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Abstract
In this study, we designed and in vivo reconstructed a novel four-enzyme cascade pathway for the
production of D-HPG, a valuable intermediate used to produce β-lactam antibiotics and for �ne-chemical
synthesis, from L-tyrosine. In this pathway, we identi�ed catalytic conversion of the substrate 4-
hydroxyphenylglyoxylic acid by meso-diaminopimelate dehydrogenase from Corynebacterium
glutamicum (CgDAPDH) as the rate-limiting step, followed by application of a mechanism-guided
“conformation rotation” strategy to decrease the hydride-transfer distance d(C6HDAP−C4NNADP) and
increase CgDAPDH activity. Introduction of the best variant generated by protein engineering
(CgDAPDHBC621/D120S/W144S/I169P with 5.32 ± 0.85 U·mg− 1 speci�c activity) into the designed pathway
resulted in a D-HPG titer of 42.69 g/L from 50 g/L L-tyrosine in 24 h with 92.5% conversion and > 99% ee
in a 3-L fermenter, representing the highest reported D-HPG titer to date. This four-enzyme cascade
provides a novel and effective enzymatic approach to industrial production of D-HPG from cheap amino
acids.

Introduction
D-p-hydroxyphenylglycine (D-HPG) is an important intermediate widely used in the pharmaceutical and
�ne-chemical industries for the production of β-lactam antibiotics and aromatic aldehydes (e.g.,
amoxicillin and 4-hydroxybenzaldehyde, respectively) (Tripathi et al. 2000; Zhang and Cai 2014; Zhang et
al. 2010). Currently, D-HPG is in high demand, with a total annual market volume of ~ 5,000 tons
(Nandanwar et al. 2013); therefore, development of a practical method for e�cient production of D-HPG
is required to meet this increasing market demand.

Two main strategies have been developed for D-HPG production: chemical synthesis and enzymatic
synthesis. Approaches for chemical synthesis of D-HPG mainly include chiral separation and
esteri�cation coupled with hydrolysis (Pollegioni et al. 2020). Using benzenesulfonic acid as a chiral
agent, D-HPG can be separated from DL-p-hydroxyphenylglycine (DL-HPG) (Zhao and Xu 2015); however,
the optical purity of D-HPG obtained by chiral separation is unsatisfactory, with further puri�cation
required. Esteri�cation-coupled hydrolysis has emerged to facilitate industrial production of D-HPG. In
this process, DL-HPG is �rst esteri�ed with thionyl chloride to generate DL-HPG methyl ester, followed by
hydrolysis to generate D-HPG (Zhang et al. 2011). Alternatively, an enzymatic catalysis strategy involving
dual-enzyme synthesis was developed, with this process comprising ring opening of DL-
hydroxyphenylhydantoin (DL-HPH) and hydrolysis catalyzed by D-hydantoinase (Hase; EC 3.5.2.2) and N-
carbamoyl-D-amino-acid hydrolase (Case; EC 3.5.1.77), respectively (Aranaz et al. 2015; Diez et al. 2015;
Liu et al. 2019). A previous study demonstrated this technique in Escherichia coli co-expressing Hase and
Case, reporting production of 140 mM D-HPG from 140 mM DL-HPH after 32 h with a 100% yield and
0.73 g/L/h productivity (Liu et al. 2019). Unfortunately, the low productivity and high-cost of DL-HPH
signi�cantly limit industrial application of this process. Therefore, development of an e�cient D-HPG-
synthesis method remains challenging.
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meso-Diaminopimelate dehydrogenase (DAPDH; EC 1.4.1.16) is an excellent enzyme for use in converting
bulky aromatic α-keto acids to corresponding D-amino acids (Ahmed et al. 2015; Gao et al. 2012; Gao et
al. 2017). In recent decades, DAPDH catalytic activity toward and substrate a�nity for bulky aromatic α-
keto acids have improved as a consequence of protein engineering (Akita et al. 2012; Gao et al. 2013; Liu
et al. 2014). For example, mutation of Ureibacillus thermosphaericus DAPDH (UtDAPDHD94A) resulted in
an 8.3-fold increase in enzyme activity toward various bulky α-keto acids, such as phenylpyruvic acid
(Hayashi et al. 2017). Similarly, broadening the substrate pro�le of Clostridium tetani E88 DAPDH
(CtDAPDH) transformed it from showing no detectable activity toward phenylpyruvic acid to an activity of
0.11 U·mg− 1 for CtDAPDHQ154L/T173I/R199M/P248S/H249N/N276S (Liu et al. 2015). Therefore, it is possible
that DAPDH could be employed to support reductive amination of 4-hydroxyphenylglyoxylic acid (HPGA)
to D-HPG.

In this study, we developed a novel cascade pathway allowing transformation of L-tyrosine to D-HPG and
reconstructed this pathway in vivo. To increase the D-HPG titer, we further developed a mechanism-
guided “conformation rotation” strategy to improve the catalytic e�ciency of CgDAPDH toward HPGA.
The results showed that incorporating the optimal CgDAPDH variant into the cascade pathway enabled
synthesis of 42.69 g/L D-HPG from 50 g/L L-tyrosine in 24 h with a 92.5% conversion and > 99% ee in a 3-
L scale fermenter.

Methods

Reagents and genetic constructions
Commercial reagents, standards, and solvents were purchased from Sigma Aldrich (Shanghai, China),
Meryer Chemicals (Shanghai, China), Aladdin Reagents (Shanghai, China), J&K Chemicals (Beijing,
China), and TCI Chemicals (Shanghai, China), and used without further puri�cation.

All genetic constructions were carried out by using standard molecular biology techniques with
PrimeSTAR and rTaq DNA polymerase, restriction enzymes (SacI, SalI, NdeI, XhoI, HindIII, and EcoRI) and
T4 DNA ligase (all from Takara, China). Heterologous genes were ampli�ed from their respective genomic
except for PvL-AAD (GenBank: MK258171) and PmL-AAD (GenBank: U35383), which were synthesized by
GenScript (Piscataway, NJ). Genes of MauHmaS (GenBank: ADL47009), AoHmaS (GenBank: ANN17105),
ScoHmaS (GenBank: 1098663), SroHmaS (GenBank: ACZ89671), and SambHmaS (GenBank: AKZ58697)
were ampli�ed from the genome of Micromonospora aurantiaca, Amycolatopsis orientalis, Streptomyces
coelicolor, Streptosporangium roseum, and Streptomyces ambofaciens, respectively. Genes of HelMDH
(GenBank: CBV41027), BglMDH (GenBank: AJW98399), CsMDH (GenBank: ABE58432), PpuMDH
(GenBank: BAN56662), SpMDH (GenBank: BBD01499), CbMDH (GenBank: CP010537), and PaMDH
(GenBank: AGM49308) were ampli�ed from the genome of Halomonas elongata, Burkholderia gladioli,
Chromohalbacter salexigens, Pseudomonas putida, Sphingobium sp., Cupriavidus basilensis, and
Pseudomonas aeruginosa, respectively. Genes of StDAPDH (GenBank: BAD40410), CgDAPDH (GenBank:
CAF21279), BfDAPDH (GenBank: AKA53147), PvDAPDH (GenBank: ATM98278), and PmDAPDH
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(GenBank: CAR40477) were ampli�ed from the genome of Symbiobacterium thermophilum,
Corynebacterium glutamicum, Bacteroides fragilis, Proteus vulgaris, and Proteus mirabilis, respectively.

Strains and plasmids
The host strain Escherichia coli BL21 (DE3) was purchased from Invitrogen (Carlsbad, CA, U.S.A.), and
was used for all molecular cloning and biotransformation experiments. Gene expression was achieved by
cloning the desired gene(s) into a set of plasmids pET28a (+), pETDuet-1, and pACYCDuet-1 (Novagen,
Darmstadt, Germany). Main plasmids and strains construction are listed in Table 1.

Homology modeling
The 3D homology modeling structures of catalytic domain of CgDAPDHBC621 and its variants were
constructed using the SWISS-MODEL online server (http://swissmodel.expasy.org/) with DAPDH from
Corynebacterium glutamicum as template (PDB ID: 5LOA). The obtained structure was veri�ed with
SAVES v5.0 (http://servicesn.mbi.ucla.edu/SAVES/). The 3D structure of D-p-hydroxyphenylglycine (D-
HPG), p-hydroxyphenylglyoxylic acid and NADP+ were downloaded from the PubChem Compound
(https://www.ncbi.nlm.nih.gov/pccompound/). The analysis of the structures was performed by PyMOL
2.2 (by Schrodinger (SDGR) company). Docking simulations were performed using Autodock Vina and
CgDAPDHBC621 models.

Molecular dynamics (MD) simulations
The MD simulations were performed using GROMACS (derived from “Not Another Molecular Dynamics
program”, by University of Illinois) with the GROMOS96 54a7 force �eld following the three main steps of
energy minimization, system equilibration, and production protocols. After the energy minimization, the
systems were gently heated using six 50 ps steps, incrementing the temperature 50 K each step (0-300 K,
30 °C) under constant volume and periodic boundary conditions. Finally, 20 ns MD simulation under NVT
ensemble was performed with an integration time step of 2 fs via use of the periodic boundary condition.
All simulations were performed individually for both the complexes of CgDAPDHBC621 and its mutants.
The MD simulations results were analyzed in GROMACS. The difference of root‐mean‐square deviation
(RMSD) between CgDAPDHBC621 and CgDAPDHBC621/D120S/W144S/I169P were calculated in the last 15 ns
when the values were balanced. The �exible region A identi�ed by MD simulations comprised residues
from W144 to Y168.

HPLC analysis

https://www.ncbi.nlm.nih.gov/pccompound/
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Identi�cation of products were accomplished by HPLC analysis based on the integration of monomer
peaks using external commercial standards. Analysis of the concentration and enantiomeric excess (e.e.)
of D-HPG was conducted using Agilent 1260 HPLC with Daicel Crownpak CR‐I (+) column (150 × 3 mm, 5
μm; Daicel Co., Japan) and pH 1.5 HClO4 a.q./acetonitrile (90/10, v/v) as the mobile phase. Flow: 0.2
ml/min, temperature: 25°C, wavelength: 245 nm.

Directed evolution experiments
Construction of the CgDAPDH variants: Mutant library were conducted by whole plasmid PCR using KOD-
Plus-Neo (TOYOBO) and plasmid pET28a-CgDAPDHBC621 as template. The primers used in this study are
listed in Table A1. The resultant PCR products were digested with DpnI to eliminate the template plasmid.
After elimination, 10 μL of digested products were transformed into E. coli BL21 (DE3) cells for the
following screening or DNA sequencing (GENEWIZ, China).

Cultivation and expression of the mutants in 96-deep-well plates: The single colonies in culture dishes
were randomly picked and cultured into 500 μL LB medium with 50 μg mL-1 kanamycin in 96-deepwell
plates and shaken at 37 °C for 12 h. Then they were 1:10 diluted into 500 μL fresh medium in new 96-
deepwell plates (containing 2 g L-1 glucose and 4 g L-1 lactose). After shaking at 37 °C for 3 h (for cell
growth), the temperature was decreased to 25 °C for 15 h (for protein expression). Then the cells were
harvested by centrifugation at 3600 ×g at 4 °C for 15 min. The cells were resuspended in 200 μL of the
same buffer with 2 mg/mL lysozyme and 0.1% Triton X-100 and the mixture was incubated at 37 °C for 2
h with shaking. Finally, the rude enzyme was obtained by centrifugation at 3600 ×g for 15 min at 4 oC.

High-throughput screening: After centrifugation, 50 μl supernatant was added into a new 96-well plate
containing 500 μl Tris–HCl buffer (50 mM, pH 8.0), 10 mM HPGA and 0.5 mM NADPH and then
incubated at 30 oC for 24 h. After reacting, a same volume of dye mixture (0.01 g L-1 of phenazine
methosulfate, 0.2 g L-1 of nitro blue tetrazolium) was added into the reaction mixture. The mixture was
analyzed for activity using a formazan-based method that NADPH reacts with NBT to produce formazan,
which could be monitored at 590 nm using BioTek Synergy microplate reader, in the presence of PMS.
The absorbance ratios was coupled to the titer of D-HPG and the absorbance at 590 nm for each
candidate residue of the site-saturation libraries relative to those of CgDAPDHBC621 were calculated. Only
when the absorbance of ratio ≤0.8, the strain was sequenced and tested in shaking �asks.

Fermentation medium and conditions
Shaking culture: A single colony of recombinant E. coli strain was cultivated overnight (10-12 h, 37 oC) in
LB medium (10 g L-1 peptone, 5 g L-1 yeast extract, and 10 g L-1 NaCl; pH 7.0) with appropriate antibiotics
(50 μg ml-1 kanamycin or 100 μg ml-1 ampicillin) and used as the inoculum (1%). The culture was then
transferred into 50 ml Terri�c Broth (TB) medium (24 g L-1 yeast extract, 12 g L-1 tryptone, 5 g L-1 glucose,
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2.31 g L-1 KH2PO4, and 16.43 g L-1 K2HPO4; pH 7.0) containing appropriate antibiotics in a 500 mL �ask.
When the OD600 of the culture broth reached 0.6-0.8, isopropyl β-D-1-thiogalactopyranoside (IPTG) was
added to a �nal concentration of 0.4 mM to induce gene expression. The cells were inducted at 25 °C for
15 h and collected by centrifugation (6000×g, 8 min). Then, the cell pellets were resuspended in an
appropriate buffer to the desired density as resting cells for biotransformation.

Fermentor (3 L) culture: Additional larger fermentations were conducted in a 3 L fermentation system
(INFORS HT Labfors, Switzerland) with an air �ow rate of 1.5 vvm and a stirrer speed of 500 rpm. The pH
was maintained at 7.0 by automatically feeding concentrated carbon and nitrogen resources (400 g L-1

glucose, 100 g L-1 yeast extract, and 25 g L-1 tryptone; start feeding after a steep rise in dissolved oxygen,
14 mL h-1). Enzyme expression was induced at 25 °C with 0.4 mM IPTG (�nal concentration) at an optical
density of 4 at 600 nm. Pre-cultures were grown in 500 ml �asks as described above. The cell pellets were
collected for preparative biotransformation after 12 h induction.

Enzyme puri�cation
The recombinant E. coli strains containing PmL-AAD, SambHmaS, PaMDH, CgDAPDH and CgDAPDH
variants were cultured in LB medium containing kanamycin (50 μg mL-1) at 37 °C and 200 rpm. When the
culture’s optical density (OD600) reached 0.6-0.8, 0.4 mM IPTG (�nal concentration) was added to induce

enzyme expression at 25 oC for an additional 15 h. The cells were harvested by centrifugation (6000×g,
10 min) at 4 oC, and resuspended in buffer A (25 mM Tris, 20 mM imidazole, 150 mM NaCl, pH 8.0; 10 ml
g-1 of wet weight). The cell suspensions were lysed by sonication and centrifuged at 14,000 g for 30 min.
The subsequent experiments were performed on an ÄKTA pure system (GE Healthcare) with a HisTrap HP
column (5 ml, GE Healthcare). Protein concentration of puri�ed enzyme was measured by detecting
absorbance at 280 nm using a NanoDrop 2000c spectrophotometer (Thermo Scienti�c) and taking into
account the calculated extinction coe�cients with the ExPASy ProtParam Tool. The purity of proteins
were determined by gel �ltration and SDS-PAGE. All puri�cation operations were conducted at 4 oC when
necessary.

Kinetic and activity assay
The kinetic parameters of evolved mutants were determined by measuring the initial rates of product
formation at different concentrations of HPGA (1-20 mM) in 50 mM Tris-HCl buffer (pH 8.0) at for 30 min
at 30 °C. The samples were withdrawn, extracted, and analyzed by HPLC, and KM and kcat then
calculated by nonlinear regression according to the Michaelis-Menten equation using Origin software. All
the activities were measured in triplicate.

To measure the speci�c enzyme activities of PmL-AAD, SambHmaS, PaMDH, CgDAPDH and CgDAPDH
mutants, the reaction mixture containing 10 mM corresponding substrate and a certain enzyme was
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incubated with 50 mM Tris-HCl buffer (pH 8.0) in a �nal volume of 1 mL at 30 °C for 15 min. The reaction
was stopped with centrifugation at 12,000×g for 5 min, samples were analyzed by HPLC. One unit of
enzyme is de�ned as the amount of enzyme producing 1 μmol of corresponding product per minute. The
protein concentration was determined by the Bradford protocol, with bovine serum albumin as the
standard. All experiments were conducted in triplicate.

Biotransformation procedures in a 3-L bioreactor
The conversion experiments were carried out in a 3-L bioreactor with 800-mL working volume.
Recombinant E. coli 07 were used as whole-cell biocatalyst (20 g/L) to convert 50 g/L L-tyrosine to D-
HPG. The reaction was conducted in 20 mM Tris-HCl buffer (pH 8.5, 0.5 mM CoSO4, 0.7 mM NADP+, and

50 g/L NH4Cl) at 500 rpm and 30 oC for 24 h. At the end of the reaction, 100 μL of supernatant was
separated after centrifugation (12000 g, 10 min), diluted with 900 μL mobile phase. The resulting solution
was �ltered through 0.22 μm membrane �lters and analyzed by HPLC for quantifying the products under
the conditions stated below.

Results

Cascade design and in vitro reconstruction of a D-HPG-
biosynthesis pathway
We �rst compared the structures of L-tyrosine and D-HPG, �nding that the L-tyrosine side chain contained
one more carbon than the D-HPG side chain, and that the CH2 subunit at the α position of the L-tyrosine
side chain cannot be removed by natural enzymes. Therefore, we designed a sequential cascade to
synthesize D-HPG from L-tyrosine (Fig. 1a). First, L-tyrosine was deaminized to p-hydroxyphenylpyruvate
(HPP) by an L-amino acid deaminase (L-AAD; EC 1.4.3.2), followed by HPP transfer to (S)-4-
hydroxymandelate [(S)-HMA] via oxidative decarboxylation by 4-hydroxymandelate synthase (HmaS; EC
1.13.11.46). (S)-HMA was subsequently oxidized to HPGA by (S)-mandelate dehydrogenase (MDH; EC
1.1.99.31) and �nally asymmetrically reduced to D-HPG by DAPDH (Fig. 1a).

To reconstruct this cascade pathway in vitro, a total of 20 different L-AAD, HmaS, MDH, and DAPDH
enzymes from the BRENDA database were evaluated. We subsequently chose an L-AAD from Proteus
mirabilis (PmL-AAD), HmaS from Streptomyces ambofaciens (SambHmaS), MDH from Pseudomonas
aeruginosa (PaMDH), and a highly stereoselective DAPDH variant from Corynebacterium glutamicum
(CgDAPDHBC621 containing �ve mutations: R196M/T170I/H245N/Q151L/D155G) according to their
speci�c enzyme activities (Vedha et al. 2006) (Additional �e 1: Tables S2–S5). The selected genes were
then ampli�ed, overexpressed, and puri�ed (Fig. 1b). To con�rm the feasibility of in vitro reconstruction,
the four enzymes were expressed at a molar ratio of 1:1:1:1 in the presence of 5 mM L-tyrosine. After a 4-
h reaction, we con�rmed the formation of 0.85 mM D-HPG as the �nal product by NMR and MS analysis
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(Fig. 1c and Additional �e 1: Fig. S1), demonstrating the e�cacy of the designed cascade using PmL-
AAD, SambHmaS, PaMDH, and CgDAPDHBC621 for converting L-tyrosine to D-HPG. Furthermore, Table 2
shows the kinetic parameters of the puri�ed PmL-AAD, SambHmaS, PaMDH, and CgDAPDHBC621. PmL-
AAD showed the highest kcat/Km value (4.48±0.68 mM−1·min−1), with the lowest kcat/Kmvalue detected

for CgDAPDHBC621 (0.009±0.03 mM−1·min−1). This result demonstrated CgDAPDHBC621 as the rate-
limiting step for e�cient production of D-HPG.

In vivo construction of the D-HPG biosynthesis pathway
To reconstruct this pathway in vivo, the genes encoding PmL-AAD, SambHmaS, PaMDH, and
CgDAPDHBC621 were inserted into the pACYCDuet-1 and pETDuet-1 plasmids, which were then used to
transform into Escherichia coli BL21(DE3), resulting in strain E. coli 01 (Fig. 2a). Following con�rmation
of enzyme expression (Fig. 2b), we determined the performance of E. coli 01 (20 g/L wet cells) at 30 °C,
revealing that the D-HPG titer increased from 2.35±0.5 mM to 3.62±0.9 mM along with increasing L-
tyrosine concentration (5–15 mM) (Fig. 2c); however, at L-tyrosine concentrations >15 mM, the D-HPG
titer did not increase. Speci�cally, the molar conversion of D-HPG decreased from 47.2±0.02% to
14.5±0.2% along with increases in L-tyrosine concentrations from 5 mM to 25 mM. This was due to the
accumulation of HPGA, a cascade intermediate, from 1.21±0.2 mM to 11.25±0.8 mM in the conversion
broth (Fig. 2c). Furthermore, determination of the kinetic parameters of PmL-AAD, SambHmaS, PaMDH,
and CgDAPDHBC621 in E. coli 01 showed that PaMDH exhibited a high kcat/Km value of 10.71±0.22

mM−1·min−1, whereas CgDAPDHBC621 continued to show a low kcat/Km value of 0.23±0.02 mM−1·min−1,

resulting in a PaMDH:CgDAPDHBC621 ratio of 46:1 (Additional �e 1:Table S6). This result indicated that
the imbalanced catalytic e�ciency of the four enzymes promoted accumulation of the intermediate
HPGA, which prevented continuous conversion of L-tyrosine to D-HPG.

To control the expression levels of PaMDH and CgDAPDHBC621 in strain E. coli 01, we selected four
promoter sequences with lower activation strengths to replace the T7 promoter in pETDuet-1, resulting in
strains E. coli 02-06. We found that E. coli 02 showed a signi�cantly decreased kcat/Kmvalue for PaMDH

(5.32±0.3 mM−1·min−1) and an increased kcat/Kmvalue of CgDAPDHBC621 (0.59±0.5 mM−1·min−1), which
was associated with the highest D-HPG titer (4.95±0.5 mM) from 10 mM L-tyrosine but with a low
conversion of 49.5±0.02% (Fig. 2c and 2e). To increase the expression of CgDAPDHBC621, we employed
gene duplication and ribosome-binding sequence regulation; however, this did not increase the D-HPG
titer, and HPGA accumulation always higher 4.26±0.04 mM. This was likely due to the low speci�c
activity of CgDAPDHBC621 (0.07–0.65 U·mg−1 protein), which was unable to continuously transform
HPGA into D-HPG.
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Increasing CgDAPDH activity by decreasing the
d(C6HDAP−C4NNADP) value
As shown in Fig. 3a, we elucidated the catalytic mechanism of DAPDH and divided it into three steps: (I)
hydride (H+) transfer from the Cα of meso-diaminopimelate (DAP) to the C4N of the NADP+ nicotinamide
ring results in formation of an imino acid intermediate, (II) a water molecule subsequently attacks the
imino acid intermediate to form a carbinolamine, and (III) α-keto acids and ammonia are released from
the carbinolamine (Gao et al. 2019). According to this mechanism, we de�ned two key distances as
representing the productive conformation (Fig. 3b): the hydride-transfer distance [d(C6HDAP−C4NNADP)]

describes the distance between the hydrogen atom of DAP and the C4N atom of NADP+, with this used to
represent the e�ciency of hydride transfer (in step I: 2.3 Å < d(C6HDAP−C4NNADP) < 2.7 Å); and the distance
related to water-molecule attack [d(C6DAP−ND1His152)] is de�ned as the distance between the C6 atom of
the substrate and the ND1 atom of H152 (in step II: 6.0 Å < d(C6DAP−ND1His154) < 6.8 Å) (Gao et al. 2019).

We speculated that the lower speci�c activity of CgDAPDHBC621 was mainly due to d(C6HDAP−C4NNADP) or
d(C6DAP−ND1His154) being outside of the range required for optimal DAPDH catalysis.

A homology model of CgDAPDHBC621 was reconstructed using SWISS-MODEL
(https://swissmodel.expasy.org/) based on the crystal structure of CgDAPDH (PDB ID: 5LOA)
(Parmeggiani et al. 2016). Docking analysis performed using the CgDAPDHBC621 structural model and D-
HPG (Fig. 3c) revealed the following: 1) the α6-helix region of CgDAPDHBC621 (residues R158–L149)
resides in close proximity to the carbonyl group of D-HPG, W119 and W144 sterically hinder the benzene
ring of D-HPG, and W144, H152, I169, and Y223 surround the phenolic hydroxyl group of D-HPG; 2)
additionally, in the CgDAPDHBC621 active site, we identi�ed four hydrogen bonds between D-HPG with
D120, L150, G151, and N270, as well as a pi-pi stacking interaction between D-HPG with the pyrrole ring
of W144, anchoring D-HPG in the binding cavity. In this conformation, the d(C6HDAP−C4NNADP) is 3.5 Å,
which is higher than the suitable hydride-transfer distance (range: 2.3−2.7 Å). These �ndings indicated
that D-HPG incompletely �t in the binding cavity, and the position is not bene�cial to hydride transfer.
Therefore, the substrate-binding cavity of CgDAPDHBC621 required alteration to rotate the D-HPG
conformation to decrease d(C6HDAP−C4NNADP).

To reshape the substrate-binding cavity of CgDAPDHBC621, we employed a “conformation rotation”
strategy targeting nine candidate residues (W119, D120, W144, L150, G151, H152, I169, N270, and Y223)
for NNK site-saturation mutagenesis. To e�ciently screen potential positive variants, we developed a
formazan-based high-throughput method that coupled D-HPG titer with the absorbance at 590 nm. The
lowest absorbance ratios for each mutated candidate residue relative to its variant in CgDAPDHBC621 are
shown in Additional �e 1: Table S7. To rule out detection errors, we only selected and sequenced variants
with absorbance ratios ≤0.8. We ultimately identi�ed four variants (CgDAPDHBC621/I169P,
CgDAPDHBC621/I169Y, CgDAPDHBC621/D120S, and CgDAPDHBC621/Y223C), with CgDAPDHBC621/I169P
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showing a 2.3-fold increase in speci�c activity (0.32±0.58 U·mg−1 protein) relative to CgDAPDHBC621

(Additional �e 1: Fig. S3). To further increase this activity, we constructed a recombinant variant library
that included four double-mutant variants (CgDAPDHBC621/D120S/I169P, CgDAPDHBC621/I169P/Y223C,
CgDAPDHBC621/D120S/I169Y, and CgDAPDHBC621/I169Y/Y223C). The results showed that
CgDAPDHBC621/D120S/I169P presented a 5.3-fold increase in activity (0.74±0.21 U·mg-1 protein) relative to
CgDAPDHBC621 (Additional �e 1: Fig. S4). On the other hand, an iterative saturation variant library based
on CgDAPDHBC621/I169P variant was constructed, in which CgDAPDHBC621/W144S/I169P revealed a 6.2-fold
increase in activity relative to CgDAPDHBC621 (Additional �e 1: Fig. S5). Furthermore, combining variants
CgDAPDHBC621/D120S/I169P and CgDAPDHBC621/W144S/I169P to obtain CgDAPDHBC621/D120S/W144S/I169P

resulted in a speci�c activity of 5.32±0.85 U·mg−1 protein, which was 38-fold higher than that of
CgDAPDHBC621 (Fig. 4a).

Structural comparison of CgDAPDHBC621 with CgDAPDHBC621/D120S/W144S/I169P (Fig. 4b and 4c) revealed
the following: 1) the I169P and W144S mutations increased the area for accommodating the phenol
group of D-HPG, thereby providing D-HPG with a space for “conformational rotation”; 2) the D120S
mutation resulted in a decreased hydrogen bond length with the amino group of D-HPG (from 3.0 Å to 2.9
Å), which decreased the distance between L150 and the D-HPG carboxyl group (from 3.3 Å to 3.1 Å)
(Additional �e 1: Fig. S6), and the W144S mutation eliminated the pi-pi stacking interaction between
W144 and D-HPG (Fig. 4d). These modi�cations decreased the d(C6HDAP−C4NNADP) value from 3.5 Å to 2.7

Å while also increasing the conformational stability of CgDAPDHBC621/D120S/W144S/I169P relative to
CgDAPDHBC621 (a decrease in RMSD from 3.07 Å to 2.80 Å) and decreasing the �exibility of residues in
region A (W144–Y168) (Fig. 4f and 4g). As a result, the Km value of CgDAPDHBC621/D120S/W144S/I169P

(2.48±0.28 mM) was 8.21-fold lower and the kcat value (2.69±0.30 min−1) was 14.16-fold higher than

those of CgDAPDHBC621 (Km=20.37±0.19 mM and kcat =0.19±0.37 min−1, respectively). This resulted in a

120-fold increase in the kcat/Km value of CgDAPDHBC621/D120S/W144S/I169P (1.08 mM−1·min−1) relative to

that of CgDAPDHBC621 (Table 3).

One-pot production of D-HPG at the 3-L scale
We used CgDAPDHBC621/D120S/W144S/I169P to replace CgDAPDHBC621 in E. coli 02, resulting in E. coli 07
(Additional �e 1: Fig. S7). After 24 h, we found that the D-HPG titer increased to 9.03±0.32 mM along with
a 90.3±0.03% molar conversion, which was a 1.82-fold increase relative to E. coli 02. Additionally, HPGA
accumulation remained <0.22±0.06 mM, indicating that the catalytic e�ciency of
CgDAPDHBC621/D120S/W144S/I169P matched that of PaMDH.

We then evaluated the effect of inducers (IPTG and lactose) on speci�c activity and cell growth (Fig. 5a).
The results showed that induction with IPTG (0.4 mM IPTG at 2 h) resulted in a 1.19-fold increase in
speci�c activity for CgDAPDHBC621/D120S/W144S/I169P (5.42±1.2 U·mg−1) and a 1.53-fold increase in cell
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growth (OD600=50.1±1.4) relative to lactose induction. Additionally, for the same IPTG concentration and
induction time, we determined the speci�c activities for PmL-AAD, SambHmaS, and PaMDH at 12.5±1.2
U·mg−1, 10.3±0.9 U·mg−1, and 15.6±1.5 U·mg−1, respectively. Moreover, increase in the induction time
from 2 h to 15 h resulted in the highest CgDAPDHBC621/D120S/W144S/I169P activity (6.02±0.6 U·mg−1),
although this decreased at times >15 h (Fig. 5b). Furthermore, for 15-h induction by 0.4 mM IPTG,
CgDAPDHBC621/D120S/W144S/I169P speci�c activity was further increased to 6.14±0.5 U·mg−1 at a
temperature increased from 16 °C to 25 °C, with increased cell growth also observed under these
conditions [OD600=20.4±0.1 (16 °C) vs. 41.5±1.2 (25 °C)] (Fig. 5c). These results identi�ed the optimal
conditions as 15-h induction by IPTG at 25 °C after culturing at 37 °C for 2 h.

We then investigated the effects of buffer type, pH, and temperature on the D-HPG titer at the 3-L scale.
As shown in Fig. 5d, a higher D-HPG titer was detected (39.23±1.2 g/L) in Tris-HCl buffer higher than that
of other three buffers. In Tris-HCl buffer, the D-HPG titer was further increased to a peak of 40.17±0.9 g/L
within a pH range of 6.0 to 8.5 (Fig. 5e). Assessment of the transformation temperature (range: 25–35
°C) revealed a high D-HPG titer (40.31±1.1 g/L) and conversion (87.38±0.6 %) at 30 °C (Fig. 5f).

Under the optimal induction and transformation conditions [0.7 mM NADP+, 0.5 mM CoSO4, 20 mM Tris-
HCl buffer (pH 8.5) and 30 °C], we obtained 42.69 g/L D-HPG in a 3-L fermentation using 20 g/L (wet cell)
E. coli 07 from 50 g/L L-tyrosine in 20 h with a 92.5% conversion and >99% ee.

Discussion
Numerous methods have been designed to e�ciently produce D-HPG, with these mainly including
chemical synthesis and enzymatic conversion. Chemical synthesis includes chiral separation,
esteri�cation-coupled hydrolysis, induced crystallization, and asymmetric transformation (Yu et al. 2009;
Zhang et al. 2010). Although these methods are e�cient for D-HPG production, their disadvantages
include the need for high-cost precursors, multi-step separation and puri�cation processes, and the
production of toxic intermediates (Van et al. 2007; Zhang et al. 2015). For enzymatic conversion, a recent
study used DL-HPH as a substrate in a two-step enzymatic process catalyzed by Hase and Case, resulting
in 29.10 g/L D-HPG produced from 30 g/L DL-HPH in 12 h (Hu and Lin 2015); however, DL-HPH is usually
obtained by the condensation of urea, phenol, and glyoxylic acid, which requires harsh conditions, thereby
increasing the cost of D-HPG production (Bellini et al. 2019). Therefore, the development of a lower-cost
and environmentally friendly method for e�cient production of D-HPG remains a necessity. In this study,
we designed a novel cascade pathway for the production of D-HPG from L-tyrosine, a low-cost and widely
available amino acid. This pathway has three advantages: 1) use of a low-cost substrate and reagents (L-
tyrosine and NH4Cl, respectively) to produce D-HPG; 2) simple procedures using a single E. coli strain 07
for one-pot L-tyrosine conversion to D-HPG and no additional separation/puri�cation processes; and 3)
an environmentally friendly process with no generation of toxic intermediates (those generated in situ can
be directly consumed in the reaction sequence).
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We found high levels of the intermediate HPGA generated during conversion (4.26 ± 0.04 mM) due to the
lower activity of CgDAPDHBC621, which caused an imbalance in enzyme activity in the cascade.
Therefore, we applied a mechanism-guided “conformation rotation” strategy to shorten the
d(C6HDAP−C4NNADP) in variant CgDAPDHBC621/D120S/W144S/I169P, resulting in 38-fold and 120-fold increases

in the speci�c activity and kcat/Km value relative to CgDAPDHBC621, respectively. To improve the catalytic
properties of DAPDH, previous studies employed several protein engineering strategies, including random
mutagenesis and rational design (Akita et al. 2018; Cheng et al. 2018; Zhang et al. 2018). Random
mutagenesis can optimize enzyme e�ciency without the need for a detailed knowledge of protein
structure (Cho et al. 2019). CgDAPDHBC621 was originally obtained after screening ~ 100,000 variants and
exhibited a 975-fold increase in speci�c activity toward D-2-aminooctanoate (Vedha et al. 2006).
However, random mutation might not cover all sequences and requires an enormous screening effort
(Chen et al. 2019). In contrast, rational design is based on analysis of structure–function relationships or
catalytic mechanisms and greatly reduces screening efforts (Kan et al. 2016). Recently, this approach
was used to identify a double-mutant variant of Symbiobacterium thermophilum StDAPDHW121L/H227I via
structural alignment, resulting in a 34.45-fold increase in activity toward 2-oxo-4-phenylbutyric acid
relative to wild-type StDAPDH (Cheng et al. 2018). However, existing rational-design strategies mainly
focus on the DAPDH active site, with few strategies addressing the asymmetric amination mechanism of
the DAPDH. In this study, our use of the “conformation rotation” strategy had three main characteristics:
1) de�ne the rate-limiting step based on the reaction mechanism (the hydride-transfer distance
[d(C6HDAP−C4NNADP)]) (Fig. 3a) and make appropriate changes to promote e�cient asymmetric amination
of HPGA; 2) identify hotspots, which were de�ned in this case as bulky residues proximal to the D-HPG
substrate, and use them to perform rational engineering of bene�cial variants; and 3) create a small
mutation library comprising multiple variants for high-throughput screening, which was more e�cient
than random mutagenesis and enabled rapid identi�cation of optimal variants.

By introducing CgDAPDHBC621/D120S/W144S/I169P into strain E. coli 07 and then optimizing the induction
and transformation conditions, we obtained 42.69 g/L of D-HPG with a 92.5% conversion and > 99% ee
during one-pot transformation. To the best of our knowledge, this represents the highest reported D-HPG
titer. These �ndings demonstrate the e�cacy of the developed cascade pathway for improving the D-HPG
titer and represent a potentially attractive strategy for use in industrial production of D-HPG.

Conclusions
To develop an e�cient method for D-HPG production, we designed a novel four-enzyme cascade pathway
using L-tyrosine as substrate and reconstructed this pathway in vivo. We further increased the e�ciency
of the pathway by improving the catalytic e�ciency of CgDAPDH, the rate-limiting step, toward the HPGA
intermediate using a mechanism-guided “conformation rotation” strategy. Introduction of the best
engineered variant (CgDAPDHBC621/D120S/W144S/I169P) into E. coli 07 allowed one-pot conversion of L-
tyrosine to 42.69 g/L D-HPG during 3-L fermentation. These results describe a potential enzymatic
process that allows industrial-scale production of D-HPG from cheap amino acids.
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Table 1 Host strains and plasmids used in this study

Straina Recombinant plasmidsb in the strain

E. coli 01 pACYC-PmL-AAD-SambHmaS, pET-PaMDH-CgDAPDHBC621

E. coli 02 pET-(Tac)PaMDH-CgDAPDHBC621

E. coli 03 pET-(T5)PaMDH-CgDAPDHBC621

E. coli 04 pET-(Tre)PaMDH-CgDAPDHBC621

E. coli 05 pET-(Trp)PaMDH-CgDAPDHBC621

E. coli 06 pET-(T7)PaMDH-CgDAPDHBC621

E. coli 07 pACYC-PmL-AAD-SambHmaS, pET-(Tac)PaMDH-CgDAPDHBC621/D120S/W144S/I169P

Note. L-AAD: L-amino acid deaminase; HmaS: 4-hydroxymandelate synthase; MDH: (S)-mandelate
dehydrogenase; DAPDH: meso-diaminopimelate dehydrogenase.

a The strains were constructed by transforming the corresponding recombinant plasmids into E. coli BL21
(DE3) express strains (New England Biolabs).

b The recombinant plasmids were constructed on pACYCDuet-1 or pETDuet-1 (Novagen). 

Table 2 Kinetic constants of puri�ed PmL-AAD, SambHmaS, PaMDH, CgDAPDHBC621

Enzyme Speci�c activitya

(U·mg-1 protein)

Km (mM) kcat (min-1) kcat/Km
b

(mM-1·min-1)

PmL-AAD 8.95±0.38 1.29±0.18 5.78±0.07 4.48±0.68

SambHmaS 7.25±0.98 2.37±0.04 6.44±0.25 2.72±0.13

PaMDH 9.26±0.37 3.92±0.27 10.11±0.18 2.58±0.21

CgDAPDHBC621 0.14±1.60 20.37±1.08 0.19±0.47 0.009±0.03

Note. L-AAD: L-amino acid deaminase; HmaS: 4-hydroxymandelate synthase; MDH: (S)-mandelate
dehydrogenase; DAPDH: meso-diaminopimelate dehydrogenase.

a The speci�c activity was determined with 10 μM puri�ed enzymes and 10 mM corresponding substrate
in 1ml Tris-HCl buffer (50 mM, pH 8.0) at 30 oC for 15 min.
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b The kcat /Km values was determined with 10 μM puri�ed enzymes and 1-20 mM corresponding

substrate in 1ml Tris-HCl buffer (50 mM, pH 8.0) at 30 oC for 30 min.

Table 3 Kinetic constants of puri�ed CgDAPDHBC621 and its variants

Variants Speci�c activitya

(U·mg-1 protein)

Km (mM) kcat (min-1) kcat/Km
b

(mM-1·min-1)

BC621 0.14±0.18 20.37±0.19 0.19±0.37 0.009

I169P 0.32±0.58 8.17±0.89 1.48±0.25 0.18

D120S/I169P 0.74±0.21 7.83±0.03 1.46±0.70 0.19

W144S/I169P 0.87±0.47 8.07±0.68 1.35±1.39 0.17

D120S/W144S/I169P 5.32±0.85 2.48±0.28 2.69±0.30 1.08

Note. DAPDH: meso-diaminopimelate dehydrogenase.

a The speci�c activity was determined with 10 μM puri�ed CgDAPDHBC621 or its variants and 10 mM
HPGA in 1ml Tris-HCl buffer (50 mM, pH 8.0, 20 mM NH4Cl) at 30 oC for 15 min.

b The kcat /Km values was determined with 10 μM puri�ed CgDAPDHBC621 or its variants and 1-20 mM

HPGA in 1ml Tris-HCl buffer (50 mM, pH 8.0, 10 mM NH4Cl) at 30 oC for 30 min.

Figures
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Figure 1

Cascade design and in vitro reconstruction of D-HPG biosynthesis pathway. (a) Schematic representation
of D-HPG biosynthesis from L-tyrosine through a four-enzyme cascade. (b) Cascade pathway protein
characterization. Enzymes involved in this system were puri�ed and analyzed by SDS-PAGE. (c) Analysis
of the in vitro reconstructed system with LC–MS. The four-enzyme system was supplemented with 10
mM L-tyrosine, 0.5 mM NADP+, 20 mM NH4Cl, 0.5 mM CoSO4, and each of the four puri�ed enzymes
with 10 μM.
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Figure 2

In vivo construction and optimization of multi-step cascade reactions. (a) Strain E. coli 01 containing
double plasmids to express PmL-AAD, SambHmaS, PaMDH, and CgDAPDHBC621. (b) SDS-PAGE
analysis of strain E. coli 01 from cell-free extracts. M: Maker; con: E. coli BL21 without overexpressing any
enzymes. (c) Effect of substrate loading on D-HPG production by strain E. coli 01. (d) The kcat/Km of
PaMDH and CgDAPDHBC621 in recombinant strains with different promoter sequences. (e) Effect of
substrate loading on D-HPG production by strain E. coli 02. The reactions were supplemented with
varying concentrations of L-tyrosine from 5 to 25 mM and 20 g/L wet cell added at 30 oC. The conversion
and titer were obtained after completion of the reactions and determined by HPLC analysis. The values
are averages of three experiments.



Page 21/24

Figure 3

Putative mechanism of DAPDH catalysis and docking analysis of CgDAPDHBC621-NADP+ with D-HPG.
(a) A schematic view of the DAPDH reduction mechanism adapted to DAP. the hydride transfer from DAP
(C4H) to NADP+ (C4N) are marked as pink spheres, the C6 of imino acid intermediate attacked by water
and the ND1 of H152 are marked as blue spheres. (b) Two key distances in reductive amination process.
The yellow dash lines denote d(C6HDAP−C4NNADP) and d(C6DAP−ND1His152), respectively. NADP+
cofactor is shown in cyan, DAP is shown in orange, and residue H152 is shown in green. (c) A detailed
active site view of CgDAPDHBC621-NADP+ with D-HPG. D-HPG is shown in purple, residue W119 is
shown in orange, W144 is shown in lightpink, I169 is shown in magenta, and Y223 is shown in yellow. (d)
The interactions between D-HPG and CgDAPDHBC621 and the two key distance values. The green dash
lines denote hydrogen-bond interactions and the cyan dash line denote pi-pi stacking interaction. Residue
D120 is shown in orange, L150 is shown in magenta, G151 is shown in yellow, and N270 is shown in
white.
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Figure 4

Improvement of the catalytic activity of CgDAPDHBC621 toward HPGA by “conformational rotation”
strategy. (a) Directed evolution of the parent CgDAPDHBC621 for reductive amination of HPGA. (b) The
binding pocket surface of CgDAPDHBC621. D-HPG is shown in purple. (c) The binding pocket surface of
CgDAPDHBC621/D120S/W144S/I169P. D-HPG is shown in orange. (d) Docking of the D-HPG into the
active site of CgDAPDHBC621/D120S/W144S/I169P. D-HPG is shown in orange, NADP+ cofactor is
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shown in cyan, residue S120 is shown in purple, L150 is shown in magenta, G151 is shown in yellow, and
H152 is shown in green. The hydrogen-bond between D-HPG and residues S120, L150, G151 and N270
are shown in green dash lines, respectively. The yellow dash lines denote d(C6HDAP−C4NNADP) and
d(C6DAP−ND1His152), respectively. (e) Superposition of the D-HPG conformation in parent
CgDAPDHBC621 and variant CgDAPDHBC621/D120S/W144S/I169P. (f-g) RMSD values calculated from
MD simulations of CgDAPDHBC621 and CgDAPDHBC621/D120S/W144S/I169P. The highlight
represented the changes of the region with noticeable movements for CgDAPDHBC621.

Figure 5

Optimizations during induction and conversion process with strain E. coli 07. (a) Effect of inducers (IPTG
and lactose) on speci�c activity of the four route enzymes and cell growth of E. coli 07. (b) Effect of
induction time on CgDAPDHBC621/D120S/W144S/I169P speci�c activity and cell growth. (c) Effect of
induction temperature on CgDAPDHBC621/D120S/W144S/I169P speci�c activity and cell growth. (d)
Effect of buffer type on D-HPG concentration. (e) Effect of buffer pH on D-HPG concentration. (f) Effect
of transformation temperature on D-HPG concentration. Reactions were performed in triplicate with
resting cells of E. coli 07 (20 g/L wet cells) and 50 g/L L-tyrosine in 800 ml Tris-HCl buffer (20 mM, pH
8.5, 50 g/L NH4Cl, 0.5 mM CoSO4 and 0.7 mM NADP+) at 500 rpm and 30 °C for 24 h. The conversion
and titer were obtained after completion of the reactions and determined by HPLC analysis.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.



Page 24/24

Graphicalabstract.docx

Supportinginformation.docx

https://assets.researchsquare.com/files/rs-296444/v1/dfbdae77ceaf2de582d24a18.docx
https://assets.researchsquare.com/files/rs-296444/v1/ce01cd999338a6bca92b7a98.docx

