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Abstract

Protein engineering

In this study, a four-enzyme cascade pathway was developed and reconstructed in vivo for the production of p-p-hy-
droxyphenylglycine (D-HPG), a valuable intermediate used to produce -lactam antibiotics and in fine-chemical
synthesis, from (-tyrosine. In this pathway, catalytic conversion of the intermediate 4-hydroxyphenylglyoxalate by
meso-diaminopimelate dehydrogenase from Corynebacterium glutamicum (CgDAPDH) was identified as the rate-lim-
iting step, followed by application of a mechanism-guided “conformation rotation” strategy to decrease the hydride-
transfer distance dcgypap_cannapp) and increase CgDAPDH activity. Introduction of the best variant generated by pro-
tein engineering (CgDAPDHB021/D120S/WIA4SITEP itk 53D + 0,85 U-mg ™' specific 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, 71.5% isolated yield, and
>99% enantiomeric excess in a 3-L fermenter. This four-enzyme cascade provides an efficient enzymatic approach for
the industrial production of D-HPG from cheap amino acids.
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Introduction
D-p-Hydroxyphenylglycine (D-HPG) is an important
intermediate that is widely used in the pharmaceuti-
cal and fine-chemical industries for the production of
B-lactam antibiotics (e.g., amoxicillin) and aromatic
aldehydes (e.g., 4-hydroxybenzaldehyde) (Tripathi et al.
2000; Zhang and Cai 2014; Zhang et al. 2010). Currently,
D-HPG is in high demand with a total annual market vol-
ume of ~ 10,000 tons (Li et al. 2019); therefore, the devel-
opment of a practical method for the efficient 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.
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Approaches for the chemical synthesis of D-HPG mainly
include chiral separation and esterification coupled with
hydrolysis (Pollegioni et al. 2020). Using benzenesulfonic
acid as a chiral agent, D-HPG can be separated from pL-
p-hydroxyphenylglycine (DL-HPG) (Zhao and Xu 2015);
however, the optical purity of D-HPG obtained by chi-
ral separation is unsatisfactory, with further purification
required. Esterification-coupled hydrolysis has emerged
as a suitable technique to facilitate the industrial produc-
tion of D-HPG. In this process, DL-HPG is first esteri-
fied with thionyl chloride to generate DL-HPG methyl
ester, followed by hydrolysis to generate D-HPG (Zhang
et al. 2011). Alternatively, enzyme catalysis provides a
promising and efficient approach for synthesizing chiral
chemicals (Wiltschi et al. 2020; Wu et al. 2021; Xue et al.
2018), such as (R)-B-tyrosine, (R)-phenyllactic acid, and
L-homophenylalanine, which are commonly used in the
synthesis of pharmaceuticals, cosmetics, and fine chemi-
cals (Song et al. 2018; Wang et al. 2020). Accordingly,
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an enzymatic catalysis strategy involving dual-enzyme
synthesis was developed, with this process comprising
ring opening of pL-hydroxyphenylhydantoin (DL-HPH)
and hydrolysis, catalyzed by p-hydantoinase (Hase; EC
3.5.2.2) and N-carbamoyl-p-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 significantly limit
industrial application of this process. Therefore, develop-
ment of an efficient D-HPG-synthesis method remains
challenging.

A biosynthetic pathway of vancomycin group anti-
biotics was characterized and modified to produce
three phenylglycine analogues, including L-p-hydroxy-
phenylglycine (L-HPG), Dp-phenylglycine (D-Phg), and
L-phenylglycine (L-Phg). As illustrated in Fig. 1la, the
biosynthetic pathway with L-tyrosine as a substrate, and
4-hydroxymandelate synthase (HmaS; EC 1.13.11.46),
4-hydroxymandelate oxidase (Hmo; EC 1.1.3.46), and
(S)-3,5-dihydroxyphenylglycine transaminase (HpgT; EC
2.6.1.103) as catalysts enabled the synthesis of L-HPG,
which is a crucial component of certain peptidic natu-
ral products (Choroba et al. 2000; Hubbard et al. 2000).
On this basis, an artificial D-Phg biosynthesis pathway
harboring Hma$S, Hmo, and p-4-hydroxyphenylglycine
transaminase (HpgAT; EC 2.6.1.72) was created and
introduced into an L-phenylalanine-producing E. coli
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strain (Fig. 1b) (Muller et al. 2006). After deleting the
genes encoding the main aminotransferases for byprod-
uct L-phenylalanine synthesis, tyrB and aspC, 102+6
mg/g DCW D-Phg was generated from L-phenylalanine.
Recently, Liu et al. reported a strategy by which HpgAT
was replaced with HpgT using L-Phe as the amino donor
to develop an artificial cascade route for L-Phg produc-
tion (Fig. 1c) (Liu et al. 2014a, 2016). Further optimiza-
tion of the expression of Hma$S, Hmo, and HpgT, along
with attenuation of L-Phe transamination resulted in
up to 51.6 mg/g DCW of L-Phg. Although this path-
way shows great potential to produce D-HPG, there are
two obvious disadvantages that remain to be solved: (1)
the oxidation process catalyzed by Hmo accumulates
cytotoxic H,O,, which requires additional catalase for
consumption of H,O,, thus complicating the reaction
process; and (2) the transamination processes catalyzed
by HpgT or HpgAT require an amino donor as the co-
substrate, resulting in a large increase in the total reac-
tion costs. Considering these limitations, it is urgent to
develop suitable catalytic enzymes.
meso-Diaminopimelate dehydrogenase (DAPDH; EC
1.4.1.16) is an excellent enzyme for converting bulky aro-
matic a-keto acids to the corresponding p-amino acids
(Ahmed et al. 2015; Gao et al. 2012, 2017). In recent
decades, the catalytic activity toward bulky aromatic
a-keto acids has been improved as a consequence of
protein engineering (Akita et al. 2012; Gao et al. 2013;
Liu et al. 2014b). For example, mutation of Ureibacillus
thermosphaericus DAPDH (UtDAPDHP%*4) resulted in
an 8.3-fold increase in enzyme activity toward various
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bulky a-keto acids such as phenylpyruvic acid (Hayashi
et al. 2017). Correspondingly, the substrate scope of
DAPDH could also be broadened. For example, DAPDH
from Clostridium tetani E88 (CtDAPDH) showed no
detectable activity toward phenylpyruvic acid, whereas
the activity of the variant strain with several introduced
mutations  (CfDAPDHQIS4L/TI73/RIOM/P24SS/H24IN/N276S)
toward phenylpyruvic acid increased to 0.11 U-mg~* (Liu
et al. 2015). Therefore, DAPDH could be employed to
support the reductive amination of 4-hydroxyphenylgly-
oxalate (HPGA) to D-HPG.

In this study, a four-enzyme cascade pathway ena-
bling the transformation of L-tyrosine to D-HPG was
developed and the pathway was reconstructed in vivo.
To increase the D-HPG titer, a mechanism-guided “con-
formation rotation” strategy was further developed
to improve the catalytic activity of CgDAPDH toward
HPGA. Incorporating the optimal CgDAPDH variant
into the cascade pathway enabled the synthesis of 42.69
g/L D-HPG from 50 g/L L-tyrosine in 24 h with 92.5%
conversion, 71.5% isolated yield, and >99% enantiomeric
excess (ee) in a 3-L scale fermenter.

Methods

Reagents

Commercial reagents, standards, and solvents were pur-
chased from Sigma-Aldrich (Shanghai, China), Meryer
Chemicals (Shanghai, China), Aladdin Reagents (Shang-
hai, China), J&K Chemicals (Beijing, China), and TCI
Chemicals (Shanghai, China), and used without further
purification.

Strains and plasmids

The host strain Escherichia coli BL21 (DE3) was pur-
chased 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 CgDAPDHEB?! and its variants were con-
structed using the SWISS-MODEL online server
(http://swissmodel.expasy.org/) with DAPDH from
Corynebacterium glutamicum as template (CgDAPDH,
99% identity, PDB ID: 5LOA). Quality assessment of the
resulting models was performed using the Verify 3D
and Procheck programs in SAVE V5.0 (http://servicesn.
mbi.ucla.edu/SAVES/). Verify 3D determines the com-
patibility of a 3D atomic model with its own 1D amino
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Table 1 Host strains and plasmids used in this study

Strain?® Recombinant plasmids® in the strain

E. coliO1 PACYC-PmL-AAD-SambHmas, pET-PaMDH-CgDAPDHEC?!
E.coli02 ;t)ETf(TaC)Pal\/IDHngDAPDHBC621

£ coli03 PET-(r5)PaMDH-CgDAPDHE?'

K
£ coli04 PET-,¢/PaMDH-CgDAPDHC62'
E.coli05 PET-(7,)PaMDH-CgD APDHBCE2!
E. coli 06 PET-(7,PaMDH-CgDAPDHE?'

E.coli 07 pACYC-PmL-AAD-SambHmas, pET-

PaMDH-CgDAPD-
|{BC621/D1205/W1445/1169P ) 9

Tac,

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

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

5The recombinant plasmids were constructed on pACYCDuet-1 or pETDuet-1
(Novagen)

acid sequence by assigning a structural class, and com-
paring the results to well-resolved structures (Bowie
et al. 1991; Luthy et al. 1992). At least 80% of residues
with a 3D-1D score > 0.2 are qualified. The evaluation
results showed that 98.12% of the residues have an
average 3D-1D score > 0.2, indicating that the quality
of the model met the requirements (Additional file 1:
Fig. S1). The Procheck program uses Ramachandran
plots to reflect the stereochemical quality of a protein
structure by analyzing the residue-by-residue geometry
and overall structure geometry (Laskowski et al. 1993).
A good-quality model would be expected to have over
90% amino acid residues in the most favored regions.
Evaluation of Ramachandran plots showed that 93.9%
of the residues were in the most favored regions, indi-
cating that the quality of the model was acceptable
(Additional file 1: Fig. S2). The Ramachandran plots
also showed that only residue D218 was present in the
unfavorable region. Further analysis showed that D218
is far away from the active center and does not affect
the accuracy of the CgDAPDHEB?! structural model.
Model optimization was performed by 5-ns dynamics
simulations using GROMACS with the GROMOS96
54a7 force field. The protein conformation of the last
frame was extracted as the optimal CgDAPDHB®!
model for subsequent molecular docking and molecu-
lar dynamics (MD) simulation analyses (Additional
file 1: Fig. S3).

The 3D structures of D-HPG, HPGA, 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 simula-
tions were performed using Autodock Vina and CgDA-
PDHEC2! models.
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MD simulations

The MD simulations were performed using GROMACS
with the GROMOS96 54a7 force field following the three
main steps of energy minimization, system equilibration,
and production protocols (Abraham et al. 2015). 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 simula-
tion under NVT ensemble was performed with an inte-
gration time step of 2 fs via use of the periodic boundary
condition. All simulations were performed individu-
ally for both the complexes of CgDAPDHE?! and its
mutants. The MD simulations results were analyzed in
GROMACS. The difference of root-mean-square devia-
tion (RMSD) between CgDAPDHEBC®?! and CgDAPD-
HBCO2I/DL20S/WIMS/IOP yore calculated in the last 15 ns
when the values were balanced. The flexible region A
identified by MD simulations comprised residues W144
to Y168, and the flexible region B comprised residues
T42 to V6l.

HPLC analysis

Identification of products was accomplished by HPLC
analysis based on the integration of monomer peaks
using external commercial standards. Analysis of the
concentration and ee of D-HPG was conducted using
Agilent 1260 HPLC with Daicel Crownpak CR-I (+) col-
umn (150 x 3 mm, 5 pm; Daicel Co., Japan) and pH 1.5
HCIO, a.q./acetonitrile (90/10, v/v) as the mobile phase.
Flow: 0.2 mL/min, temperature: 25 °C, wavelength: 253
nm.

Directed evolution experiments

Construction of CgDAPDH variants

The mutant library was constructed by whole-plasmid
PCR using PrimeSTAR®HS (TaKaRa) and plasmid
pET28a-CgDAPDHE®?! a5 the template. The primers
used for variants construction are listed in Additional
file 1: Table S1. The resultant PCR products were digested
with Dpnl to eliminate the template plasmid. After elimi-
nation, 10 pL 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 pL LB medium with 50-pg/
mL kanamycin in 96-deepwell plates and shaken at 37 °C
for 12 h. Then, they were 1:10 diluted into 500 pL fresh
medium in new 96-deepwell plates (containing 2-g/L
glucose and 4-g/L lactose). After shaking at 37 °C for 3
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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 3600x g at 4 °C for 15 min.
The cells were resuspended in 200 pL 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 crude extract was obtained by centrifugation
at 3600 x g for 15 min at 4 °C.

High-throughput screening

After centrifugation, 50-pL supernatant was added into
a new 96-well plate containing 500 pL Tris—HCI buffer
(50 mM, pH 8.0), 10-mM HPGA, and 0.5-mM NADPH,
and then incubated at 30 °C for 24 h. The same volume of
a dye mixture containing 0.01 g/L of phenazine metho-
sulfate (PMS) and 0.2 g/L of nitroblue tetrazolium (NBT)
was then added to 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 Syn-
ergy microplate reader, in the presence of PMS. The
absorbance ratios was coupled to D-HPG titer and the
absorbance at 590 nm for each candidate residue of the
site-saturation libraries relative to those of CgDAPD-
HB2! were calculated. Only when the absorbance of
ratio < 0.8, the strain was sequenced and tested in shak-
ing flasks.

Fermentation medium and conditions

Shaking culture

A single colony of recombinant E. coli strain was culti-
vated overnight (10-12 h, 37 °C) in LB medium (10-g/L
peptone, 5-g/L yeast extract, and 10-g/L NaCl; pH 7.0)
with appropriate antibiotics (50-pg/mL kanamycin or
100-pg/mL ampicillin) and used as the inoculum (1%).
The culture was then transferred into 50-mL Terrific
Broth (TB) medium (24-g/L yeast extract, 12-g/L tryp-
tone, 5-g/L glucose, 2.31-g/L. KH,PO,, and 16.43-g/L
K,HPO, pH 7.0) containing appropriate antibiotics in
a 500-mL flask. When the ODg, of the culture broth
reached 0.6-0.8, isopropyl p-D-1-thiogalactopyranoside
(IPTG) was added to a final concentration of 0.4 mM to
induce gene expression. The cells were inducted at 25 °C
for 15 h and collected by centrifugation (6000xg, 8 min).
Then, the cell pellets were resuspended in an appro-
priate 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 flow rate of 1.5 vvm and a stirrer speed of
500 rpm. The pH was maintained at 7.0 by automatically
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feeding concentrated carbon and nitrogen resources
(400-g/L glucose, 100-g/L yeast extract, and 25-g/L tryp-
tone; start feeding after a steep rise in dissolved oxygen,
14 mL/h). Enzyme expression was induced at 25 °C with
0.4-mM IPTG (final concentration) at an optical density
of 4 at 600 nm. Pre-cultures were grown in 500-mL flasks
as described above. The cell pellets were collected for
preparative biotransformation after 12-h induction.

Enzyme purification

The recombinant E. coli strains containing PmL-AAD,
SambHmaS, PaMDH, CgDAPDH, and CgDAPDH vari-
ants were cultured in LB medium-containing kanamy-
cin (50 pg/mL) at 37 °C and 200 rpm. When the culture’s
optical density (ODg,) reached 0.6-0.8, 0.4-mM IPTG
(final concentration) was added to induce enzyme
expression at 25 °C for an additional 15 h. The cells were
harvested by centrifugation (6000xg, 10 min) at 4 °C,
and resuspended in buffer A (25-mM Tris, 20-mM imi-
dazole, 150-mM NacCl, pH 8.0; 10 mL/g of wet weight).
The cell suspensions were lysed by sonication and the
lysate containing L-amino acid deaminase (L-AAD) was
treated with Tween 80 as a surfactant to dissolve L-AAD
for 2 h, followed by centrifugation at 14,000xg for 30
min. The lysate containing Hma$, (S)-mandelate dehy-
drogenase (MDH), or DAPDH was directly centrifuged at
14,000x g for 30 min. The subsequent experiments were
performed on an AKTA pure system (GE Healthcare)
with a HisTrap HP column (5 mL, GE Healthcare). Pro-
tein concentration of purified enzyme was measured by
detecting absorbance at 280 nm using a NanoDrop 2000c
spectrophotometer (Thermo Scientific) and taking into
account the calculated extinction coefficients with the
ExPASy ProtParam Tool. The purity of the proteins was
determined by gel filtration and SDS-PAGE. All purifica-
tion operations were conducted at 4 °C when necessary.

Activity assay

The activity of L-AAD was determined by measuring the
initial rate of deamination of L-tyrosine by HPLC under
the following conditions: 10-pM purified L-AAD and
10-mM L-tyrosine in 1-mL Tris—HCI buffer (50 mM, pH
8.0) at 30 °C for 5 min. The reaction was stopped with
centrifugation at 12,000xg for 5 min, and the samples
were analyzed by HPLC. One unit of activity was defined
as the amount of enzyme required for deaminizing 1-uM
L-tyrosine per minute.

The activity of Hma$ was determined by measuring the
initial rate of oxidation of 4-hydroxyphenylpyruvate (HPP)
by HPLC under the following conditions: 10-uM purified
HmaS, 10-mM HPP, and 0.5-mM CoSO, in 1-mL Tris—
HCl buffer (50 mM, pH 8.0) at 30 °C for 5 min. The reaction
was stopped with centrifugation at 12,000 g for 5 min, and

Page 5 of 15

samples were analyzed by HPLC. One unit of activity was
defined as the amount of enzyme required for producing
1-uM (S)-4-hydroxymandelate (HMA) per minute.

The activity of MDH was determined by measuring the
initial rate of oxidation of (S)-HMA by HPLC under the
following conditions: 10-pM purified MDH, 10-mM (S)-
HMA, and 0.5-mM NADP" in 1-mL Tris—HCI buffer (50
mM, pH 8.0) at 30 °C for 5 min. The reaction was stopped
with centrifugation at 12,000xg for 5 min, and samples
were analyzed by HPLC. One unit of activity was defined
as the amount of enzyme required for producing 1-uM
HPGA per minute.

The activity of DAPDH was determined based on the
change of NADPH absorbance at 340 nm under the follow-
ing conditions: 10-uM purified DAPDH, 10-mM HPGA,
0.5-mM NADPH, and 20-mM NH,CI in 1-mL Tris—HCl
buffer (50 mM, pH 8.0) at 30 °C for 5 min. One unit of
activity was defined as the amount of enzyme required for
oxidizing 1-uM NADPH per minute.

The protein concentration was determined by the Brad-
ford protocol, using bovine serum albumin as the standard.
All experiments were conducted in triplicate.

Kinetic assay

The kinetic parameters of enzymes were determined by
measuring the initial rates of product formation at dif-
ferent concentrations of substrate (1-20 mM) for 5 min.
Other assay conditions were the same as those described
above for the corresponding activity assay. The samples
were withdrawn, extracted, and analyzed by HPLC. The
K, and k_,, values were calculated by nonlinear regression
according to the Michaelis—Menten equation using Origin
software.

Biotransformation procedures in a 3-L bioreactor

The conversion experiments were carried out in a 3-L bio-
reactor 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—HCI buffer (pH 8.5, 0.5-mM CoSO,, 0.7-
mM NADP™, and 50-g/L NH,Cl) at 500 rpm and 30 °C for
24 h. At the end of the reaction, 100 uL of supernatant was
separated after centrifugation (12,000xg, 10 min), diluted
with 900 puL mobile phase. The resulting solution was fil-
tered through 0.22-um membrane filters and analyzed by
HPLC for quantifying the products under the conditions
stated below.

Results

Cascade design and in vitro reconstruction

of the D-HPG-biosynthesis pathway

Comparison of the structures of L-tyrosine and D-HPG
showed that the r-tyrosine side chain contained one
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more carbon than the D-HPG side chain, and that the
CH, subunit at the « position of the L-tyrosine side chain
cannot be removed by natural enzymes. Therefore, a
sequential cascade was designed to synthesize D-HPG
from L-tyrosine (Fig. 2a): first, L-tyrosine was deamin-
ized to HPP by an L-AAD (EC 1.4.3.2), followed by HPP
conversion to (S)-HMA via oxidative decarboxylation by
HmaS. (S)-HMA was subsequently oxidized to HPGA
by (S)-MDH (EC 1.1.99.31) and finally asymmetrically
reduced to D-HPG by DAPDH (Fig. 2a).

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.
An L-AAD from Proteus mirabilis (PmL-AAD), Hma$
from Streptomyces ambofaciens (SambHmaS), MDH
from Pseudomonas aeruginosa (PaMDH), and a highly
stereoselective DAPDH variant from Corynebacterium
glutamicum (CgDAPDHB®?! containing five mutations:

Page 6 of 15

R196M/T1701/H245N/Q151L/D155G)  were  subse-
quently selected according to their specific enzyme activ-
ities (Vedha et al. 2006) (Additional file 1: Tables S2-S5).
The selected genes were then amplified, overexpressed,
and purified (Fig. 2b). To confirm the feasibility of
in vitro reconstruction, the four enzymes were employed
at a molar ratio of 1:1:1:1 with 5-mM L-tyrosine. After
a 4-h reaction, the formation of 0.85-mM D-HPG was
confirmed as the final product by NMR and MS analy-
sis (Fig. 2c and Additional file 1: Fig. S4), demonstrating
the efficacy of the designed cascade using PmL-AAD,
SambHma$S, PaMDH, and CgDAPDHE®*! for converting
L-tyrosine to D-HPG.

In vivo construction of the D-HPG biosynthesis pathway

To reconstruct this pathway in vivo, the genes encoding
PmL-AAD, SambHma$S, PaMDH, and CgDAPDHBC62!
were inserted into the pACYCDuet-1 and pETDuet-1

a
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Fig. 2 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. ¢ 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 NH,Cl, and 0.5-mM CoSO,, and each of the four
purified enzymes with 10 uM
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plasmids, which were then transformed into E. coli BL21
(DE3), resulting in strain E. coli 01 (Fig. 3a). Following
confirmation of enzyme expression (Fig. 3b), the perfor-
mance of E. coli 01 (20-g/L wet cells) was determined
at 30 °C, revealing that the D-HPG titer increased from
2.35+0.5 mM to 3.624+0.9 mM along with increas-
ing L-tyrosine concentration (5-15 mM) (Fig. 3c); how-
ever, at L-tyrosine concentrations>15 mM, the D-HPG
titer did not increase. Specifically, the molar conversion
of D-HPG decreased from 47.240.02% to 14.5+0.2%
along with an increase in the L-tyrosine concentra-
tion from 5 to 25 mM. This decrease was due to the
accumulation of HPGA, a cascade intermediate, from
121£02 mM to 11.254+0.8 mM in the conversion
broth (Fig. 3c). Furthermore, determination of the prop-
erties of PmL-AAD, SambHmaS, PaMDH, and CgDA-
PDHP“?! in E. coli 01 showed that PaMDH exhibited
high specific activity of 8.29 U-mg™'-protein, whereas
CgDAPDHE®?! continued to show low specific activity
of 0.37 U-mg '-protein, resulting in a PaMDH: CgDAP-
DHB®®?! ratio of 22: 1 (Table 2). This result indicated that
the imbalanced catalytic activities of the four enzymes
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promoted the accumulation of the intermediate HPGA,
which prevented the continuous conversion of L-tyrosine
to D-HPG.

To control the expression levels of PaMDH and CgDA-
PDHBC2! in strain E. coli 01, four promoter sequences
with lower activation strengths were selected to replace
the T7 promoter in pETDuet-1, resulting in strains
E. coli 02-06 (Fig. 3d, Fig. 3e and Additional file 1: Fig.
S5). E. coli 02 showed significantly decreased specific
activity for PaMDH (5.6940.3 U-mg!-protein) and
increased specific activity of CgDAPDHE?! (0.65+0.5
U-mg ™ !-protein) relative to that of E. coli 01, which was
associated with the highest D-HPG titer (4.95+0.5
mM) from 10-mM L-tyrosine but a low conversion rate
of 49.54+0.02%. To further increase the expression of
CgDAPDHBC2! the strategies of gene duplication and
ribosome-binding sequence regulation were imple-
mented; however, this did not increase the D-HPG titer,
and HPGA accumulation remained high at 4.26+0.04
mM. This was likely due to the insufficient CgDAPD-
HBC62! activity for continuously transforming HPGA into
D-HPG.
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Fig. 3 In vivo construction and optimization of multi-step cascade reactions. a Strain £. coli 01 containing double plasmids to express PmL-AAD,
SambHmas, PaMDH, and CgD/—\PDHBCGZW. b SDS-PAGE analysis of strain E. coli 01 from cell-free extracts. M, Maker; con, E. coli BL21 without
overexpressing any enzymes. ¢ Effect of substrate loading on D-HPG production by strain E. coli 01. d The specific activity of PaMDH and
CgDAPDHE%?! in recombinant strains with different promoter sequences. e Effect of substrate loading on D-HPG production by strain £. 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 °C. The conversion and
titer were obtained after completion of the reactions and determined by HPLC analysis. The values are averages of three experiments
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Table 2 Kinetic constants of PmL-AAD, SambHmaS, PaMDH, CgDAPDHE®?! in E. coli 01

Enzyme Specific activity K., (mM) kg (min™") K ot /K, (MM~ -min~")
(U-mg~"-protein)

PmL-AAD 6.99+0.37 2944104 10.98+0.52 3.73+0.50

SambHmas 6.27£069 0724182 3584127 4974076

PaMDH 829+107 0.89+091 7364073 10714022

CgDAPDHEC62! 0374028 2914030 0254097 0.2340.02

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

2The specific activity was determined with 10-uM purified enzymes and 10-mM corresponding substrate in 1-mL Tris—-HCl buffer (50 mM, pH 8.0) at 30 °C for 15 min

®The kcqt/K,, values was determined with 10-uM purified enzymes and 1-20-mM corresponding substrate in 1-mL Tris—-HCI buffer (50 mM, pH 8.0) at 30 °C for 30 min

Increasing CgDAPDH activity by decreasing the d(ceypap—
cannapp) Value

As shown in Fig. 4a, the catalytic mechanism of DAPDH
can be divided into three steps: (I) hydride (H*) transfer
from the Ca of meso-diaminopimelate (DAP) to the C4N
of the NADP™ nicotinamide ring, resulting in formation

of an imino acid intermediate; (II) a water molecule
attacks the imino acid intermediate to form a carbinol-
amine; and (III) a-keto acids and ammonia are released
from the carbinolamine (Gao et al. 2019). According to
this mechanism, two key distances were defined to rep-
resent the productive conformation (Fig. 4b): (1) the

a
Step 1 '
/\H’
C411
O i (0] H
ND1 HOL Y0 v~ “OH O agp—
Im/\\\N,\ Step IK,NH,, NHZ d( :&D;\P—Nmnislm
IQ/ el TN x
> CH, W
o © NH,
His152 Step 111 DAP
™
¢ d

Fig. 4 Putative mechanism of DAPDH catalysis and docking analysis of CgDAPDHE>"-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) is 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 dicgppap—cannaop) aNd dicspap—no1Hist 52 fespectively. NADPT cofactor is shown in cyan, DAP is shown in orange, and residue H152
is shown in green. ¢ A detailed active site view of CgDAPDHE®2'-NADP* with D-HPG. D-HPG is shown in purple, residue W119 is shown in orange,
W144 is shown in light pink, 1169 is shown in magenta, and Y223 is shown in yellow. d The interactions between D-HPG and CgDAPDHE?! and the
two key distance values. The green dash lines denote hydrogen-bond interactions and the cyan dash line denote - 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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hydride-transfer distance [d(cerpap—cannapp), Which
describes the distance between the hydrogen atom of
DAP and the C4N atom of NADP®, representing the
efficiency of hyodride transfer in step I (2.3 A<d(C6HDAP,
cannapp) <27 A); and (2) the distance related to the
water-molecule attack in step II [dcepap—npimisisyls
defined as the distance between the C6 atom of the
substrate and the ND1 atom of H152 (6.0 A<d(C6DAP,
ND1His152) < 6-8 A) (Gao et al. 2019). It is speculated that
the lower CgDAPDHB?! activity mainly originates from
the inability of d(cenpap—cannapp) O d(cepap-NDiHisI52)
to reach at the optimum range in the catalytic process of
DAPDH.

A homology model of CgDAPDHP“*! was recon-
structed using SWISS-MODEL  (https://swissmodel.
expasy.org/) based on the crystal structure of CgDA-
PDH (PDB ID: 5LOA) (Parmeggiani et al. 2016). Docking
analysis using the CgDAPDHP®?! structural model and
D-HPG (Fig. 4c) revealed that W119 and W144 sterically
hinder the benzene ring of D-HPG, and W144, H152,
1169, and Y223 surround the phenolic hydroxyl group of
D-HPG. Moreover, in the active site of CgDAPDHB®2},
four hydrogen bonds were identified between D-HPG
with D120, L150, G151, and N270, as well as a m—m stack-
ing interaction between D-HPG with the pyrrole ring of
W144, anchoring D-HPG in the binding cavity. In this
conformation, the d(cenpap—cannapp) IS 3-5 A, which is
higher than the suitable hydride-transfer distance (range
2.3-2.7 A) (Fig. 4d). These findings indicated that D-HPG
incompletely fit in the binding cavity, and the conforma-
tion of D-HPG is not beneficial to hydride transfer.

Therefore, a “conformation rotation” strategy was
employed to rotate the D-HPG conformation to decrease
d(cerpap—cannappy Nine candidate residues (W119,
D120, W144, L150, G151, H152, 1169, N270, and Y223)
were selected for NNK site-saturation mutagenesis. To
efficiently screen potential positive variants, a formazan-
based high-throughput method was developed that cou-
pled the D-HPG titer with the absorbance at 590 nm.
The lowest absorbance ratios for each mutated candi-
date residue relative to its variant in CgDAPDHB®*! are
shown in Additional file 1: Table S6. To rule out detec-
tion errors, only the variants with absorbance ratios <0.8
were selected and sequenced. Ultimately, four variants
(CgDAPDHBCS2IIOP o) ApDHBC62LMIEY oD APD-
HBCO2IDI20S - and CgDAPDHBCO21/Y223C) wwere identified,
with CgDAPDHPBCO2VII6P showing a 1.3-fold increase
in specific activity (0.3240.58-U-mg '-protein) relative
to that of CgDAPDHPB®?! (Additional file 1: Fig. S6). To
further increase this activity, four recombinant variants
were constructed: CgDAPDHBCO2V/PI20S/MEP - Coy AP
HBCO621/169PIY223C | oy APDHBCE2/DI20S/IEY 41 CgDA-
PDHBCEU/I6YY225C Among  these, CgDAPDHECEV
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DI20SME®  hresented a 4.3-fold increase in activity

(0.7440.21-U-mg™'-protein) relative to that of CgDAPD-
HBC62! (Additional file 1: Fig. S7). In addition, an iterative
saturation variant library based on the CgDAPDHBC2Y/
169 variant was constructed, among which CgDAPD-
HBCO2/WIMSIEN ohowed a 5.2-fold increase in activity
relative to that of CgDAPDHE®?! (Additional file 1: Fig.
S8). Furthermore, combining the variants CgDAPD-
HEC621/DI20S/I69P oy § CgDAPDHBCOV/WIHMS/ISN ¢4 ohtain
CgDAPDHECO/DI20S/WIMSIIS® poqulted in a specific
activity of 5.32+0.85 U-mg ' -protein, which was 37-fold
higher than that of CgDAPDHB?! (Fig. 5a).

Structural comparison of C¢gDAPDHE®?! with CgDA-
PDHBC621/D120S/W144S/1169P (Fig. 5b and 5c¢) revealed that
the D120S mutation decreases the length of the hydrogen
bond with the amino group of D-HPG (from 3.0 to 2.9
A), which in turn decreases the distance between L150
and the D-HPG carboxyl group (from 3.3 to 3.1 A) (Addi-
tional file 1: Fig. S9), and the W144S mutation eliminated
the m—m stacking interaction between W144 and D-HPG.
Moreover, the I169P and W144S mutations increased the
area for accommodating the phenol group of D-HPG,
thereby providing D-HPG with a space for “conforma-
tional rotation” (Fig. 5e). These modifications decreased
the d(cenpap—_cannapp) from 3.5 to 2.7 A (Fig. 5d). Fur-
thermore, MD simulations revealed that these modi-
fications improved the stability of the conformation
of variant CgDAPDHECE/DI20S/WIMS/ISR (the RMSD
decreased from 3.07 to 2.80 A) (Fig. 5f), and decreased
the flexibility of the residues in region A (W144 to Y168;
RMSD decrease from 2.54 to 2.07 A) and region B (T42
to V61; RMSD decrease from 3.52 to 1.91 A) on the pro-
tein surface (Fig. 5g). These results indicated that inner
interactions and the stability of variant CgDAPDHB62Y/
DI20S/W144S/L169P  mjght have been strengthened. As a
result, the K value of CgDAPDHBC621/P120S/WI44S/1169P
(2.48£0.28 mM) was 7.21-fold lower and the k_, value
(2.6940.30 min~!) was 13.16-fold higher than those
of CgDAPDHE®?! (20.374+0.19 mM and 0.1940.37
min~!, respectively). This resulted in a 119-fold increase
in the k. /K, value of CgDAPDHBC61/P120S/WI44S/1I69P
(1.08 mM~'min™!) relative to that of CgDAPDHBC621
(Table 3).

One-pot production of D-HPG at the 3-L scale

CgDAPDHECO/DI20S/WIMSIIE®  (no ysed to replace
CgDAPDHE®®?! in E. coli 02, resulting in E. coli 07
(Additional file 1: Fig. S10). After 24 h, the D-HPG titer
increased to 9.03£0.32 mM along with a 90.3+0.03%
molar conversion, which was a 0.82-fold increase rela-
tive to that of E. coli 02. Additionally, HPGA accumula-
tion remained below 0.22+0.06 mM, indicating that
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the catalytic activity of CgDAPDHBCO2/DI20S/WIAS/IE®  yjth PTG (0.4-mM IPTG at 2 h) resulted in a 1.19-
matched that of PaMDH. fold increase in activity for CgDAPDHBC621/D1205/W1445/

The effects of inducers (IPTG and lactose) on activity %P (5.4241.2 U-mg™') and a 1.53-fold increase in cell
and cell growth were then evaluated (Fig. 6a). Induction  growth (ODg,,=50.1 4 1.4) relative to lactose induction;
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Table 3 Kinetic constants of purified CgDAPDH®?" and its variants
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Variants Specific activity® (U mg ™" K, (mM) kg (min~") Ko KP
protein) (MM~ min™")

BC621 0.14+0.18 2037£0.19 0.19+£0.37 0.009

[169P 0.32£0.58 8.17£0.89 148+0.25 0.18

D120S/1169P 0.74£0.21 7.83+0.03 146+0.70 0.19

W1445/1169P 0.87+£047 8.07£0.68 1.35£1.39 0.17

D120S/W1445/1169P 532085 248+0.28 2.69+£0.30 1.08

DAPDH: meso-diaminopimelate dehydrogenase

2 The specific activity was determined with 10-uM purified CgDAPDHE?" or its variants and 10-mM HPGA in 1-mL Tris-HCI buffer (50-mM, pH 8.0, 20-mM NH,Cl) at 30

°C for 15 min

b The ko /K,, values was determined with 10-uM purified CgDAPDHE?" or its variants and 1-20-mM HPGA in 1-mL Tris-HCl buffer (50 mM, pH 8.0, 10-mM NH,Cl) at

30 °C for 30 min

for the same IPTG concentration and induction time,
the activities for PmL-AAD, SambHma$S, and PaMDH
were 1254+1.2Umg ™}, 10.3+£0.9 U'mg™}, and 15.6+ 1.5
U-mg’l, respectively. Moreover, increase in the induc-
tion time from 2 to 15 h resulted in the highest CgDA-
PDHBC62I/DIS/WIMS/ION oetivity (6.024£0.6 U-mg™Y),
although this decreased with induction times >15 h
(Fig. 6b). Under 15-h induction by 0.4 mM IPTG, CgDA-
PDHBCO2/DI20S/ WIS/ 4 etivity was further increased

to 6.14+0.5 U-mg™! as the temperature increased from
16 °C to 25 °C, with increased cell growth also observed
under these conditions [ODgy,=20.4£0.1 (16 °C) vs.
41.5+£1.2 (25 °C)] (Fig. 6¢). These results identified the
optimal conditions as 15-h induction by IPTG at 25 °C
after culturing at 37 °C for 2 h.

The effects of buffer type, pH, and temperature on the
D-HPG titer at the 3-L scale were then investigated. As
shown in Fig. 6d, a higher D-HPG titer was detected
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(39.23£1.2 g/L) in Tris—HCI buffer compared with that
obtained using the other three buffers tested. 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 6.0-8.5 (Fig. 6e).
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. 6f).

Under the optimal induction and transformation con-
ditions [0.7-mM NADP, 0.5-mM CoSO,, 20-mM Tris—
HCI buffer (pH 8.5) and 30 °C], 42.69-g/L. D-HPG was
obtained in 3-L fermentation using 20 g/L (wet cell) E.
coli 07 from 50-g/L L-tyrosine in 20 h with 92.5% conver-
sion and>99% ee. Finally, 32.98-g D-HPG was isolated
with a 71.5% yield by preparation thin liquid chroma-
tography, extraction, and crystallization. The identity of
D-HPG was confirmed by NMR, HPLC, and HRMS anal-
ysis (Additional file 1: Fig. S11 and Fig. S12).

Discussion
Numerous methods have been designed to efficiently
produce D-HPG; these mainly include chemical synthesis
and enzymatic conversion. Chemical synthesis methods
include chiral separation, esterification-coupled hydroly-
sis, induced crystallization, and asymmetric transforma-
tion (Yu et al. 2009; Zhang et al. 2010). Although these
methods are efficient for D-HPG production, their dis-
advantages include the need for high-cost precursors,
multi-step separation and purification 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). There-
fore, the development of a lower-cost and environmen-
tally friendly method for efficient production of D-HPG
remains a necessity. In this study, a four-enzyme cascade
pathway was designed 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 NH,CI, respec-
tively) to produce D-HPG; (2) simple procedures using
a single E. coli strain (strain 07) for one-pot L-tyrosine
conversion to D-HPG and no additional separation/puri-
fication processes; and (3) an environmentally friendly
process with no generation of toxic intermediates (those
generated in situ can be directly consumed in the reac-
tion sequence).

High levels of the intermediate HPGA were generated
during conversion (4.26+0.04 mM) due to the lower
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activity of CgDAPDHB2!, which caused an imbalance in
enzyme activity in the cascade. Therefore, a mechanism-
guided “conformation rotation” strategy was applied
to shorten the d}C6HDAP—C4NNADP) in variant CgDAPD-
HBC621/D120S/W144S/1169P resulting in 37-fold and 119-fold
increases in the specific activity and k_,/K,, value rela-
tive to those of CgDAPDHB2!, respectively. To improve
the catalytic properties of DAPDH, previous studies
employed several protein engineering strategies, includ-
ing random mutagenesis and rational design (Akita et al.
2018; Cheng et al. 2018; Zhang et al. 2018). Random
mutagenesis can optimize enzyme efficiency without the
need for detailed knowledge of the protein structure (Cho
et al. 2019). CgDAPDHE2! was originally obtained after
screening ~ 100,000 variants, which exhibited a 975-fold
increase in specific activity toward D-2-aminooctanoate
(Vedha et al. 2006). However, random mutation might
not cover all sequences and requires enormous screen-
ing effort (Chen et al. 2019). In contrast, rational design is
based on analysis of structure—function relationships or
catalytic mechanisms, thereby greatly reducing screening
efforts (Kan et al. 2016). Recently, this approach was used
to identify a double-mutant variant of Symbiobacterium
thermophilum (StDAPDHYXLH227Y) via structural align-
ment, resulting in a 34.45-fold increase in activity toward
2-oxo-4-phenylbutyric acid relative to that of wild-
type StDAPDH (Cheng et al. 2018). However, existing
rational-design strategies mainly focus on the DAPDH
active site, with few strategies addressing the asymmet-
ric amination mechanism of DAPDH. Our “conforma-
tion rotation” strategy had three main characteristics: (1)
the rate-limiting step was defined based on the reaction
mechanism (the hydride-transfer distance [d(ceppap—
cannapp)l) (Fig. 4a) and was appropriately modified to
promote efficient asymmetric amination of HPGA; (2)
specific hotspots were defined as bulky residues proxi-
mal to the D-HPG substrate and were used to perform
rational engineering of beneficial variants; and (3) a few
variants were created, which was more efficient than
random mutagenesis and enabled rapid identification of
optimal variants.

By introducing CgDAPDHPCO2U/DI20S/WIMS/IIGP 4,
strain E. coli 07 and then optimizing the induction and
transformation conditions, 42.69 g/L of D-HPG was
obtained with 92.5% conversion, 71.5% isolated vyield,
and >99% ee during one-pot transformation. Compared
with the highest D-HPG titer reported to date (29.10 g/L)
(Table 4), the use of E. coli 07 for the enzymatic produc-
tion of D-HPG can increase the titer by 49.7%. These
findings demonstrate the efficacy of the developed cas-
cade pathway for improving the D-HPG titer, and rep-
resents a potentially attractive strategy for the industrial
production of D-HPG.
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Table 4 Comparison of D-HPG production via enzymatic process
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Strains Culture condition D-HPG titer (g/L) Conversion (%) Isolated ee References

yield (%)
Pseudomonas putida Bioconversion® 5.06 60.5 n/a n/a (Nandanwar et al. 2013)
Bacillus subtilis Chemoenzymatic Synthesis 14.32 95 80 n/a (Lietal.2019)
Ralstonia pickettii Bioconversion? 25.07 94 n/a n/a (Yu et al. 2009)
Escherichia coli Bioconversion? 2340 100 n/a n/a (Liu et al. 2019)
Escherichia coli Bioconversion® 29.10 97.0 88 n/a (Hu and Lin 2015)
Escherichia coli Bioconversion® 42.69 925 71.5 >99 This study

n/a: not available
2@ Dual-enzyme cascade employing Hase and Case

b Four-enzyme cascade in this study

Conclusions

To develop an efficient method for D-HPG production,
a four-enzyme cascade pathway using L-tyrosine as
a substrate was designed and the pathway was recon-
structed in vivo. The efficiency of the pathway was fur-
ther increased by improving the catalytic activity of
CgDAPDH, the rate-limiting step, toward the HPGA
intermediate using a mechanism-guided “conformation
rotation” strategy. Introduction of the best engineered
variant (CgDAPDHBCO621/DI20S/WIMSIIIEP) e E colj
07 allowed one-pot conversion of L-tyrosine to obtain
42.69-g/L D-HPG, 92.5% conversion, 71.5% isolated
yield, and >99% ee during 3-L fermentation. These
results describe a potential enzymatic process that
allows for the industrial-scale production of D-HPG
from cheap amino acids.
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