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The biosynthetic production of D-penyllactic acid (D-PLA) is often affected by insufficient
supply and regeneration of cofactors, leading to high production cost, and difficulty in
industrialization. In this study, a D-lactate dehydrogenase (D-LDH) and glycerol
dehydrogenase (GlyDH) co-expression system was constructed to achieve coenzyme
NADH self-sufficiency and sustainable production of D-PLA. Using glycerol and sodium
phenylpyruvate (PPA) as co-substrate, the E. coli BL21 (DE3) harboring a plasmid to co-
express LfD-LDH and BmGlyDH produced 3.95 g/L D-PLA with a yield of 0.78 g/g PPA,
similar to previous studies. Then, flexible linkers were used to construct fusion proteins
composing of D-LDH and GlyDH. Under the optimal conditions, 5.87 g/L D-PLA was
produced by expressing LfD-LDH-l3-BmGlyDH with a yield of 0.97 g/g PPA, which was
59.3% increased compared to expression of LfD-LDH. In a scaled-up reaction, a
productivity of 5.83 g/L/h was reached. In this study, improving the bio-catalytic
efficiency by artificial redox self-equilibrium system with a bifunctional fusion protein
could reduce the bio-production cost of D-PLA, making this bio-production of D-PLA
a more promising industrial technology.

Keywords: coenzyme self-sufficiency, d-Lactate dehydrogenase, phenyllactic acid, D-PLA, glycerol
dehydrogenase, fusion protein

INTRODUCTION

Phenyllactic acid (PLA) widely exists in honey and fermented food and includes two enantiomers as
D-phenyllactic acid (D-PLA) and L-phenyllactic acid (L-PLA) (Sorrentino et al., 2018; Luo et al., 2020a).
Due to its safety, antimicrobial activity, low odor and good hydrophilicity, PLA has potential applications
in the food, animal feed, pharmaceutical, and cosmetic industries (Valerio et al., 2016; Sun et al., 2019).
Previous researchers found that the bactericidal effect of D-PLA was stronger than that of L-PLA
(Dieuleveux et al., 1998) and D-PLA can be used as biological preservatives, antiviral compounds,
hypoglycemic drugs, and protein inhibitors (Xu et al., 2015; Zhu et al., 2017; Liu et al., 2021). Moreover,
because PLA can be polymerized into the aromatic polymers poly-PLA, it is a promising bio-based

Edited by:
Jingyu Wang,

Westlake Institute for Advanced Study
(WIAS), China

Reviewed by:
Min Jiang,

Nanjing Tech University, China
Friso Aalbers,

University of Groningen, Netherlands

*Correspondence:
Dan Wang

dwang@cqu.edu.cn

Specialty section:
This article was submitted to

Synthetic Biology,
a section of the journal

Frontiers in Bioengineering and
Biotechnology

Received: 15 October 2021
Accepted: 01 December 2021
Published: 17 December 2021

Citation:
Qin Z,Wang D, Luo R, Li T, Xiong X and
Chen P (2021) Using Unnatural Protein
Fusions to Engineer a Coenzyme Self-
Sufficiency System for D-Phenyllactic
Acid Biosynthesis in Escherichia coli.
Front. Bioeng. Biotechnol. 9:795885.

doi: 10.3389/fbioe.2021.795885

Abbreviations: DCW, cell catalyst; D-LDH, d-lactate dehydrogenase; D-PLA, d-phenyllactic acid; FDH, formate dehydro-
genase; GDH, glucose dehydrogenase; GlyDH, glycerol dehydrogenase; HPLC-MS, high performance liquid chromatogra-
phy-mass spectrometry; IPTG, isopropyl-β-d-thiogalactoside; l1, (GGGGS)1; l2, (GGGGS)2; l3, (GGGGS)3; l6, (GGGGS)6;
PCR, polymerase chain reaction; PLA, phenyllactic acid; PPA, sodium phenylpyruvate.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org December 2021 | Volume 9 | Article 7958851

ORIGINAL RESEARCH
published: 17 December 2021

doi: 10.3389/fbioe.2021.795885

http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2021.795885&domain=pdf&date_stamp=2021-12-17
https://www.frontiersin.org/articles/10.3389/fbioe.2021.795885/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.795885/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.795885/full
https://www.frontiersin.org/articles/10.3389/fbioe.2021.795885/full
http://creativecommons.org/licenses/by/4.0/
mailto:dwang@cqu.edu.cn
https://doi.org/10.3389/fbioe.2021.795885
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2021.795885


material (Wu et al., 2020). Although chemical methods of PLA
production have beenwell studied, some limitations such as complex
technology routes, harsh reaction conditions, excessive by-products
and environmental pollution have hampered the chemical synthesis
of PLA. (Wang et al., 2018a; Costa et al., 2020; Xu et al., 2020).
Compared with chemical methods, biological methods have
advantages of mild action conditions, energy savings, and
environmental compatibility (Zhao et al., 2018). Therefore, the
development of a eco-friendly biosynthesis method for PLA
production is highly desirable.

PLA could be generally produced by a wide range of lactic acid
bacteria or Escherichia coli with PPA, phenylalanine or glucose as
starting materials in previous studies (Sorrentino et al., 2018; Wu
et al., 2020). L. plantarum IMAU10124, P. pentosaceus, E. coli
GK1, and L. crustorumNWAFU1078 produced 0.229 g/L (Zhang
et al., 2014), 0.136 g/L (Yu et al., 2015a), 1.429 g/L (Kawaguchi
et al., 2015), and 2.526 g/L (Xu et al., 2020) of PLA grown in MRS
broth. Overall, since these methods produce various by-products
and have relatively low yields, enzymatic/whole-cell cascade
onecatalyst emerged as a green alternative for PLA production
(Hou et al., 2019). Whole-cell catalytic conversion of PPA to PLA
by strain overexpressing of NADH-dependent lactate
dehydrogenase (LDH) is regarded as a more cost-efficient
technology (Li et al., 2008; Mu et al., 2012; Luo et al., 2020b).
D-LDH was overexpressed to produce D-PLA from PPA in
Leuconostoc mesenteroides ATCC 8293, and the results showed
that growing cells produced 35 mM D-PLA with a yield of
75.2–83.3% (Li et al., 2014). A novel NADH-dependent LDH
gene, named lrldh, was cloned from Lactobacillus rossiae and
heterologously expressed in recombinant E. coli/pET28a-lrldh.
20.5 g/L D-PLA was produced with a productivity of 49.2 g/L/d in
a fed-batch biotransformation process (Luo et al., 2020a). Glucose
and Phe need to undergo intermediate metabolism to produce
PLA, which results in the increased fermentation time and
decreased productivity. PPA is considered as a feasible
precursor for the large-scale production of PLA, because it can
biosynthesize PLA in one-step method and improve the catalytic
efficiency (Li et al., 2014; Wang et al., 2018b).

However, the conversion from PPA to PLA by LDH requires the
consumption of expensive coenzyme NADH. So the pathway
involved in NADH regeneration is considered as an auxiliary
pathway for PLA biosynthesis (Wu et al., 2020). Therefore, the
whole-cell cascade catalysis using recombinant E. coli co-expression
of glucose dehydrogenase (GDH)/formate dehydrogenase (FDH)
and LDH has been widely used in the synthesis of PLA (Zhao et al.,
2018; Rajanikar et al., 2021). Recombinant E. coli co-expressing LDH
and GDH produced 17.25 g/L PLA from PPA with a productivity of
0.86 g/L/h (Zhu et al., 2017). Recombinant E. coli co-expressing
D-LDH and FDH produced 10.02 g/L D-PLA from phenylalanine
with a productivity of 1.67 g/L/h (Zheng et al., 2018). Unlike FDH or
GDH, glycerol dehydrogenase (GlyDH) catalyzes the reduction of
glycerol to dihydroxyacetone without the formation of toxic formic
acid or gluconic acid (Xu et al., 2016), therefore, among these whole-
cell reaction systems, co-expression of GlyDH and LDH might be a
novel strategy for PLA synthesis. Furthermore, the co-substrate
glucose was replaced with cost-effective glycerol to decrease the
cost and improve the intracellular cofactor concentration.

Fusion proteins have been emerged recently as a new
technology in biocatalysts, protein switches and therapeutics,
aiming to channel substrates in sequential reactions, reduce
effective reaction volume, facilitate cofactor regeneration and
improve electron transfer (Yu et al., 2015b; Aalbers and
Fraaije, 2019; Wu et al., 2021). Linkers have a critical role in
the functionality and bioactivity of the destined fusion proteins,
which can increase the stability/folding, expression, improve the
biological activity, target to specific sites (Anami et al., 2018; He
et al., 2019). Fan et al. constructed bifunctional and trifunctional
fusions Mdh-Hps, Hps-Phi, and Mdh-Hps-Phi with flexible
linkers (GGGGS)3 and (GGGGS)6, and the results showed that
fusing Mdh with Hps or Hps-Phi enhanced methanol conversion
to fructose-6-phosphate by 30% (Fan et al., 2018). Patgiri et al.
engineered a fusion protein composed of lactate oxidase and
catalase, which normalized the intracellular NADH:NAD + ratio
by converting lactate and oxygen to pyruvate and water (Patgiri
et al., 2020).

In this study, fusion protein engineering of D-LDH and
GlyDH is conducted to aim for effective regeneration of
coenzyme NADH for D-PLA biosynthesis. Firstly, a NADH-
dependent D-LDH was overexpressed in recombinant E. coli
CP101 to produce D-PLA from PPA. Then, plasmids for co-
expression of D-LDH (two different genes) and GlyDH (two
different genes) were transformed in E. coli (CP201, CP202,
CP203, CP204) to achieve coenzyme self-sufficiency. To
further improve the regeneration efficiency of coenzyme and
to increase the yield of D-PLA, artificial fusion protein technology
was used to construct D-LDH and GlyDH bifunctional fusion
proteins as shown in Figure 1.

MATERIALS AND METHODS

Strains, Plasmids, and Chemicals
Enzymes (DNA polymerases, T4 DNA ligase, BamHI, and XhoI)
and kits (DNA purification kit, plasmid isolation, DNA ligation
kit, and competent cell preparation kit) were supplied by Takara

FIGURE 1 | The program of redox self-balanced coenzyme regeneration
and whole-cell synthesis of D-PLA.
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(Dalian, China). With the exception of PPA, PLA, and NADH
(Tsingke Biotechnology Co. Ltd., Beiing, China), all chemical
reagents were purchased from China National Medicines Co. Ltd.
(Beijing, China).

The Construction Process of the Plasmids
All bacterial strains and plasmids used in this study are listed in
Supplementary Table S1. The D-LDH genes of Lactobacillus
fermentum, Lactobacillus sp.SK007, and GlyDH genes of Bacillus
megaterium, Exiguobacterium sibiricum were amplified via
polymerase chain reaction (PCR) by using the relevant primer
pairs listed in Supplementary Table S3. The PCR products were
digested with BamHI and XhoI and ligated to pET28a to
construct pET28a-LfD-LDH, pET28a-LsD-LDH, pET28a-
BmGlyDH and pET28a-EsGlyDH, and then introduced into
BL21 (DE3) individually to form the novel corresponding
recombinant strains CP101, CP102, CP103, and CP104. The
LfD-LDH and BmGlyDH were ligated by fusion PCR, and
then the PCR product was digested with BamHI and XhoI and
ligated to pET28a to construct pET28a-LfD-LDH-BmGlyDH.
Using the same method as above, plasmids pET28a-LfD-LDH-
EsGlyDH, pET28a-LsD-LDH-BmGlyDH, and pET28a-LsD-LDH-
EsGlyDH could be constructed. Subsequently, plasmids above
were introduced into BL21 (DE3) individually to form the novel
corresponding recombinant strains CP201, CP202, CP203, and
CP204. To construct fused D-LDH-GlyDH genes, fragments
encoding flexible linkers were added to the C-terminal of
D-LDH and N-terminal of GlyDH by overlap extension PCR
using the primer pairs listed in Supplementary Table S3. Flexible
linkers (GGGGS)1 (GGGGS)2, (GGGGS)3, and (GGGGS)6 listed
in Supplementary Table S2were added to the C-terminal of LfD-
LDH and N-terminal of BmGlyDH and then ligated to pET28a to
construct pET28a-LfD-LDH-l1-BmGlyDH, pET28a-LfD-LDH-l2-
BmGlyDH, pET28a-LfD-LDH-l3-BmGlyDH, and pET28a-LfD-
LDH-l6-BmGlyDH, and then introduced into BL21 (DE3)
individually to construct recombinant strains CP301, CP302,
CP303, and CP304. Successfully constructed recombinant
plasmids were verified by DNA sequencing (Tsingke
Biotechnology Co., Ltd., Beijing, China). CP100 carrying the
backbone plasmid pET28a was constructed as the control strain.

Preparation of Whole-Cell Biocatalyst
Recombinant E. coliwere inoculated into 40 ml LBmedium (10 g/
L tryptone, 5 g/L yeast extract, 10 g/L NaCl) containing
kanamycin (50 μg/ml) and grown in a rotary shaker (200
RPM) at 37°C overnight. 400 µL seed culture was inoculated
into 40 ml LB medium containing 50 µg/ml kanamycin, and
incubated at 37°C and 200 RPM to OD600 � 0.8. The
recombinant E. coli was induced with 0.2 mM isopropyl-β-D-
thiogalactoside (IPTG) at 25°C for 10 h. The cells were obtained
via centrifugation at 4°C and 6,000 r/min for 10 min and washed
three times with pH 7.0 PBS buffer. Cell catalyst (DCW)
concentration was checked spectrophotometrically (722s,
Shanghai Precision Scientific Instrument Co., Ltd., Shanghai,
China) at an optical density of 600 (Yang et al., 2013). The
concentrations of NADH, PPA, and PLA were measured as
reported previously (Hou et al., 2017).

Optimization of D-LDH Induction and
Enzymatic Catalysis Conditions
The recombinant E. coli was inoculated into 40 ml LB medium
containing kanamycin (50 μg/ml) and grown overnight in a
rotary shaker (200 RPM) at 37°C. 400 µL seed culture was
inoculated into 50 ml LB medium for expression. The
induction conditions, including temperature (20°C, 25°C, 30°C,
35°C, and 40°C), pH (6.0, 6.5, 7.0, 7.5, and 8.0), and concentration
of IPTG (0.1, 0.2, 0.3, 0.4 and 0.5 mM), were investigated.

The enzymatic catalysis conditions of PPA to D-PLA were
optimized. For D-PLA bioconversion, the catalytic system had
5 ml, which included 5 g/L PPA, 5.61 g/L glycerol, 9 g/L DCW,
and 2% glucose. The bioconversion reactions were performed at
35°C on a 200 RPM shaker for 10 min for D-PLA production. The
effects of temperature (25°C, 30°C, 35°C, 37°C, and 40°C), pH (6.0,
6.5, 7.0, 7.5, and 8.0), and PPA concentration (5, 6, 7, 8, and 9 g/L)
on D-PLA production were determined.

Scale-Up of Bioconversions
Scale-up biotransformation is usually achieved by fed-batch cultures
in a bioreactor (Abadli et al., 2021; Parizotto et al., 2021). The cell
culture was concentrated and suspended (OD600 � 1.6) in 1-L PBS
buffer (pH 7.0) with 60 g/L PPA and 66.5 g/L glycerol. Additional
40 g/L PPA and 16.78 g/L glycerol were added after 8 h
bioconversion. The total concentration of PPA used in the
system was 100 g/L. The scaled-up bioconversion was performed
in a 5-L fermenter at 200 RPM, pH 7.0, 35°C.

Analytical Methods
The successful synthesis of PLA was confirmed by HPLC-MS
(Agilent1260 series, Hewlett-Packard) with a C-18 5 µm column
(4.6*25 mm) and the analysis was performed at 40°C with a
mobile phase comprising 20% acetonitrile in water at a flow
rate of 1 ml/min, wavelength 210 nm, 10 µL injection volume
(Cheng et al., 2020) (Supplementary Figures S1, S2).

RESULTS AND DISCUSSION

Construction of the D-PLA Biosynthetic
Pathway in E. coli
Firstly, the synthesis pathway of D-PLA was constructed in
single-enzyme expressing strains by overexpressing the D-LDH
or GlyDH, so as to select suitable genes for the construction of co-
expressing strains as shown in Figure 2A. CP101 with LfD-LDH
and CP103 with BmGlyDH showed better productivity than
CP102 with LsD-LDH and CP104 with EsGlyDH, with
maximum conversion rates of 60.7 and 70.4% for PPA and
glycerol, respectively, within 12 h. At the same time, their
production capacity to the D-PLA was measured as shown in
Figure 2B. CP101 could achieve the highest yield of D-PLA (5 g/L
PPA to 3.07 g/L D-PLA) without co-expression of a cofactor
regeneration system, while CP100, CP103 and CP104 lacking
D-LDH gene could hardly produce PLA as reported (Jung et al.,
2019). No D-PLA was detected in the control system, indicating
that no enzyme could catalyze PPA to D-PLA in CP100.
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Therefore, one-step biosynthesis of D-PLA using PPA as raw
material has been successfully realized.

D-LDH is a NADH-dependent enzyme, which has commonly
used in the biosynthesis of D-PLA (Li et al., 2008; Mu et al., 2012).
The effects of D-LDH and NADH concentration on D-PLA titer
were determined. As it could be seen from Figure 2C, with the
increase of enzyme dosage, D-PLA increased up to a maximum of
0.43 g/L at 0.8 mg/L D-LDH and 0.71 g/L at 1.6 mg/L NADH
within 10 min, respectively. D-PLA cannot be produced without
NADH addition indicating that NADH-dependent D-LDH must
rely on NADH to catalyze the conversion of PPA to D-PLA.
Similar studies have reported that the enzymatic production of
PLA by P. pentosaceus improved by 30-folds on supplementation
with NADH and NADH-regeneration catalyst (Yu et al., 2014).
As it could be seen from Figure 2D, under the optimal conditions
at pH 7 and 35°C, with PPA 7 g/L, 0.8 mg/L D-LDH, and NADH
1.6 mg/L in the fermentation broth, the D-PLA titer reached
6.24 g/L with a yield of 0.881 g/g PPA, respectively, within 2 h.
Although it has been proved that the production of D-PLA by
D-LDH enzyme catalysis can be achieved by adding coenzyme
NADH, the high cost of NADH limits its industrial application.

The Self-Sufficient System of NADH With
Coordinated Enzyme
In order to make up for the shortage of NADH in single-enzyme
expressing strains and further increase yield of D-PLA in

recombinant E. coli, a co-expression system was constructed
for PLA biosynthesis. As it could be seen from Figure 3A, the
co-expressing strains CP201, CP202, CP203, and CP204
catalyzed the synthesis of D-PLA, and obtained 3.95, 3.62,
3.73, and 3.50 g/L D-PLA from 5 g/L PPA in the
biotransformation process for 12 h, respectively, while the
control CP101 only obtained 3.07g/L. Therefore, for the
single-enzyme expression of D-LDH, the co-expression of
D-LDH and GlyDH can increase the yield of D-PLA by
about 29.7%.

The above enzymatic catalysis results (Figure 2C) show that
the concentration of NADH is an important limiting factor
affecting the production of PLA by D-LDH catalysis. The cost
of using NADH was expensive, so the intracellular NADH
concentration was increased by using co-substrates (Hou et al.,
2019). Therefore, the NADH concentration can be increased by
using co-substrates (PPA and glycerol) in the co-expression
system. The concentration of NADH in whole-cell E. coli was
measured during the biosynthesis of D-PLA as shown in
Figure 3B. In the control strain CP101 with PPA as the
substrate of D-LDH single-enzyme expression, NADH
decreased by 47.8% at 9 h. However, the intracellular NADH
concentration of co-expressing strains (CP201, CP202, CP203,
and CP204) with PPA and glycerol as co-substrates showed an
increasing trend. This is because GlyDH in co-expressing strains
oxidizes glycerol to dihydroxyacetone and produces coenzyme
NADH, so more abundant NADH can be provided. A similar

FIGURE 2 | (A) Time course of the consumption of PPA (by CP101, CP102), and glycerol (by CP103, CP104); (B) Time course of the production of PLA by CP100,
CP101, CP102, CP103, and CP104; (C) The effect of D-LDH and NADH concentration on D-PLA titer; (D) Time course of the production of D-PLA by enzyme catalysis.
Data are means ± SD (n � 3).
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study reported whole-cell biocatalyst of co-expressing GDH and
D-LDH was constructed to produce 262.8 g/L/d D-PLA without
supplement of NADH (Luo et al., 2020b). Therefore, the co-
substrate and co-expression system successfully constructed in
this study can realize the regeneration of NADH to better produce
D-PLA.

Improve the Efficiency of the Self-Sufficient
System by Fusion Enzyme Engineering
In the area of enzyme engineering, early attempts were made to
create two-protein fusions either to increase consecutive enzyme
reaction rates or to generate bifunctional enzymes (Lindbladh
et al., 1992; Beguin, 1999; Xiong et al., 2021). For example, a 77-
fold improvement in the final product titer using a synthetic
scaffold protein by recruiting three heterologous pathway
enzymes in a designable manner (Dueber et al., 2009). For
another example, a bifunctional enzyme coupling
dihydroxyacetone kinase and fructose-1,6-bisphosphate
aldolase was constructed to promote a 20-fold increase in the
initial rate of the overall aldol reaction (Iturrate et al., 2010).
According to previous studies, fusion enzyme engineering is a

promising method for in situ recovery of co-enzyme NADH
(Prachayasittikul et al., 2006).

Based on the results of the above researchers in the area of
fusion enzyme engineering, flexible Linkers (GGGGS)1,
(GGGGS)2, (GGGGS)3, and (GGGGS)6 were used to construct
D-LDH and GlyDH bifunctional fusion proteins by over-lap PCR
technique. As it could be seen from Figure 4, the four fusion
protein strains CP301 (LfD-LDH-l1-BmGlyDH), CP302 (LfD-
LDH-l2-BmGlyDH), CP303 (LfD-LDH-l3-BmGlyDH), and
CP304 (LfD-LDH-l6-BmGlyDH) were used to catalyze the
transformation of 5 g/L PPA into D-PLA, and 4.23, 4.35, 4.45,
and 4.12 g/L PLA were obtained, respectively, within 12 h. The
strain CP303 achieved 4.45 g/L titer D-PLA with a yield of
0.879 g/g PPA, which is 1.13 times that of the strain CP201.
This benefits from the flexible peptide linker which was likely to
bring enzyme moieties in close proximity for superior cofactor
channeling, making D-LDH and GlyDH catalysis more efficient
(Dueber et al., 2009). A similar study reported the application of
peptide linker in the construction of bifunctional FDH and
leucine dehydrogenase enzymatic complex for efficient
cofactor regeneration, showing the production rate of fusion
enzymatic complex with suitable flexible peptide linker was
increased by 1.2 times compared with free enzyme mixture
(Zhang et al., 2017). In addition, this linker might provide the
proper space and flexibility to accommodate the different
subunits of the LDH and GlyDH, as dehydrogenases are
typically multimeric, and the fusion of dehydrogenases has
been found to perturb proper oligomerization (Lerchner et al.,
2016; Aalbers and Fraajie, 2017; Peters et al., 2017). Therefore, we
successfully constructed D-LDH and GlyDH bifunctional fusion
proteins to accelerate the cyclic regeneration of NADH and
improve the efficiency of enzyme catalysis.

Optimization of Induction Conditions and
Co-Substrates
In order to improve the ability and efficiency of the fusion
proteins to catalyze the synthesis of D-PLA, the induction
conditions of E. coli CP303 expressing D-LDH/GlyDH were
optimized. Single factor experiments were used to optimize the
induction conditions of recombinant E. coli in shake flasks,
namely the influence of IPTG concentration, induction

FIGURE 3 | (A) Time course of the production of D-PLA by D-LDH and GlyDH co-expressed strains CP201, CP202, CP203, and CP204; (B) Time course of
intracellular NADH concentration. Data are means ± SD (n � 3).

FIGURE 4 | Time course of the production of D-PLA by fusion protein
strains CP301, CP302, CP303, and CP304. Data are means ± SD (n � 3).
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temperature, and pH on the catalytic synthesis of D-PLA by
recombinant E. coli CP303. In addition, the ratio of substrate
PPA, glycerol and cell catalyst were also optimized. Recombinant
E. coli basic induction and co-substrate conditions: OD600 � 0.8,
0.1 mM IPTG, 5 g/L PPA, 5.61 g/L glycerol and induce expression
at 25°C for 12 h.

As it could be seen from Figure 5A, when the IPTG
concentration increased from 0.1 to 0.5 mM, the D-PLA titer
increased first and then decreased. Compared with 0.1 mM IPTG,
the expression of D-LDH/GlyDH fusion increased by induction
with 0.2 mM IPTG and achieved a highest titer (4.53 g/L) D-PLA.
However, when the IPTG concentration increased to 0.3 mM, it
began to inhibit the growth of E. coli CP303, especially when the
IPTG concentration was 0.5 mM. Therefore, the optimal IPTG
concentration was 0.2 mM, the cell growth was better and
D-LDH/GlyDH enzyme activity was the highest at this
concentration. pH can affect the spatial structure and activity
of enzymes, so an optimal pH needs to be explored. The effect of
pH on D-PLA production as shown in Figure 5B. When the
reaction system pH was 7.0, the D-PLA titer catalyzed by E. coli
CP303 was higher than other pH, indicating that the neutral
environment can maintain the good catalytic activity of D-LDH
and GlyDH at the same time, so the high yield of D-PLA can be
achieved by maintaining the pH at 7.0. Temperature affects the
growth rate, cell metabolic activity and protein production rate of
E. coli CP303, so induction temperature has also been studied as
shown in Figure 5C. When the induction temperature was 20°C,

the slow metabolism of recombinant E. coli led to the slow
expression rate of D-LDH/GlyDH fusion protein and the low
yield of D-PLA.When the induction temperature was higher than
30°C, the yield of D-PLA began to decrease, mainly because the
fusion proteins at high temperature began to exist in the inclusion
form. Therefore, the optimal induction temperature is 25°C, the
highest titer 4.68 g/L of D-PLA can be obtained, with a yield of
0.925 g/g PPA.

The strategy of increasing intracellular NADH concentration
by co-substrate has been demonstrated (Hou et al., 2019), and
glycerol is also commonly used for dehydrogenation to produce
lactic acid (Bharath et al., 2020). Therefore, in this study,
intracellular NADH concentration was increased by using
glycerol as the co-substrate of PPA. The influence of co-
substrate on the yield of D-PLA was explored by adjusting the
concentration and proportion of PPA and glycerol as shown in
Figure 5D. D-PLA titer increased with the increase of PPA
concentration, but the yield showed a trend of continuous
decline, because the increase of PPA concentration enhanced
the toxic effect on E. coli CP303. When the concentration of PPA
increased to 7–8 g/L, the strong inhibitory effect made the
conversion rate of PPA decreased greatly. Therefore, the
optimal PPA concentration was 6 g/L. Furthermore, the
addition amount of glycerol was optimized. When the glycerol
concentration increased from equal molar concentration to
3 times molar concentration (relative to PPA), both the yield
of D-PLA and PPA conversion showed a trend of first increasing

FIGURE 5 | (A) Effect of IPTG concentration on D-PLA titer; (B) Effect of pH on D-PLA titer; (C) Effect of temperature on D-PLA titer; (D) Effect of substrate (glycerol,
relative to PPA) on D-PLA titer. Data are means ± SD (n � 3).
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and then decreasing at the same PPA concentration. This is
because the low concentration of glycerol oxidizes itself to
dihydroxyacetone through GlyDH and cannot provide
sufficient coenzyme NADH, while the high concentration of
glycerol has a certain inhibitory effect on the growth of E. coli
and enzyme activity. Furthermore, without glycerol as the
control, the maximum yield of D-PLA was only 4.63 g/L.
Therefore, the optimal glycerol dosage was 2 times of the
molar concentration of PPA. Under optimal conditions (6 g/L
PPA, 6.73 g/L glycerol, 0.2 mM IPTG, pH 7, 25°C) of whole-cell
catalytic production for 12 h, the maximum titer 5.87 g/L of
D-PLA can be obtained with a yield of 0.967 g/g PPA.

Scale-Up of D-PLA Production
The whole-cell bioconversion was performed in a 5-L reactor
using E. coli CP303 as biocatalyst as shown in Figure 6. When the
fermentation executed for 8 h, and the concentration of substrate
PPA and glycerol reduced from 60 g/L to 8.45 g/L and form
66.5 g/L to 37.6 g/L, respectively. Another PPA and glycerol
addition into the bioreactor were conducted to reach a level of
48.45 g/L and 54.36 g/L, respectively. The whole-cell catalysis
lasted for 16 h, and the final concentration of D-PLA was
93.3 g/L (561.53 mM), with a productivity of 5.83 g/L/h, and
yield of 0.922 g/g PPA.

CONCLUSION

In this study, we reported for the first time the one-step synthesis
of D-PLA using PPA as substrate by co-expression of D-LDH and
GlyDH, achieving the regeneration of coenzyme NADH. At the

same time, in order to further improve the regeneration efficiency
of NADH and the yield of D-PLA, the D-LDH/GlyDH fusion
protein strains were constructed with flexible glycine-rich linkers.
The results showed that the fusion protein strain CP303 achieved
a yield of 0.967 g/g PPA. In our study, cheap glycerol was used as
co-substrate and coenzyme NADH was not needed to be added.
A high-efficiency and low-cost pathway was constructed to
sustainably produce high value-added product D-PLA, which
is a technology with industrial potential.
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