids
(pACYC-LhLDH-LbDMDH and pACYC-LhLDH-LhDMDH) and each of the MR plasmids
(pET28a-PpMR, pET28a-ArMR and pET28a-HrMR) were co-transformed into competent
cells of E. coli BL21 (DE3) to give the six E. coli strains co-expressing DMDH, MR and
LDH. In the co-expression system, DMDH was dedicated for converting D-mandelic acid to
PGA, and LDH was designated to enhancing the regeneration of NAD" by utilizing the
pyruvic acid generated by E. coli. Meanwhile, the MR was dedicated for converting
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L-mandelic acid to D-mandelic acid, when the D-mandelic acid had been converted to PGA.
After DNA sequencing identification, all of these E. coli strains were respectively named as
E. coli TCD 01 to E. coli TCD 06, the details of these E. coli strains are shown in Table S3
of the Supporting Information. To detect the expression level of co-expression system,
catalytic activities of three enzymes were analyzed and summarized in Table 3. As shown
in Table 3, the three enzymes activities of recombinant E. coli TCD 04, engineered to
co-express three enzymes of ArMR, LADMDH and LALDH, were the highest and best
proportion, which may be more conducive to the cascade reaction.
‘One-pot’ Biosynthesis of PGA from Racemic Mandelic Acid

To assess application potential of the engineered E. coli strains in transforming racemic
mandelic acid to give PGA, these engineered E. coli strains were cultured and induced as
above. Then, racemic mandelic acid was added to a final concentration of 100 mM, and
transformed 48 h at 30°C. The racemic mandelic acid was bioconverted 48 h by engineered
E. coli whole-cell, and the product was purified to chromatographically purity, which purity
was over 99%. And the retention time of the purified product was 3.1 min, which was in
accordance with the retention time of PGA. Meanwhile, combined with "H NMR spectra of
racemic mandelic acid (Figure S5) and the product (Figure S6), these results sufficiently
demonstrated that the racemic mandelic acid had been converted to PGA by one-pot cascade
biocatalysis. These results also indicated that the PGA had been successfully synthesized
without adding coenzyme or cosubstrate, implying that the synthesis cost of PGA can be
significantly reduced by this strategy, which fully demonstrated the advantage of whole cell
catalysis. 24-26
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In addition, the conversion curves of racemic mandelic acid catalyzed by these
engineered E. coli strains were measured and analyzed. As shown in Figure 5, the yield of
PGA assisted by the mandelate racemase was significantly higher than the one that was only
catalyzed by D-mandelate dehydrogenase and L-lactate dehydrogenase.* Among the strains,
the E. coli TCDO04 containing pET28a-4rMR and pACYC-LALDH-LhDMDH gave the
highest conversion to PGA, thus it was selected as the best catalyst for this cascade
biotransformation. Under the optimized conditions, 100 mM of racemic mandelic acid were
reacted with E. coli TCDO04 to give PGA in 98% conversion in 48 h, and its space-time yield
was up to 7.36 g L' d"!. Compared with the results we reported earlier,* the significantly
increased yields of PGA should mainly be attributed to that the co-expressed mandelate
racemase can continuously convert L-mandelic acid to D-mandelic acid, and maintain the
reaction so that the substrate can be transformed as much as possible. Moreover,
co-expression can avoid intercellular transmission of NAD" and NADH in regeneration
NAD* comparing with the co-culture mode, which can enhance the efficiency of NAD*
regeneration. It was hardly surprising that these E. coli strains containing PpMR encoding
genes failed to show better productivity, although the PpMR can display excellent kinetic
parameters. This result is consistent with that the PpMR did not reflect a higher level of
enzyme activity in fermentation liquor due to its higher proportion of inclusion bodies in
recombinant E. coli cells, which further confirmed that the 4¥MR could display further
advantage in the racemization process of racemic mandelic acid by whole-cell catalysis.

Furthermore, these E. coli strains containing LADMDH encoding genes showed lower
productivity than those E. coli strains containing LADMDH, which should be due to the
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lower catalytic activity and soluble expression proportion of LADMDH expressed in E. coli
cells. Meanwhile, this result also indicated that the mandelate dehydrogenase was the
rate-limiting enzyme in the whole cascade reaction for the one-pot synthesis of PGA from
racemic mandelic acid. All of these results showed that the engineered E. coli strain TCD 04
had tremendous application potential in chiral resolution of racemic mandelic acid and
biosynthesis of PGA, which are also important intermediates for synthesis of
pharmaceutical and natural products.* 27-?8

In conclusion, a novel mandelate racemase (4rMR) from A4. radiobacter was mined and
expressed in E. coli BL21. The ArMR displayed high catalytic activity and soluble
expression proportion. Interestingly, we achieved a green and efficient synthesis of PGA
from racemic mandelic acid via one-pot cascade biocatalysis using the engineered E. coli
strain coexpressing three enzymes of mandelate racemase, D-mandelate dehydrogenase and
L-lactate dehydrogenase. Among of these, the recombinant E. coli TCD 04, engineered to
coexpress three enzymes of 4rMR, LADMDH and LALDH, can transform 100 mM racemic
mandelic acid to give PGA with 98% conversion. The high-yielding synthetic methods use
cheap and green reagents, and E. coli whole-cell catalysts, thus providing green and useful
alternative methods for manufacturing PGA. Taken together, we provide a green approach
for one-pot biosynthesis of PGA from racemic mandelic acid.
ASSOCIATED CONTENT
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mandelate racemases (Table S1); Sequences of the primers used for genetic engineering of
the plasmids containing DMDH and LDH encoding gene (Table S2); List of the
recombinant strains and the plasmids contained (Table S3); The HPLC analysis spectrum of
the D- mandelic acid (Figure S1); The HPLC analysis spectrum of the L- mandelic acid
(Figure S2); The PCR amplification for the ten mandelate racemase genes (Figure S3);
Multi-sequence alignment of the representative mandelate racemases (Figure S4); The 'H
NMR analysis spectrum of the racemic mandelic acid (Figure S5); The 1H NMR analysis
spectrum of the product (Figure S6).
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Scheme and Figure Legends

Scheme 1. One-pot synthesis of PGA from racemic mandelic acids via cascade

biocatalysis with recombinant E. coli cells containing the MR, DMDH and LDH.

Figure 1. The SDS-PAGE analysis for the potential recombinant mandelate
racemases. (A) Lane M, PageRuler Prestained Protein Ladder; lane 1, the bacteria lysate
supernatant of E. coli/pET28a-ArMR; lane 2, the bacteria lysate supernatant of F.
coli/pET28a-HrMR; lane 3, the bacteria lysate supernatant of E. coli/pET28a-BjMR-A; lane
4, the bacteria lysate supernatant of E. coli/pET28a-BjMR-C; lane 5, the bacteria lysate
sediment of E. coli/pET28a-ArMR; lane 6, the bacteria lysate sediment of E.
coli/pET28a-HrMR; lane 7, the bacteria lysate sediment of E. coli/pET28a-BjMR-A; lane 8§,
the bacteria lysate sediment of E. coli/pET28a-BjMR-C. (B) Lane M, PageRuler Prestained
Protein Ladder; lane 1, the bacteria lysate supernatant of E. coli/pET28a-BjMR-D; lane 2,
the bacteria lysate supernatant of E. coli/pET28a-BjMR-E; lane 3, the bacteria lysate
supernatant of E. coli/pET28a-HhMR; lane 4, the bacteria lysate supernatant of F.
coli/pET28a-CIMR; lane 5, the bacteria lysate sediment of E. coli/pET28a-BjMR-D; lane 6,
the bacteria lysate sediment of E. coli/pET28a-BjMR-E; lane 7, the bacteria lysate sediment
of E. coli/pET28a-HhMR; lane 8, the bacteria lysate sediment of E. coli/pET28a-CIMR. (C)
Lane M, PageRuler Prestained Protein Ladder; lane 1, the bacteria lysate supernatant of E.
coli/pET28a-ArMR; lane 2, the bacteria lysate sediment of E. coli/pET28a-ArMR; lane 3, the
bacteria lysate supernatant of E. coli/pET28a-PpMR; lane 4, the bacteria lysate sediment of

E. coli/pET28a-PpMR. (D) Lane M, PageRuler Prestained Protein Ladder; lane 1, the
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bacteria lysate supernatant of E. coli/pET28a-ArMR; lane 2, the purified recombinant A¥rMR;
lane 3, the bacteria lysate supernatant of E. coli/pET28a-HrMR; lane 4, the purified

recombinant H/¥MR.

Figure 2. The temperature optima of the recombinant mandelate racemases. The
temperature optima were measured using the above method except the reaction temperatures

ranging from 20 to 60°C.

Figure 3. The pH optima of the recombinant mandelate racemases. The pH optima
were assayed by the standard activity assay method as stated above with 100 mM
glycine-NaOH buffer over the pH range of 8.0—10.5, 20 mM citric acid-sodium citrate
buffer over the pH range of 5.0—6.0 and 100 mM Tris-HCI buffer over the pH range of

6.5-7.5.

Figure 4. The effect of the tested metal ions and EDTA on activity of the recombinant
mandelate racemases. The activity of mandelate racemase was assayed by the standard

activity assay method with various metal ions and EDTA at a final concentration of 1.0 mM.

Figure 5. The conversion curves of racemic mandelic acid catalyzed by these

engineered E. coli strains. The reactions were carried out at 30°C and 200 rpm for 48 h in

a 100-mL fermentation liquor containing 100 mM racemic mandelic acid without adding

coenzyme or cosubstrate.
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Tables

Table 1 The half-life of mandelate racemases at various temperatures.

Half-life #,,» (h)

Enzyme
30 °C 40 °C 50 °C
ArMR 70.7 27.2 0.17
HrMR 85.2 53.1 1.4
23
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Table 2 The kinetic parameters of mandelate racemases towards different substrates.

K k V k_/K
Enzyme Substrates M . - ac M
(mM) )  (pmol min''mg?!) (mM-s1)
D- mandelic acid  1.44+0.2 409.8 582 +£26.5 284.6
ArMR
L- mandelic acid  0.81 £0.1 218.3 310+ 8.0 269.5
D- mandelic acid  1.68 £0.3 80.2 102 + 14 47.7
HrMR
L- mandelic acid  1.37+£0.2 38.5 62+8 28.1
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Table 3 The catalytic activities of three enzymes by co-expression.

Catalytic activity (U-mL-!' fermentation liquor)

Strains mandelate D-mandelate L-lactate
racemase dehydrogenase dehydrogenase
TCD 01 40.7 25.8 194.2
TCD 02 452 192.4 188.1
TCD 03 190.4 23.2 213.8
TCD 04 185.6 208.2 198.3
TCD 05 36.1 26.9 210.4
TCD 06 33.2 212.6 206.5
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Figure 1A.
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Figure 1B.
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Figure 1C.
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Figure 1D.
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Figure 2.
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Figure 4.
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