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Abstract
D-p-hydroxyphenylglycine (D-HPG) functions as an intermediate and has important value in antibiotic industries. The high
pollution and costs from chemical processes make biotechnological route for D-HPG highly desirable. Here, a whole-cell
transformation process by D-hydantoinase(Hase) and D-carbamoylase(Case) was developed to produce D-HPG from DL-
hydroxyphenylhydantoin(DL-HPH) in Escherichia coli. The artificially designed ribosome binding site with strong intensity
significantly facilitated the protein expression of limiting step enzyme Case. Next, the cell wall permeability was improved by
disturbing the peptidoglycan structure by overproduction of D,D-carboxypeptidases without obviously affecting cell growth, to
increase the bioavailability of low soluble hydantoin substrate. By fine-tuning regulation of expression level of D,D-carboxy-
peptidase DacB, the final production yield of D-HPG increased to 100% with 140 mM DL-HPH substrate under the optimized
transformation conditions. This is the first example to enhance bio-productivity of chemicals by cell wall engineering and creates
a new vision on biotransformation of sparingly soluble substrates. Additionally, the newly demonstrated ‘hydroxyl occupancy’
phenomenon when Case reacts with hydroxyl substrates provides a referential information for the enzyme engineering in future.

Keywords D-p-hydroxyphenylglycine . Cell permeability . D,D-carboxypeptidase . D-carbamoylase . Escherichia coli

Introduction

The optical D-amino acids as intermediate for antibiotics, pep-
tide hormones, pyrethroids, and other insecticides (Andreas
et al. 1998; Park et al. 2000) are widely used in pharmacy,
cosmetics, and agriculture (Liu et al. 2017). Among them, D-
p-hydroxyphenylglycine (D-HPG) is mainly used for semi-
synthesis of β-lactam antibiotics, such as cephalexin,
cefadroxil, amoxicillin, etc (Nanba et al. 1998). The chemical
methods to produce D-HPG have many problems in the

process of decarbamoylation, such as large disposal of waste
and low yield. Therefore, biocatalytic processes have gained
enormous attentions.

The hydantoin-transforming reaction is a classical double
enzyme tandem reaction (Olivieri et al. 1981), starting from
substrate DL-hydroxyphenylhydantoin(DL-HPH) (Fig. 1). In
the first step, the DL-HPH is converted to the corresponding
N-carbamoyl-D-amino acid by D-hydantoinase (Hase). And
the intermediate N-carbamoyl-D-p-hydroxyphenylglycine
(CpHPG) is further hydrolysed to D-HPG by N-carbamoyl-
D-amino acid amidohydrolase (Case). To establish an efficient
reaction, screening of high enantioselectivity, specific enzyme
activity, protein solubility, and reaction compatibility of Hase
and Case is critical. Hase has been identified and characterized
in a variety of microorganisms (Lapointe et al. 1995), includ-
ing Agrobacterium (Runser and Meyer 1993), Bacillus
stearothermophilus (Cheon et al. 2002), Burkholderia
pickettii (Xu et al. 2003), Bacillus thermocatenulatus(Park
et al. 1998), Jannaschia sp. (Cai et al. 2009), and
Brevibacillus parabrevis (Nandanwar et al. 2013). Case was
first isolated from Agrobacterium radiobacter (Olivieri et al.
1979) and later found in Arthrobacter (Möller et al. 1988),
Pseudomonas (Ikenaka et al. 1998), Sinorhizobium morelens
(Wu et al. 2005), and Comamonas(Ogawa et al. 1993). Based
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on the identified enzymes, most of studies selected
Escherichia coli as host for co-expression of homologous
Hase and Case to produce D-HPG by transformation process-
es. Yu et al. (2009) also over-produced endogenous enzymes
in Ralstonia pickettii to further improve the production of D-
HPG.

Case normally has lower activity and functional ex-
pression level compared to Hase. To improve the reac-
tion efficiency, efforts have been made to engineer en-
zyme stability (Jiang et al. 2007) and increased the re-
action efficiency. However, there is still a big problem
needed to be solved, the low solubility of the hydantoin
substrates, which is also a key factor to limit the trans-
formation rate. Reduction of the mass transfer resistance
across the cell envelope should improve the uptake ef-
ficiency of the hydantoin substrate. In the previous pub-
lications, adding co-solvent to the reaction system (Liu
et al. 2017), implementing aqueous two-phase system
(Qian et al. 2012), and disruption of bacterial cells
(Liu et al. 2008) were performed to increase the bio-
availability of the hydantoin substrate for enzymatic re-
actions. However, adding organic solvent or cell broken
process will obviously increase the costs of operation
and downstream treatments, which is not satisfactory
to the industrial application.

In this work, the enzymes with highest activities were cho-
sen from the database, and their production in E. coli was
optimized by artificial high intensity ribosome binding site
(RBS) and changing the gene order as well. To solve the
problem from sparing solubility of hydantoin substrate, the
cell wall permeability of E. coli was engineered by fine-
tuning the regulation of native D,D-carboxypeptidase gene

expression level. Combination with process optimization, a
biotransformation process with high yield and productivity
of D-HPG, was developed.

Materials and methods

Bacterial strains, plasmids, and cultivation conditions

E. coli TOP10 was used for plasmid construction and E. coli
MG1655 was the host for biocatalytic production of D-HPG.
Plasmid pTrc99a was used for Hase and Case gene expres-
sion, while the plasmid pYB1s was used for expressing dacA
and dacB. All the plasmids and strains used in this study are
listed in Table 1.

The strains E. coli TOP10 and E. coli MG1655 were
cultivated in Luria-Bertani (LB; 10 g/L tryptone, 5 g/L
yeast extract, 10 g/L NaCl) medium for 12 h at 37 °C
in an orbital shaker. All strains harboring recombinant
plasmids were maintained with antibiotics as selective
pressure such as ampicillin (100 μg/mL) and streptomy-
cin (50 μg/mL). The corresponding strains for protein
expression were first cultured at 37 °C with shaking.
When the culture reached an optical density at 600 nm
of 0.8, the inducer was added, and then, the strains
were further cultivated for 14 h at 25 °C and 200
rpm. Gene expression in strain with plasmid pTrc99a
w a s i n d u c e d w i t h 0 . 5 mM i s o p r o p y l -β - d -
thiogalactoside(IPTG) while the recombinant strains har-
boring plasmid pYB1s were induced with 0.2% (v/v)
arabinose.

Fig. 1 Reaction scheme of a
hydantoin-transforming D-p-
hydroxyphenylglycine produc-
tion by two enzymatic steps
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Construction of expression vector for production
of HPG

The Hase and Case genes were synthesized with E. coli codon
optimization and the sequences were deposited in NCBI da-
tabase under the accession numbers of MN073199 and
MN073200, respectively. For constructing the expression
plasmid pT01, the gene of Hase was amplified by PCR with
primers Hase-F1 and Hase-R1 using the codon-optimized
Hase gene as the template, and gene of Case was amplified
with primers Case-F1 and Case-R1 based on the codon-
optimized Case gene as well. Hase and Case fusion proteins
were connected by four different linkers. For plasmid pT011/
pT012/pT013/pT014 construction, primers for gene of Hase

were used with Hase-F1 and Hase-RG1/Hase-RG2/Hase-
RG2/Hase-RG4; for Case, primers were used with Case-
FG1/Case-FG2/Case-FG3/Case-FG4 and Case-R1, separate-
ly. Separate expression of the two proteins, the gene of Hase,
was cloned with Hase F/R02, while the gene of Case was
cloned with Case F/R02. To construct plasmid pT04, plasmid
pT03 with Case F02/R03 and Hase F/R03 was firstly con-
structed; then, MAX-F and MAX-R were used to change the
RBS sequence. PCR amplification was performed using
PrimeSTAR HS (Premix) polymerase (TaKaRa, Shanghai,
China). The PCR product was purified from agarose gel
(Omega Bio-Tek, Inc. USA), and then ligated into the
pTrc99a or pYB1s plasmid digested with the appropriate re-
striction enzymes (New England BioLabs, Beverly, MA). The

Table 1 Plasmids and strains used in this study

Plasmids and strains Relevant characteristics Source

Plasmids

pTrc99a Trc promoter, high copy number, ampicillinr Cescau et al. 2007

pT01 pTrc99a derivate with Hase and Case This study

pT02 pTrc99a derivate with Hase This study

pT011 pTrc99a derivate with Hase and Case, Hase and Case fusion expression, with linker (GGGGS)1 This study

pT012 pTrc99a derivate with Hase and Case, Hase and Case fusion expression, with linker (GGGGS)2 This study

pT013 pTrc99a derivate with Hase and Case, Hase and Case fusion expression, with linker (GGGGS)3 This study

pT014 pTrc99a derivate with Hase and Case, Hase and Case fusion expression, with linker (GGGGS)4 This study

pT03 pTrc99a derivate with Case and Hase This study

pT04 pTrc99a derivate with Case and Hase, Case RBS intensity was maximum This study

pYB1s araBAD promoter, high copy number, streptomycinr Liu et al. 2019

pY02 pYB1s derivate with Case This study

pYA pYB1s derivate with dacA This study

pYB pYB1s derivate with dacB This study

pYAB1 pYB1s derivate with dacA and dacB, the RBS intensity of dacB was 50 This study

pYAB2 pYB1s derivate with dacA and dacB, the RBS intensity of dacB was 10,000 This study

pYAB3 pYB1s derivate with dacA and dacB, the RBS intensity of dacB was 60,000 This study

Strains

E. coli TOP10 Cloning host Biomed Co., China

E. coli MG1655 Wild type ATCC 47076

MG01 E. coli MG1655 derivate with plasmid pT01 This study

MG011 E. coli MG1655 derivate with plasmid pT011 This study

MG012 E. coli MG1655 derivate with plasmid pT012 This study

MG013 E. coli MG1655 derivate with plasmid pT013 This study

MG014 E. coli MG1655 derivate with plasmid pT014 This study

MG02 E. coli MG1655 derivate with plasmid pT02 and pY02 This study

MG04 E. coli MG1655 derivate with plasmid pT04 This study

MG04A E. coli MG1655 derivate with plasmids pT04 and pYA This study

MG04B E. coli MG1655 derivate with plasmids pT04 and pYB This study

MG04AB1 E. coli MG1655 derivate with plasmids pT04 and pYAB1 This study

MG04AB2 E. coli MG1655 derivate with plasmids pT04 and pYAB2 This study

MG04AB3 E. coli MG1655 derivate with plasmids pT04 and pYAB3 This study
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recombinant plasmids were transformed into E. coli TOP10
and cultivated at 37 °C on LB agar plate with 100 μg/mL
ampicillin or 50 μg/mL streptomycin overnight. The positive
recombinant strains were verified by DNA sequencing and
were further transformed into E. coli MG1655 for protein
expression and testing the capacity for production of D-HPG
from DL-HPH. All primers used in this study are listed in
Table 2.

Engineering cell wall permeability by overproduction
of D,D-carboxypeptidases

To overexpress the native genes dacA and dacBwhich encode
the D,D-carboxypeptidases, the genomic DNA of E. coli
MG1655, which was extracted by TIANamp Bacteria DNA
Kit (TIANGEN Biotech, Co. Ltd., Beijing, China), was used
as the PCR template. The pelB signal peptide sequence was
annealed by primer pelB-F and pelB-R at 95 °C for 10 min

and put on ice for 30 min. The primers A/B-F/R1 used to
overexpress the dacA or dacB and the primers A-F1/R2, B-
F2/R1 used for combined expression of dacA and dacB are
listed in Table 2. The primers were designed based on the
sequences from NCBI with accession numbers of
NP_415165.1 (dacA) and NP_417649.1 (dacB), respectively.
Recombinant plasmids were introduced into competent E. coli
MG1655 cells containing recombinant pT04 plasmids. The
positive strains were selected on LB agar plates with 100
μg/mL ampicillin and 50 μg/mL streptomycin.

Whole-cell bioconversion for D-HPG production

All the strains were grown at 37 °C in LBmedium to the post-
exponential growth phase (OD600 = 0.8); then, 0.5 mM IPTG
was added and the cultivation was performed at 25 °C. The
strains containing pYB1s required additional 0.2% (v/v) arab-
inose as an inducer. After cultivation for 14 h, the induced

Table 2 Primers used in this study

Primers Sequence (5′-3′)

Hase-F01 AATTTCACACAGGAAACAGACCATGGAAATGACCAAAATTATTAAA

Hase-R01 TAACCCTTGCCTCCTCGGGATGCGGAGCTCTTAAATGGTCAGTTCTTCGCTC

Case-F01 CGCATCCCGAGGAGGCAAGGGTTAATGACCCGTCAGATGATTCTGGC

Case-R01 TGCATGCCTGCAGGTCGACTCTAGATTACAGTTCGGCAATCAGACCATAA

Hase-F02 GTTTTTTGGGCTAACAGGAGGAATTAACCATGGAAATGACCAAAATTATTAAAAATG

Hase-R02 TTCACCACTAGTACCAGATCTACCCTCGAGTTAAATGGTCAGTTCTTCGCTctg

Case-F02 GGATAACAATTTCACACAGGAAACAGACCATGGGTACCCGTCAGATGATTCTGGC

Case-R02 CTTCTCTCATCCGCCAAAACAGCCAAGCTTTTACAGTTCGGCAATCAGAC

Case-R03 TAACCCTTGCCTCCTCGGGATGCGGAGCTCTTACAGTTCGGCAATCAGACCATAA

Hase-F03 CGCATCCcGAGGAGGCAAGGGTTAATGACCAAAATTATTAAAAA

Hase-R03 TTGCATGCCTGCAGGTCGACTCTAGATTAAATGGTCAGTTCTTCGCTC

MAX-F CGAAGTTTGTTTTAAGATAAGGAGGTTTTTTCCATGGGTACCCGTCAGATG

MAX-R TTATCTTAAAACAAACTTCGTTTACAACTTGTTATCCGCTCACAATTCCACAC

Hase-RG1 GTCATgctgccgccgccgccAATGGTCAGTTCTTCGCTCT

Hase-RG2 gctgccgccgccgccgctgccgccgccgccAATGGTCAGTTCTTCGCTCT

Hase-RG4 cccctcccccgctgccgccgccgccgctgccgccgccgccAATGGTCAGTTCTTCGCTCT

Case-FG1 CCATTggcggcggcggcagcATGACCCGTCAGATGATTCT

Case-FG2 ggcggcggcggcagcggcggcggcggcagcATGACCCGTCAGATGATTCT

Case-FG3 gcagcggcggcggcggcagcgggggagggggaagcATGACCCGTCAGATGATTCTGGCCGTTG

Case-FG4 cggcggcagcgggggagggggaagcggcggaggcggaagcATGACCCGTCAGATGATTCTGGCCGTTG

pelB-F TTTTGGGCTAACAGGAGGAATTAACCATGGCTCGAGATGAAATACCTGCTGCCGACCGCTGC

pelB-R GGCCATCGCCGGCTGGGCAGCGAGGAGCAGCAGACCAGCAGCAGCGGTCGGCAGCAGGTATT
TCAT

A-F1 CCTCGCTGCCCAGCCGGCGATGGCCATGAATACCATTTTTTCCGCTCGTATC

A-R1 CACCAGCTGCAGACCGAGCTCACCGAATTCTTAACCAAACCAGTGATGGAACATT

B-F1 CTGCTCCTCGCTGCCCAGCCGGCGATGGCCATGCGATTTTCCAGATTTATCATCGG

B-R1 GCACCAGCTGCAGACCGAGCTCACCGAATTCCTAATTGTTCTGATAAATATCTTTATAC

A-R2 GCCTGCCAGACTCTTCAGCACTAGTTTAACCAAACCAGTGATGGAACAT

B-F2 ATGTTCCATCACTGGTTTGGTTAAACTAGTGCTGAAGAGTCTGGCAGGCATGAAATACC

The underlined letters represent restriction enzymes sites; bold letters represent RBS sequences; lower case letters represent protein linker
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cells were harvested by centrifugation at 10,000×g for 5 min
and the pellets were resuspended in 50 mM Tris-HCl buffer
(pH 8.0). The reaction mixture contained 20 mM DL-HPH
(Aladdin, Shanghai, China), 1.0 mM DTT, and 1.0 mM
MnCl2 in 1-mL 50 mM Tris-HCl buffer (pH 8.0).

Molecular dynamics simulation of Case
with N-carbamoyl-D-amino acids

The molecular dynamics (MD) simulations were performed via
Gromacs-5.1.4 with force field AMBER-03(Abraham et al.
2015; Sorin and Pande 2005). The starting conformation for
the protein N-carbamyl-D-amino acid amidohydrolase with
RCSB code 1erz (Nakai et al. 2000) was immersed in a periodic
box of TIP3P water, having a size of 13 nm × 13 nm × 13 nm
(Jorgensen et al. 1983). A total of 40 Na+ ions and 20 Cl− were
added to the box to neutralize the negative charges of the protein.
A cut-off of 1 nm was applied for the Lennard-Jones interaction
and the real space portion of electrostatic interactions. The PME
method was used to calculate the reciprocal space portion of
electrostatic interactions (Darden et al. 1993). The water mole-
cules and counter ions were relaxed for 5 ns with the position of
the protein backbone atoms position restrained. Subsequently,
the system was equilibrated for 5 ns with constant pressure and
temperature conditions (NPT) of 300 K and 1 bar. The NPT
condition was obtained by coupling the system to a Parrinello-
Rahman barostat and the Nóse-Hoover thermostat, with relaxa-
tion time of 0.5 ps (Parrinello and Rahman 1981; Nose 1984).
The last 1 ns of NPT simulation results was used to calculate an
average structure for substrate docking analysis. The substrate
molecules N-carbamoyl-D-p-hydroxyphenylglycine and N-
carbamoyl-D-phenylglycine were built by PRODRG
(Schüttelkopf and van Aalten 2004). AutoDock performs the
molecular dockings by pre-calculating energy grids around a site
of interest on the target (Morris et al. 2009). A stochastic search
algorithm utilizing the Lamarkian Genetic Algorithm (LGA) for
exploring the grid space is used to perform energy evaluations of
the position of the substrate with respect to the target energy
grids. This algorithm explores the various orientations and con-
formations of the whole substrate relative to the energy grids for
the defined number of energy evaluations and returns the lowest
energy conformation in the target site. According to the previous
report (Nakai et al. 2000), the target docking pocket of the tetra-
mer was explored by two substrates, respectively.

Analytical methods

To detect the cell permeability, the engineered strains were
harvested by centrifugation at 10,000×g for 5 min after culti-
vation for 14 h, and the pellets were resuspended in 50 mM
Tris-HCl buffer (pH 8.0) to OD600 = 0.5. For inner membrane
permeability assessment, 140-μL cell suspension was mixed
with 60-μL 30 mM o-nitrophenylβ-D-galactopyranoside

(Aladdin Co., Shanghai, China). The reactions were per-
formed at 37 °C for 30 min and the absorbance was detected
at 420 nm (Lehrer et al. 1988). For outer membrane perme-
ability assessment, 180-μL cell suspension was mixed with
20-μL 100 μM N-phenyl-α-naphthylamine (Bidepharm Co.,
Shanghai, China). The UVemission was measured at 420 nm
and the excitation wavelength was set at 350 nm. The fluores-
cence was recorded (Loh et al. 1984).

The amount of product was detected by high-performance
liquid chromatography (HPLC) (Kim and Kim 1995; Lee
et al. 1995). The HPLC mobile phase was 10% acetonitrile:
90% ddH2O (v/v) and the solvent flow rate was 0.1 mL/min.
The column Poroshell 120 EC18-2.7 m (4.6 mm × 50 mm)
(Agilent, California, USA) was used. The column eluent was
detected at 230 nm. The retention times of DL-HPH, interme-
diate CpHPG, and D-HPG were 13.48, 14.12, and 24.16 min,
respectively. The yield was calculated according to the
product/substrate (mol/mol). All experiments were indepen-
dently performed in triplicate times, and data are shown as
mean ± standard deviation (SD).

Results

Database screening of enzymes for D-HPG production
in E. coli

To establish an efficient hydantoin-transforming reaction, we
first screened suitable enzymes in BRENDA database (https://
www.brenda-enzymes.org/) and literatures. Hase from
Bacillus stearothermophilusSD-1 with mutant of M63I/
F159S (accession number is 1K1D_A) and Case from
Agrobacterium sp. strain KNK712 (accession number is
1ERZ_A) were finally selected due to their highest activities
in the database (Louwrier and Knowles 1996). Unexpectedly,
the initial strain with plasmid of pT01 showed low activity
towards D-HPG production, in which the yield was 19.4%
in 0.5 h with a titer of less than 4.0 mM. Even we extended
the reaction time to 20 h, the results were still unsatisfied and
there was an accumulation of intermediate CpHPG. SDS-
PAGE analysis revealed that the Hase gene expression was
quite well while the expression of the Case remained at low
level (data not shown). Previous reports also showed that the
enzyme Case was the limiting step setting the pace of the
hydantoin-transforming reaction (Chao et al. 1999; Park
et al. 2000). Given the above fact, we first focused on the
optimization of the gene expression.

Optimization of the D-carbamoylase gene expression
in E. coli

As the gene expression of Hase was good, we first tried the
fusion of Case after Hase to drive Case gene expression
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accordingly. The linker (GGGGS)n with different repeat num-
ber (n) is most widely used in fusion engineering because it
provides flexibility and allows for mobility of the fused func-
tional domains (Chen et al. 2013). Then, four flexible linkers
(GGGGS)1 to (GGGGS)4 were used to construct Hase-Case
fusion proteins. After the whole-cell bioconversion, the strains
which added protein linker from linkers (GGGGS)1 to
(GGGGS)4, the product yield of D-HPG in 0.5 h were
15.1%, 23.2%, 21%, and 21.2%, respectively. The production
of D-HPG was slightly increased compared to the strain with-
out fusion expression (19.4%), except that the production of
strain with (GGGGS)1 was declined (Fig. 2). None of the
fusion expression strains gave satisfactory results by measur-
ing the production of D-HPG. The gene expression was also
investigated on two separate plasmids, while it only gave a
yield of 24.3% in 0.5 h.

Many researches revealed that the protein expression levels
are related to RBS strength (Nowroozi et al. 2014; Zhang et al.
2015). In order to increase the expression of the Case, we
selected the strongest RBS intensity to express Case gene
(Table 3), which designed based on the gene sequence by
the RBS Calculator (https://salislab.net/software/). The gene
order was also changed, in which the Case gene was put in
front adjacent to Ptrc promoter to maximize the Case gene
expression. Consequently, the resultant strain carrying
plasmid pT04 can produce D-HPG with the yield reached to
46.9% in 0.5 h which increased the yield of D-HPG by 1.42-
fold as compared to the strain with plasmid of pT01, and the
intermediate CpHPG remained at low concentration of 2.59 ±
0.31 mM. SDS-PAGE analysis also confirmed that Case gene
expression was dramatically improved in E. coli (Fig. 2).

Engineering cell wall permeability to increase
the productivity

The substrate is poorly soluble and appears precipitation of
heat-dissolved DL-HPH in a period time, which severely
limits the efficiency of reaction (Liu et al. 2017). We first
added different kinds of solubilizers (PEG 400, Tween 80,
methanol, and DMSO) in the reaction system to increase the
bioavailability of DL-HPH, but the effect was not obvious
(data not shown). To verify if cell wall is indeed the barrier
for D-HPG production, the cells carrying plasmid pT04 were
disrupted by ultrasonication and the supernatant was used as
cell-free system to transform DL-HPH. The yield of D-HPG
significantly increased to 75.6% in 0.5 h, which did indicate
that the barrier of cell wall is a key factor. Since cell disruption
is costly for industrial use, and additionally, substrate particles
and titrant NaOH solution were reported to deactivate free
enzymes (Park et al. 2000). Therefore, whole cell instead of
free enzymes could be more applicable in industrial scenes.

Recently, the cell wall engineering by disturbing peptido-
glycan structure was a new direction for enhancing cell wall
permeability (Yang et al. 2018a, b). PBP5 (DacA) is one of the
main D,D-carboxypeptidases, and PBP4 (DacB) has both
D,D-endopeptidase and D,D-carboxypeptidase activities.
Both of them are significant in peptidoglycan synthesis net-
work (Kishida et al. 2006; Nelson and Young 2001), and
importantly, none is essential for bacterial viability (Denome
et al. 1999). To investigate the effects of overexpressing dacA
and dacB on D-HPG production, the two genes were
overexpressed separately and combinedly. Since the site of
action of D,D-carboxypeptidase is in the periplasm (Kishida

Fig. 2 Optimizing gene expression of the rate-limiting enzyme Case in
E. coli. Trc, Trc promoter. (GGGGS)n, linker sequence and n represents
the repeat number of GGGGS. MAX, strongest RBS intensity for Case
designed by the RBS Calculator and the sequence is shown in Table 3.
Gray bars represent the yield (mM produced D-HPG/mM consumed DL-

HPH). Black bars represent D-HPG titer (mM). All the experiments were
performed in triplicate. The SDS-PAGE analyses on crude enzymes
showed the gene expression of Hase and Case. M, protein maker. BC,
control strain MG with empty plasimd pTrc99a. Lane 01, strain MG01,
and lane 02, strain MG04
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et al. 2006), each gene was added a signal peptide of pelB. As
shown in Fig. 3a, even at reduced OD600 by 1.0 after overex-
pression of dacA and dacB, the production of D-HPG was
increased by 20%. The D-HPG production of recombinant
strains MG04A (overexpression of dacA with RBS intensity
of 27,000 in the plasmid, designed by the RBSCalculator) and
MG04B (overexpression of dacB with RBS intensity of 50)
were 14.24 mM and 15.56 mM in 4 h from 20 mM substrates,
respectively. The strains that overexpressed both genes,
MG04AB1, showed the best D-HPG production titer and
yield (Fig. 3b). These results clearly demonstrated that the cell
wall engineering strategy is useful for improving D-HPG pro-
duction performance in E. coli.

Fine-tuning regulation of dacB expression on D-HPG
production

The above studies showed that overexpression of dacB gene
seemed more important to increase the production of D-HPG.
At initial construction of plasmid for overexpressing both
genes, the RBS intensity of the dacB gene was adjusted to a
lower level, considering to avoid adverse effects on cell
growth. The recombinant strain MG04AB1 (the RBS

intensity of the dacB gene was 50) resulted in 16.3 mM in
4 h from 20 mM substrate. To further increase the yield of D-
HPG, the RBS intensities for expression of dacB gene were
increased to 250 and 500, respectively, while the production
performance was the same with MG04AB1. Then, the effects
of DacB by fine-tuning regulation of its expression level with
strong RBS intensity were investigated. The plasmids pYAB2
and pYAB3 (the RBS intensities of the dacB gene were
10,000 and 60,000, respectively; 60,000 is the maximum
strength that could be designed) were constructed to enhance
the production of protein DacB. As shown in Fig. 4a, the
constructed strains with higher RBS intensity of dacB gene
had higher production of D-HPG than the low RBS intensity
one. And the one with modest RBS intensity of 10,000 for
dacB gene, MG04AB2, had better performance for D-HPG
production, in which the titers were increased to 17.65 mM at
4 h from 20 mM substrate. Meanwhile, the yield of D-HPG
reached 88.25% in 4 h while the yield of strain without cell
wall engineering was only 63.00%. Notably, the yield of cell
wall engineered strain in 0.5 h was 69.2%, which reached to
91% of the outcome from cell disruption reaction.

The cell permeability of the engineered cells was also de-
termined. As shown in Fig. 4b, the cell permeability increased

Table 3 Calculated RBS sequences used in this study

Gene Plasmid Translation initiation rate (au)a Sequence

Case pT04 27069.61 GTTGTAAACGAAGTTTGTTTTAAGATAAGGAGGTTTTTT

dacB pYAB1 50.03 GCTGAAGAGTCTGGCAGGC

dacB pYAB2 9092.67 TAACCTAAAATAGATAAGGGTCCTATA

dacB pYAB3 63232.2 GGGCTGAATACAAACAAATAATTAAGGAGGTCTATT

a The translation initiation rates were calculated by software of RBS Calculator (https://salislab.net/software/) based on the gene sequences

Fig. 3 The effect of D,D-carboxypeptidase gene overexpression on cell
growth (a) and D-HPG production (b). Black bars represent D-HPG
production (mM) in 0.5 h. Gray bars represent D-HPG production
(mM) in 4 h. CK, control strain MG04 without overexpression of

carboxypeptidase. a Strain MG04A with overexpression of DacA. b
MG04Bwith overexpression of DacB. AB1, strainMG04AB1with over-
expression of DacA and DacB. All the experiments were performed in
triplicate
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accordingly with the increase of RBS intensity of dacB and
the best strain MG04AB2 gave the highest cell membrane
permeability. Additionally, the transcriptional analysis of
dacA and dacB with strain MG04AB2 also well supported
the conclusion, in which the transcriptional level of dacA and
dacB inMG04AB2 was much higher than those of the control
strain (Fig. 4b). These results indicated the contributory role of
overexpression of dacA and dacB for increase of D-HPG
production.

Optimization of whole cell transformation conditions
for D-HPG production

The whole cell transformation by strain MG04AB2 was opti-
mized to develop an efficient D-HPG production process. The
effects of reaction temperature on hydantoin-transforming re-
action were first studied. It was found that reaction tempera-
ture had significantly effective D-HPG production. A decrease
in reaction temperature leads to a significant decrease in D-
HPG production. The titers of D-HPG in 45 °C and 50 °C
were identically highest in 0.5 h while the reaction at 45 °C

gave the better performance since the yield reached almost
100% in 4 h (Fig. 5a). To demonstrate the optimal pH of this
double enzyme tandem reaction, different buffers with pH
from 6.5 to 9.0 were evaluated at 45 °C. The hydantoin-
transforming reaction displayed highest production of D-
HPG at pH 8.5 with a yield of 100% in 4 h, respectively
(Fig. 5b). The optimization of cell reaction concentration
was also evaluated under the optimized pH and temperature
condition. As shown in Fig. 5c, the yield of D-HPG in OD600

from 10 to 30 reached 100% in 4 h with the highest specific
productivity of 1.23 (g/g DCW/h), obtained with cell mass of
10 OD/mL.

After optimizing the reaction conditions, a high substrate
concentrations of respective 100 and 140 mM were tested, in
which the concentration of 140 mM is expected to reach the
upper solubility concentration limit of D-HPG in aqueous
phase (Fan et al. 2000), if all substrate was transformed. As
shown in Fig. 5d, all 140 mM DL-HPH could be transformed
to D-HPG in 32 h with a yield of 100%, although the specific
productivity decreased reasonably. Normally, the lower con-
centration should lead a shorter reaction time. While even a

Fig. 4 Effects on D-HPG production and cell permeability by fine-
turning regulation of DacB gene expression. a The effects on D-HPG
production. Black bars represented D-HPG production (mM) in 0.5 h
and gray bars represented D-HPG production (mM) in 4 h. b The effects
on cell permeability. c The transcriptional analysis of dacA and dacB in
the best strain MG04AB2. CK, control strain without cell wall

engineering; AB1, strain with co-expression of dacA and dacB with cal-
culated RBS intensity of 50; AB2, strain with co-expression of dacA and
dacB with calculated RBS intensity of 10,000; and AB3, strain with co-
expression of dacA and dacBwith calculated RBS intensity of 60,000. All
the experiments were performed in triplicate
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low concentration was tested, the complete conversion time
for 100 mM substrate was consistent with that of 140 mM
substrate.

MD simulations revealed catalytic disadvantage
of Case for hydroxyl substrate

With intent to explore the possible mechanisms for the above
phenomenon, molecular dynamics (MD) simulation was carried
out to reveal the catalytic mechanism between enzyme and sub-
strate. Hase used in this study is already mutated (M63I/F159S)
to increase the activity towards DL-HPH(Louwrier and Knowles
1996). As Case was the limiting-step enzyme, we focused on
Case to find the cause. When docking the intermediate N-
carbamoyl-D-p-hydroxyphenylglycine (CpHPG) to the active
pocket of Case, the lowest energy structure of docking is −
4.91 kcal/mol. Andwe unexpectedly discovered that the hydrox-
yl group of CpHPG is more easily to channel into the active

center, instead of N-carbamoyl group (Fig. 6a). The hydroxyl
group of CpHPG forms a hydrogen bond with the amino acids
near the docking interface, hinders the substrate from entering the
catalytic reaction center in a normal posture, and thereby lower-
ing the activity of the enzyme.When the non-hydroxyl substrate,
N-carbamoyl-D-phenylglycine, was used, the group of N-
carbamoyl is correctly set at the active pocket of Case and the
lowest energy structure of docking is − 5.69 kcal/mol (Fig. 6b),
which is consistent with the previous analysis with another non-
hydroxyl substrate N-carbamoyl-phenylalanine (Nakai et al.
2000). It sounds like that a ‘hydroxyl occupancy’ occurred when
CpHPGwas reacted with Case. The ‘wet’ experiments were also
investigated by the strain MG04AB2 with hydroxyl and non-
hydroxyl substrates, respectively. The experimental data clearly
supported the prediction from MD simulations, which the sub-
strate phenylhydantoin reacted much faster than p-
hydroxyphenylhydantoin at 20 mM concentration and the differ-
ence was more obvious when 60 mM substrates were

Fig. 5 Optimization of transformation conditions for D-HPG production
by strainMG04AB2. a The effect of reaction temperature optimization on
D-HPG production. Black bars represented D-HPG production (mM) in
0.5 h. Gray bars represented D-HPG production (mM) in 4 h. b The effect
of reaction pH optimization on D-HPG production. Square pattern repre-
sented phosphate buffer (pH 6.5–8.0, 50 mM). Circular pattern

represented Tris-HCl buffer (pH 7.0–9.0, 50 mM). c The effect of cell
reaction concentration optimization on D-HPG production. Gray bars
represented specific productivity (g/g DCW/h) in 4 h. Black plots repre-
sented the molar yield of D-HPG (%) in 4 h. d Biotransformation pro-
duction of D-HPG with 100 and 140 mM substrate DL-HPH under opti-
mized conditions, respectively
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investigated (Fig. 6c, d). This indicated a congenital deficiency of
Case to react with hydroxyl substrates and hindered to easily
engineer the enzyme with high activity.

Discussion

D-HPG is an important building block in the fine chemicals
industry while its current production is mainly based on chem-
ical process. Since enzymatic decarbamoylation offers several
advantages over the chemical method, how to establish a cost-
effective biocatalyst is the first to provide an economically
feasible process for production of D-HPG. E. coli is the most
commonly used as the host for the generation of D-HPG in the
reports of the past decade. However, the second step enzyme
Case expressed in E. coli often resulted in low expression or
formation of inactive inclusion bodies. Many studies showed
that the production rates of D-HPG are affected to a large

extent by the enzyme Case (Yu et al. 2009; Zhang et al.
2011). In this study, selecting the strongest artificial RBS in-
tensity and putting the gene adjacent to the promoter success-
fully improved the gene expression and increased the yield of
D-HPG.

Besides the point of rate-limiting enzyme, there is still a
problem to be solved: the sparing solubility of the hydantoin
substrate. In order to enhance the absorption of the substrate
DL-HPH to the cells, the strategy of disturbing cell wall pep-
tidoglycan structure was used in this study to increase the
permeability of the E. coli MG1655. In most bacterial cell
walls, the peptidoglycan sacculus are made from a short pep-
tide cross-linked glycan chain to form a unique structure sur-
rounding the membrane of the cell (Mengin-Lecreulx and
Lemaitre 2005; Nanninga 1998; Vollmer et al. 2008). And
Gram-negative bacteria harbor a more tightly arranged struc-
tural form than Gram-positive bacteria (Beveridge 1999). In
E. coli, the penicillin-binding proteins (PBPs) are crucial in

Fig. 6 Molecular dynamics simulation of Case with N-carbamoyl-D-
amino acids and experimental verification. a The molecular dynamics
simulation of Case with N-carbamoyl-D-amino acid substrates of N-
carbamyl-D-p-hydroxyphenylglycine and b N-carbamyl-D-
phenylglycine, respectively. The hydroxyl group of N-carbamyl-D-p-

hydroxyphenylglycine was indicated in black circle and N-carbamoyl
group was in red. The catalytic efficiencies were tested by whole cells
of strain MG04AB2 with substrates of p-hydroxyphenylhydantoin and
phenylhydantoin at concentrations of 20 mM (c) and 60 mM (d),
respectively
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peptidoglycan synthesis network (Typas et al. 2011; Yang
et al. 2018b). The activity of D,D-carboxypeptidase is hydro-
lysis of terminal amino acid residues, and the activity of en-
dopeptidase is the cross-linking of the cleaved peptide (Typas
et al. 2011). In present study, overexpression of dacB gene
alone was better than that of dacA, probably because the
DacA is one of the major D,D-carboxypeptidases while
DacB has both D,D-carboxypeptidase and endopeptidase ac-
tivities (Kishida et al. 2006; Nelson and Young 2001).
Overexpression of dacA and dacB can disrupt the peptidogly-
can synthesis network and the cell wall structure subsequently,
which enhances the permeability of the inner and outer mem-
branes of E. coli to let more substrate enter into cells for D-
HPG production. Liu et al. (2008) used sonication-treated
cells to conquer the barrier of cell wall, in which the yield of
D-HPG was 96.3% in 4 h with 15 mM DL-HPH as substrate.
By fine-tuning regulation of protein DacB expression level,
the production yield of D-HPG increased obviously in our
study. The yield of 100% with 20 mM DL-HPH as substrate
was obtained in 4 h by using cell wall-engineered bacteria
without cell disruption. Changing cell morphology by cell
wall engineering strategy to improve production performance
has been reported in other literatures. Overexpression or dele-
tion of D,D-carboxypeptidase genes (dacA and dacB) to inter-
rupt peptidoglycan structure has been proven to be an efficient
way to boost secretion of extracellular proteins in E. coli
(Yang et al. 2018a, b). Inhibition of peptidoglycan synthesis
in Streptococci strain also improved the lipid secretion (Horne
et al. 1977). Wu et al. (2016) improved PHB production by
engineering E. coli cell wall with an elongated shape. Beyond
secretion of enzymes or lipids and internal production of bio-
polymer, this study is the first example to enhance productiv-
ity of chemicals by disrupting cell wall structure and provided
a new vision on improvement of biotransformation efficiency
from sparingly soluble substrates.

After engineering a biocatalyst with good performance,
the process optimization is vital to obtain an economical
biotechnology. The conversion rate for DL-HPH to D-
HPG at pH 8.5 was much higher than that at neutral pH
conditions, although the optimal pH for Case was found
to be pH 7.0 while Hase showed the maximum activity at
pH 8.5 (Park et al. 2000). It was reported that the rate of
chemical racemization of substrate DL-HPH is related to
alkaline condition (Yu et al. 2009). The best performance
obtained at pH 8.5 indicated that the spontaneous chemi-
cal racemization of substrate may also play an important
role in the bioconversion process, although the enzyme of
Case is not happy under this condition. From an econom-
ical standpoint of view, the substrate concentration is ex-
pected to feed as high as possible in order to increase the
productivity and facilitate the downstream product recov-
ery processes. However, the starting substrate DL-HPH is
just about 60 mM at 45 °C (Lee and Kim 1998).

Considering that the product D-HPG also has a solubility
concentration of less than 140 mM in aqueous phase (Fan
et al. 2000) and more D-HPG will be lost during down-
stream separation process, the substrate concentration at
140 mM was tested. Using the cell wall-engineered cells,
the high yield of 100% was achieved in this study. The
above data clearly demonstrated the great potential of cell
wall engineering strategy for low soluble substrate
reaction.

At our initial purpose, MD simulation was expected to
find key residues for further improving the activity of
Case, which is a limiting step enzyme. However, we un-
expectedly revealed that the hydroxyl, but not N-
carbamoyl group, is more easily channeled into the active
center of enzyme Case. The reaction speed was much
faster when the non-hydroxyl substrate phenylhydantoin
was used, which well supported the computational analy-
sis. This new finding indicated a congenital deficiency of
Case to react with hydroxyl substrates and might explain
why lower substrate concentration did not result in a
shorter reaction time. The high initial concentration of
substrate provides increasing probability of correctly po-
sitioning into active center and hence increased produc-
tivity. When the concentration decreased, the correct
probability also decreased and resulted in the lower pro-
ductivity, as shown in Fig. 5d. Additionally, the ‘hydroxyl
occupancy’ deficiency of Case could also explain why
there were no positive achievements to date on engineer-
ing of Case for increased activities, as compared to those
of Hase. Thus, this study also provided the referential
information for the enzyme engineering in future, from
simple design of increasing activities to emphasis on
elimination of ‘hydroxyl occupancy’ deficiency.

In conclusion, we developed an efficient D-HPG-
producing process based on optimization of catalytic
enzyme expression and destabilizing cell wall structure
by fine-tuning regulation of D,D-carboxypeptidase DacB
gene expression in E. coli. The new finding in limiting-
step enzyme corrects the protein engineering direction
for fur ther improving cata lyt ic act ivi ty of D-
carbamoylases and hence developing an economical
bioprocess for D-HPG production in future. The rational
design of Case to eliminating ‘hydroxyl occupancy’ is
under investigation.
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