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Abstract

L-DOPA is a key pharmaceutical agent for treating Parkinson’s, and market demand has exploded due to the aging popula-
tion. There are several challenges associated with the chemical synthesis of L-DOPA, including complicated operation, harsh
conditions, and serious pollution. A biocatalysis route for L-DOPA production is promising, especially via a route catalyzed
by tyrosine phenol lyase (TPL). In this study, using TPL derived from Erwinia herbicola (Eh-TPL), a mutant EA-TPL was
obtained by integrating enzyme evolution and high-throughput screening methods. L-DOPA production using recombinant
Escherichia coli BL21 (DE3) cells harbouring mutant EA-TPL was enhanced by 36.5% in shake flasks, and the temperature
range and alkali resistance of the EA-TPL mutant were promoted. Sequence analysis revealed two mutated amino acids in
the mutant (S20C and N161S), which reduced the length of a hydrogen bond and generated new hydrogen bonds. Using a
fed-batch mode for whole-cell catalysis in a 5 L bioreactor, the titre of L-DOPA reached 69.1 g L™! with high productivity

of 11.52 g L™' h™!, demonstrating the great potential of Eh-TPL variants for industrial production of L-DOPA.

Keywords Error-prone PCR - High-throughput screening - Tyrosine phenol lyase - Catalytic activity - Fed-batch mode

Introduction

L-DOPA is a major pharmaceutical agent for treatment of
Parkinson’s disease, a neurodegenerative disorder com-
monly occurring in the elderly. The demand for L-DOPA
is increasing with an aging population [6, 26]. L-DOPA can
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be produced by plant extraction, chemical synthesis, and
biotechnological routes [50, 51]. Plant extraction commonly
uses cat beans, faba bean, or quinoa as raw materials, from
which L-DOPA is extracted by membrane separation tech-
niques [15, 35]. This route is difficult to industrialise at a
large scale due to limitations of materials, high cost, and low
productivity [30]. Chemical synthesis involves eight reac-
tion steps and usually uses vanilla phenol and acetyl urea as
substrates [49]. L-DOPA produced by chemical methods is
characterised by high purity, high yield, and minimal inter-
mediate by-products, but several drawbacks exist, including
complicated production processes, harsh reaction conditions,
and serious environmental pollution [38, 49]. Consequently,
biotechnological routes are considered an ecologically and
attractive choice, especially biological fermentation and
whole-cell catalysis methods [10, 20].

Whole-cell catalysis methods for L-DOPA production
have attracted much attention. Previous research showed
that various enzymes can be used for this process, including
tyrosinase, aminoacylase, and tyrosine phenol lyase [13, 30].
The enzyme tyrosinase isolated from Acremonium rutilum
can catalyze the conversion of L-tyrosine to L-DOPA [23].
However, this enzyme also possesses both monophenol
oxidase activity and bisphenol oxidase activities. L-tyrosine
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can be oxidized to L-DOPA and further to dopaquinone and
dopachrome, which requires the addition of large quanti-
ties of reducing agents to stop this transformation reaction
[36]. More importantly, it is difficult to separate residual
L-tyrosine and the L-DOPA product due to the high simi-
larity between these two substrates in terms of structure
and properties. Aminoacylase can catalyze the conversion
of L-glutamate or L-aspartate to L-DOPA, as reported for
a transaminase from Alcaligenes faecalis [48]. However,
further research on this route has not been forthcoming.
Tyrosine phenol lyase (TPL) has been applied for L-DOPA
production using a whole-cell catalysis method [21, 29].

TPL naturally catalyzes the p-elimination of L-tyrosine to
pyruvate, phenol, and ammonium using the cofactor pyri-
doxal 5'-phosphate (PLP), and the reaction is reversible [21,
34]. TPL has been widely utilised for the synthesis of aro-
matic amino acids and their derivatives such as L-DOPA that
can be synthesised from pyruvate, catechol, and ammonia
as substrates [39]. TPL enzymes with high catalytic activity
have been reported from several microbes including Citro-
bacter freundii [7], E. herbicola [22], and Fusobacterium
nucleatum [46]. The performance of these different TPLs
recombinantly expressed in Escherichia coli has been com-
pared for the synthesis of L-DOPA in whole-cell catalysis,
and attempts have been made to enhance catalytic activity
via random mutations and transcriptional regulation [19,
23].

In the present study, enzyme evolution and high-through-
put screening methods were integrated to screen mutant
TPLs with good performance for the synthesis of L-DOPA,
using native TPL derived from E. herbicola. A mutant Eh-
TPL was generated after two rounds of error-prone PCR
(epPCR), and whole-cell catalysis with recombinant E. coli
BL21 (DE3) harbouring mutant EA-TPL resulted in accu-
mulation of L-DOPA reaching 18.2 g L™! in shake flasks, an
increase by 36.5% compared with wild-type (WT) TPL. The
temperature range and alkali resistance of mutant EA-TPL
were enhanced. Two amino acids (S20C and N161S) are
mutated in the enzyme variant, which reduced the length of
hydrogen bond and formed new hydrogen bonds. A fed-batch
mode whole-cell catalysis procedure for L-DOPA synthesis
was established in a 5 L bioreactor, and the titre of L-DOPA
reached 69.1 g L™! with productivity up to 11.52 g L' h™".
Thus, EA-TPL mutant could prove to be useful biocatalysts
for industrial production of L-DOPA.

Materials and methods
Strains and plasmids

Escherichia coli BL21 (DE3) and plasmid pET-28a(+)
were used as the host and expression vector, respectively.
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The pET-28a(+)-EA-TPL construct expressing TPL from
E. herbicola was prepared in the previous work [53].

Media and culture conditions

The medium for seed and slant cultures [Luria—Bertani
(LB) medium] contained 10 g L™! peptone, 5 g L™! yeast
extract, 10 g L™! NaCl, and 50 pg mL~! kanamycin. In
addition, 20 g L~! agar was added to slant medium. The
complete fermentation medium contained 5 g L™! glyc-
erol, 12 g L™! peptone, 24 g L™! yeast extract, 2.31 g L™!
KH,PO,, 16.37 g L' K,HPO,, 1.1 g L™! citric acid
monohydrate, 1 g L™' MgSO,-7H,0, and 1 mL trace-
element solution. Trace-element solution was dissolved
in 1 mol L™" HCI containing 0.2 g L' CuCl,-2H,0,
0.3 g L™! ZnSO,-7H,0, 1.5 g L™! CaCl,-2H,0, 2.8 g L'
Co0S0,-7H,0, 2.8 g L™! FeSO,-7H,0, and 2.0 g L!
MnClI-4H,0.

The strain preserved in glycerol was inoculated onto a
solid LB medium plate and incubated at 37 °C for 24 h. The
seed culture was grown in 250 mL flasks containing 25 mL
culture medium at 37 °C on a reciprocal shaker at 220 rpm.
Flask cultures were grown in 500 mL flasks containing
50 mL culture medium at 37 °C with a 1% (v/v) inoculum.
When the absorbance of the cell culture at 600 nm (ODg,)
reached 0.6—-0.8, the culture temperature was adjusted to
25 °C, 0.2 mmol L™! isopropyL-p-p-thiogalactoside (IPTG)
was added, and culturing was continued for 8 h. Fed-batch
fermentation was performed in a 5 L fermenter (T&J Bio-
engineering, Shanghai, China) containing a 2.5 L initial
working volume with shaking at 400 rpm and 1 vvm with
a 2% inoculum. When the ODy, reached 12-14, the cul-
ture temperature was adjusted to 25 °C, 0.2 mmol L™! IPTG
was added, and fermentation was continued for 8 h. The
pH was maintained at 7.0 with 25% ammonia solution and
25% phosphoric acid solution. All fermentation processes
were performed in triplicate and the results are presented
as mean values.

Preparation of biocatalyst and synthesis of L-DOPA

The whole-cell catalyst was harvested after centrifuging
the fermentation broth at 5000 rpm for 10 min at 4 °C and
washing twice with 0.2 mol L™! phosphate buffer. The reac-
tion mixture for the synthesis of L-DOPA was composed
of 18 g L™! sodium pyruvate, 10 g L™! catechol, 30 g L™!
ammonium acetate, 2 g L™' EDTA, and 4 g L™ Na,SO;.
The pH was adjusted to 9.0 with 25% ammonia solution.
Biomass was addedto 6 g L1 (wet weight) and the reaction
was conducted at 20 °C with shaking at 180 rpm in shake
flasks or a 5 L bioreactor.
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Mutant library construction by epPCR

Random mutagenesis of TPL was carried out by epPCR
with recombinant plasmid pET-28a (+)-Eh-TPL as template.
Upstream and downstream primers for Eh-TPL were TPL-F
(5'-CGCGGATCCATGAACTATCCGGCAGAACCGT-3")
and TPL-R (5'-CCCAAGCTTTTAGATGAAGTCGAA
ACGCGCG-3'). The reaction system for epPCR is shown
in Table 1. A total of 30 cycles were performed with pre-
denaturation at 94 °C for 5 min, denaturation at 94 °C for
30 s, primer annealing at 64 °C for 30 s, and elongation at
72 °C for 2 min. After amplification, PCR products were
digested with BamHI and Hindlll, purified, and ligated into
the pET28a(+) expression vector previously digested with
BamHI and Hindlll. The mutant library was constructed by
ligating products and transforming into E. coli BL21 (DE3)
by electroporation. Purification of PCR products was carried
out using an UNIQ-10 Column MicroDNA Gel Extraction
Kit (Sangon Biotech, Shanghai, China). The mutation rate
was the average value calculated by randomly selecting 8
mutants from each group of mutation libraries after gene
sequencing.

High-throughput screening of mutants

The engineered strains containing mutant EA-TPL enzymes
plated on solid LB media were cultivated at 37 °C for
24 h. Colonies were picked and transferred to 96-shallow-
well microtiter plates (MTPs) containing 200 pL LB liq-
uid medium for further screening by the QPix 420 system
(Molecular Devices, Sunnyvale, CA). A 20 pL sample of
seed liquid cultivated at 37 °C for 8—10 h was transferred
from 96-shallow-well MTPs to 96-deep-well MTPs contain-
ing 600 pL of fermentation medium. After cultivating for
2 h, the temperature was adjusted to 25 °C and IPTG was
added to induce TPL expression for 10 h at 900 rpm on a

Table 1 Mutation rate of epPCR with different concentrations of
Mg** and Mn?*

Combinations of Mg?* and Mn?* Muta-
tion rate
(%)
2.0 mmol L™! Mg?* and 0.1 mmol L™! Mn?* 0.13
2.0 mmol L™! Mg?* and 0.2 mmol L™! Mn?* 0.18
2.0 mmol L™! Mg?* and 0.3 mmol L™! Mn?* 0.24
2.0 mmol L™! Mg?* and 0.4 mmol L™! Mn?* 0.37
2.0 mmol L™! Mg?* and 0.5 mmol L™! Mn?* 0.41
4.0 mmol L™! Mg?* and 0.1 mmol L™! Mn?* 0.26
4.0 mmol L™! Mg?* and 0.2 mmol L~! Mn?* 0.52
4.0 mmol L™! Mg?* and 0.3 mmol L™! Mn?* 0.78
4.0 mmol L™! Mg** and 0.4 mmol L™! Mn?* 0.93
4.0 mmol L™! Mg?* and 0.5 mmol L™! Mn?* 1.05

Titramax 1000 multi-plate shaker (Heidolph, Schwabach,
Germany).

All 96-deep-well MTPs were centrifuged in a 96-well
MTP centrifuge (Beckman, Brea, CA) at 5000 rpm for
10 min, and supernatants were removed. A 400 pL sam-
ple of reaction mixture was immediately added to each well
using a 96-channel pipette (RockGeneBio, Shanghai, China)
and reacted for 4 h at 15 °C and 220 rpm. Aliquots (10 pL)
of supernatants were transferred to normal 96-well MTPs
after centrifuging, 90 pL of salicylaldehyde (5%, v/v) and
100 pL of NaOH solution (75 g L") were added to each
well, and the absorbance was measured at 465 nm using a
Multiskan FC microplate reader (Thermo Fisher, Waltham,
MA). Mutants with high TPL activity were identified based
on absorbance, since higher TPL activity corresponded to
lower absorbance. The best mutant was confirmed by sec-
ondary screening in shake flasks and used for expression and
purification of mutant TPL.

TPL purification and analysis
Purification of TPL

Biomass was obtained by centrifuging the fermentation
liquid at 5000 rpm for 10 min at 4 °C and washing twice
with 0.2 mol L™! phosphate buffer. Biomass was diluted to
ODy,= 10 in 50 mmol L™! potassium phosphate buffer (pH
8.0). Crude enzyme liquid was harvested by centrifuging for
10 min after ultrasonic fragmentation for 10 min (2 s pulses,
4 s pauses). TPL was purified from crude enzyme liquid
using an AKTA purifier (GE Healthcare, Michigan, US) with
a HiTrap nickel affinity column after filtering crude enzyme
solution through a 0.22 pm inorganic membrane. Purification
involved equilibrating the column with buffer A (3—-5 column
volumes), injecting 10 mL of sample, applying buffer A again
(3-5 column volumes), and eluting with a linear gradient of
buffer B. TPL was detected in eluted fractions by measur-
ing UV absorbance of peaks and verified by sodium dodecyl
sulphate polyacrylamide gel electrophoresis (SDS-PAGE).

Determination of TPL concentration and activity

The TPL concentration was determined using a BCA Protein
Assay Kit (Beyotime, Shanghai, China) following the man-
ufacturer’s instructions. TPL, also known as p-tyrosinase,
could catalyze L-tyrosine to phenol, ammonia, and pyruvate
and the reaction is reversible. It was also reported that the
enzyme could catalyze the L-DOPA formation and decom-
position as the similarity between phenol and catechol. The
assay method of TPL activity was mainly detected by positive
response that decomposed the L-tyrosine/L-DOPA. In addition,
L-DOPA could be easily oxidized and could cause large errors
in enzyme activity determination. Therefore, TPL activity was
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generally assayed by determination of pyruvate formed from
L-tyrosine as substrate.

Determination of the enzymatic properties of TPL

The influence of temperature on TPL activity was investigated
using the above reaction mixture at different temperatures
(10-50 °C) and the maximum activity was defined as 100%.
Residual activities were assayed to examine the thermo-stabil-
ity of TPL after incubating at 10-60 °C for 12 h.

The influence of pH on TPL activity was investigated
by dissolving substrates in buffers at different pH values
(5.0-10.0), and maximum enzyme activity at 30 °C for 30 min
was again defined as 100%. Residual activities were assayed to
examine the pH stability of TPL after incubating at 5.0-10.0
for 60 min and immediately diluting with a 20-fold volume of
potassium phosphate buffer (pH 8.5). All experiments were
conducted in triplicate.

Kinetic analysis

TPL activity was determined after adding pure enzyme and
different concentrations of sodium pyruvate (1-10 mmol L™).
Double reciprocal plots were drawn according to the
Lineweaver—Burk method and kinetic parameters (K, Va0
ke, and k ,/K,,) were calculated.

Determination of biomass concentration
The optical density of the culture broth was measured using

a Biospec-1601 spectrophotometer (Shimadzu Co., Kyoto,
Japan) at 600 nm after an appropriate dilution.

Determining the concentration of .-DOPA and catechol

Reactions were terminated by adding 1 mmol L™ HCI, cen-
trifuged, and diluted 20-fold to measure L.-DOPA and catechol
content by high-performance liquid chromatography (HPLC)
using an Agilent C,4 column (250 mmXx4.6 mm, 5 pm internal
diameter; Agilent, Palo Alto, CA, USA). The mobile phase was
2.4/97.6 acetonitrile/water (containing 0.08% v/v formic acid), the
temperature of the column was maintained at 35 °C, and the flow
rate was 1 mL min~'. L-DOPA and catechol were detected using
an Agilent 1260 UV absorbance detector at 280 nm (Agilent).

Results and discussion

Optimisation of epPCR for Eh-TPL mutant library
construction

Directed evolution is a powerful strategy for protein modifi-
cation based on mutation and recombination by epPCR and
DNA shuffling [12, 32]. The method of epPCR employed in
this study has been applied previously to enhance the perfor-
mance of enzymes, including enzyme activity, and pH and
temperature stability [3, 5]. Briefly, epPCR introduces ran-
dom mutations into the target gene during amplification in
abnormal reaction conditions, resulting in a mutant library.
Commonly employed methods for epPCR include increas-
ing the concentration of Mg?*, adding Mn**, applying low
fidelity enzymes, and changing the ratio of the four dNTPs
in the system [8]. The key challenge in epPCR is achieving
an appropriate mutation rate, and we adjusted the concentra-
tions of Mg?™ and Mn?* to achieve this in the present work.
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Fig.1 Comparison of mutant and wild-type (WT) EA-TPL enzymes.
a Comparison of different ratios of salicylaldehyde and sodium
pyruvate. A strong linear relationship was evident, represented
by the equation ¥=0.00482X+0.10636 (R*=0.99968) when the
volumetric ratio of salicycloaldehyde to sodium pyruvate was 9:1.
Squares=1:9; circles=2:8; upward-pointing triangles=3:7, down-
ward-pointing triangles=4:6, left-pointing triangles=5:5, right-
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Strain

pointing triangles =6:4, diamonds=7:3, hexagons=38:2, stars=9:1.
b Comparison of the titres of mutant and WT strains in shake flasks.
Accumulation of L-DOPA was enhanced by 36.5%. ¢ SDS-PAGE
analysis of the purified EA-TPL mutant. Lane M, protein markers;
lane 1, E. coli BL21 (DE3)-pET28a(+); lane 2, crude enzyme from E.
coli BL21(DE3)-pET28a(+)-Eh-TPL; lane 3, purified mutant EA-TPL
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Fig.2 Effects of temperature
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The effects of different concentrations of Mg?>*
(2.0-8.0 mmol L) were explored and the results are shown
in Figure S1A in Supplementary Material. Electrophoresis
bands gradually darkened with increasing Mg?* concentra-
tion, indicating that the efficiency of PCR was reduced with
the increasing of Mg?" concentration. To obtain relatively
suitable efficiency of PCR, 2.0 or 4.0 mmol L™! of Mg?*
were chosen for follow epPCR experiments. For more effi-
cient selection of mutated EA-TPL variants, the concentra-
tion of Mn** (0.1-1.0 mmol L") was tested using the two
optimal concentrations of Mg?*. The results showed that
electrophoresis band was brighter at 0.1-0.5 mmol L™!
Mg2+, and darkened when the value exceeded 0.5 mmol L™
(Fig. S1B in Supplementary Material). The mutant
library was constructed by combining optimum Mg?*
(2 mmol L™! and 4 mmol L™!) and Mn?* (0.1, 0.2, 0.3, 0.4,
and 0.5 mmol L_l) concentrations, and the mutation rate
was calculated (Table 1). A principle mutation rate of no
more than two or three amino acid changes per protein was

suitable based on the length of the Eh-TPL gene (1377 bp).
Treatment of concentrations of 4.0 mmol L™' Mg?* and
0.2 mmol L™! Mn?* was chosen resulting in a 0.52% muta-
tion rate. A library of EA-TPL mutants was constructed fol-
lowing various steps including restriction enzyme treatment,
purification of digested DNA fragments, ligation, and trans-
formation of the resulting constructs.

High-throughput screening of Eh-TPL-positive
mutants

High-throughput screening is an effective strategy for
identifying strains producing target products [40]. Equip-
ment has been developed for this purpose, including the
QPix microbial screening system, fluorescence-activated
cell sorting systems, and microdroplet chips [27, 37]. This
approach has been applied widely in basic and applied
research, and combining it with various mutagenesis

Table 2 Kinetic parameters

Strain/parameter K,, (mmol L™) Vinax ke 75 keu/Ky (s™ mmol L)
of WT and mutant EA-TPL (umol mg™! min~!)
enzymes

Wild Er-TPL 2.8+0.2 35.7+0.5 1.9+0.2 0.68+0.03

Mutant EA-TPL 1.7+0.3 42.6+0.3 2.3+0.1 1.35+0.05
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approaches can generate excellent strains with enhanced
performance for production of target products, tolerance
of harsh environmental conditions, and accumulation of
non-native products or consumption of non-native sub-
strates [9, 28]. Acetone can react with salicylaldehyde to
produce a colour-developing chemical under strong alka-
line conditions [47], and this has been used to establish
a high-throughput screening method for TPL activity by
optimising the addition of salicylaldehyde, the concentra-
tion of sodium pyruvate, and the reaction duration [46].
Herein, the volumetric ratio of sodium pyruvate
(0-100 mmol L™Y) to salicylaldehyde (0.5%, v/v) was
optimised to improve the sensitivity and accuracy of the

Fig.3 Predicted structures A

screening procedure and the total volume of the mixture
was 200 pL in 96-shallow well. The results revealed a
strong linear relationship between OD,4s and the concen-
tration of sodium pyruvate, represented by the equation
Y=0.00482X +0.10636 (R*>=0.99968) when the volumet-
ric ratio of salicycloaldehyde to sodium pyruvate was 9:1
(Fig. 1a). Using this high-throughput screening method,
positive mutant strain 3-2F9 was selected from a library con-
taining 3 x 10* mutants resulting from two rounds of epPCR.
After the secondary screening cultivated in shake flasks, the
titre of L-DOPA produced by strain 3-2F9 was increased by
36.5% compared with the original strain (Fig. 1b). A bright
electrophoresis band was present at ~49 kDa, consistent with

of WT and mutant EA-TPL
enzymes. The number of
hydrogen bonds in the vicinity
of the Cys-20 residue in mutant
Eh-TPL is decreased, and the
length of hydrogen bonds
between Glu-23 and ARG-24
is reduced. In addition, Cys-20
is a sulfur-containing amino
acid in the N-terminal arm,
and its presence results in two
new hydrogen bonds formed

between Asp-159 and Ala-164
with Ser-161 in mutant Eh-TPL.
a Three-dimensional structure
of WT Eh-TPL showing the
region surrounding Ser-20. b
Three-dimensional structure

of mutant EA-TPL showing the
region surrounding Cys-20. ¢
Three-dimensional structure

of WT Eh-TPL showing the
region surrounding Asn-161. d
Three-dimensional structure of
WT Eh-TPL showing the region
surrounding Ser-161

Cys-20
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the molecular weight of the TPL protein (52 kDa), indicating
that the mutated TPL was successfully expressed (Fig. 1c¢).

Characterisation of Eh-TPL at different pH values
and temperatures

The optimal reaction temperature and thermostability of WT
and mutant Eh-TPL enzymes were investigated between 10
and 50 °C. The results showed that the optimal reaction
temperature of the EA-TPL mutant expressed by the strain
3-2F9 was 30 °C, compared with 35 °C for WT Eh-TPL
expressed by the parent strain (Fig. 2a). The high catalytic
activity of mutant EA-TPL was maintained from 20 to 35 °C,
but decreased significantly when the temperature was above
35 °C, whereas the activity of WT Eh-TPL was significantly
reduced when the temperature was below or above 35 °C.
The two enzymes were incubated at 10-50 °C for 12 h, and
the remaining enzyme activity of the mutant was higher than
that of WT EA-TPL (Fig. 2b). The optimum temperature
of TPL from F. nucleatum was previously determined to
be 60 °C, and the catechol substrate and L-DOPA product
were unstable under high temperature conditions [14]. In
the present work, the EA-TPL mutant retained high catalytic
activity over a temperature range of 20-35 °C, which could
be of benefit for L-DOPA production.

The effects of pH (5.0-10.0) on the activity of mutant and
WT Eh-TPL were investigated, and the optimal pH of the
mutant was 9.0, with 80% catalytic activity retained when
the pH was above 9.0. In contrast, the optimal pH of WT
ER-TPL was 8.5, and enzyme activity decreased significantly
when the pH was above 8.5 (Fig. 2c). The two enzymes

—A— L-DOPA —e—Residual catechol - - - Catechol feeding

100 - 10
10 gL h? =
9
—~ 80 8 5
: :
2 60 e £
< 2
o ]
O 40 F4 ©
Q S
| 2

201 . / 2 g
. ./ \./o\. A

: : : : , —Lo

1 2 3 4 5 6
Time (h)

Fig.4 Time course of L-DOPA biosynthesis using the established
fed-batch mode. Whole-cell catalysis with strain 3-2F9 express-
ing mutant EA-TPL was conducted in a 5 L bioreactor at 20 °C and
180 rpm. The initial concentrations of sodium pyruvate and catechol
were 18 g L' and 10 g L™!, respectively. Sodium pyruvate was added
tol0g L' h~!, and catechol was added to 12 g L 'h ! from0Oto2h,
7e¢L™'h7! from2to 4 h, and 4 g L™' h~! from 4 to 5 h. After react-
ing for 6 h, 69.1 g L™! of L-DOPA was obtained, representing a pro-
ductively of 11.52 g L™ h™!. Upward-pointing triangles =L-DOPA;
circles =residual catechol

were incubated at pH 5.0-10.0 for 60 min, and the remaining
enzyme activity of the mutant was higher than that of the
WT enzyme (Fig. 2d). During L.-DOPA synthesis, the by-
product tetrahydroisoquinoline can be formed from L-DOPA
and sodium pyruvate through the Pictet—Spengler reaction
[14, 45]. Accumulation of by-product could be affected by
both temperature and pH, and high temperature can be a key
factor. Determination of by-products of L-DOPA conversion
liquid sample with LCMS-IT-TOF analysis is presented in
Fig. S2 in Supplementary Material. Thus, considering the
characteristics of enzyme responding to different pH and
temperature, pH 9.0 and 20 °C were chosen for whole-cell
catalysis of L-DOPA using mutant EA-TPL in the present
work.

Characterisation of kinetic parameters and analysis
of mutation sites

The TPL activity of mutant and WT Eh-TPL was deter-
mined using 1-10 mmol-L ™! sodium pyruvate under optimal
reaction conditions. Kinetic parameters (K, Vi keor, and
k../K,,) were calculated using the Lineweaver—Burk method
(Table 2). The V,,, value of mutant Eh-TPL was 42.6, 19.3%
higher than that of WT Eh-TPL. The K, value was reduced
by 39.2% and the k., /K, was enhanced twofold in the mutant.
Sequence analysis revealed two mutated amino acids (S20C
and N161S) in the 3-2F9 mutant enzyme. The three-dimen-
sional structures of mutant and WT Eh-TPL were predicted
using SWISS-MODEL (https://www.swissmodel.expasy.org/).
In the EA-TPL mutant, replacement of Ser-20 with a Cys resi-
due in the N-terminal arm decreases the length of the hydro-
gen bond between Glu-23 and Arg-24 relative to that in the
WT enzyme. In addition, two new hydrogen bonds are formed
between Asp-159 and Ala-164 with Ser-161 in mutant EA-TPL
(Fig. 3). These additional interactions caused by amino acids’
substitution (S20C and N161S) could explain the observed
performance of mutant EA-TPL, as shown in Fig. 2, in which
the pH and temperature stability of mutant EA-TPL were better
than that of WT Eh-TPL.

Compared with WT Eh-TPL, the K, value of mutant Eh-
TPL was reduced and V_,, was enhanced. This implied that
the affinity of the mutant for the substrate was increased,
which could accelerate the enzymatic reaction rate. Fur-
thermore, based on the predicted three-dimensional struc-
ture, the enhanced catalytic performance and thermal and
pH stability of the TPL mutant could be due to these two
additional hydrogen bonds. The roles of amino acids in the
p-elimination reaction catalyzed by TPL have been studied
using site-directed mutagenesis based on the three-dimen-
sional structure of TPL from C. freundii [4, 11]. However,
the mechanism of the reversible L-DOPA synthesis reaction
from catechol, sodium pyruvate, and ammonium acetate has
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Table 3 Comparison of various strains for L-DOPA production with biocatalytic and fermentation routes in recent decades

Strain (enzyme) Material (g LY

Process (bioreactor)

L-DOP (gL7Y) Y (100%) P (gL 'h7!) Refs.

E. coli BL21 (Eh-TPL) Catechol, ammonia, pyru-  Bioconversion (5 L reactor)  69.10 85.74 11.52 This study
vate
E. coli BL21 (PHAH) Glucose Fermentation (5 L fer- 25.53 - 0.53 [17]
menter)
E. coli DOPA-30 N (PHAH) Glucose Fermentation (5 L fer- 8.67 - 0.14 [50]
menter)
E. coli VH33tyrR (PHAH)  Glucose Fermentation (1 L fer- 1.51 3.02 0.030 [18]
menter)
E. coli (Tyrosinase) Glucose Fermentation (3 L fer- 0.29 - - [31]
menter)
E. coli W3110 (PHAH) Glycerol Fermentation (5 L fer- 12.50 - 0.31 [10]
menter)
E. coli ATCC11105 L-tyrosine Bioconversion (shaking 9.47 64.00 0.19 [24]
(PHAH) flask)
Acremonium rutilum L-tyrosine Fermentation (shaking 0.89 17.80 0.0093 [23]
(Tyrosinase) flask)
Aspergillus oryzae ME, L-tyrosine Bioconversion (shaking 1.69 61.97 2.02 [1]
(Tyrosinase) flask)
Yarrowia lipolytica (Tyrosi- L-tyrosine Bioconversion (1.25 L 3.48 91.36 13.92 [2]
nase) reactor)
Bacillus sp. JPJ (Tyrosinase) L-tyrosine Bioconversion (shaking 0.497 91.33 0.497 [43]
flask)
Brevundimonas sp. SGJ L-tyrosine Bioconversion (shaking 3.81 87.52 - [44]
(Tyrosinase) flask)
Erwinia herbicola (TPL) Catechol, ammonia, pyru-  Bioconversion (shaking 15.00 83.74 15.00 [21]
vate flask)
Erwinia herbicola Catechol, ammonia, pyru- Bioconversion (shaking 58.50 - 1.22 [14]
ATCC21434 (TPL) vate flask)
E. coli (Eh-TPL) Catechol, ammonia, pyru-  Bioconversion (shaking 20.70 45.65 0.69 [16]
vate flask)
E. coli (Ss-TPL) Catechol, ammonia, pyru-  Bioconversion (reactor) 29.80 - 4.97 [25]
vate
E. coli (Fn-TPL) Catechol, ammonia, pyru-  Bioconversion (shaking 110.00 87.70 5.24 [54]
vate flask)
E. coli (Fn-TPL) Catechol, ammonia, pyru-  Bioconversion (15 L reac- 121.50 90.46 ~4.67 [45]
vate tor)
Pseudomonas aeruginosa Catechol, ammonia, pyru-  Bioconversion (shaking 2.76 28.00 0.31 [33]

(Cf-TPL) vate flask)

PHAH means p-hydroxyphenylacetate 3-hydroxylase; Y (100%), respectively, presents as quality conversion rate in fermentation processes
(responding to substrate such as glucose, glycerol, or L-tyrosine) and molar conversion rate in bioconversion processes (responding to substrate
such as L-tyrosine or catechol); Eh-/Ss-/Fn-/Cf-TPL means that the TPL originated from Erwinia herbicola, Symbiobacterium sp., Fusobacte-

rium nucleatum, and Citrobacter freundii, respectively

not been reported, and this could be important for further
increasing the titre of L-DOPA.

Application of mutant Eh-TPL for .-DOPA
biosynthesis

High-density culturing of recombinant E. coli cells
expressing the EA-TPL mutant was performed using fed-
batch mode in a 5 L fermenter. Biomass was collected
by centrifuging and used for L.-DOPA biosynthesis from
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sodium pyruvate, catechol, and ammonium acetate. A fed-
batch mode was applied to control the catechol concentra-
tion; the flow rate of catechol and sodium pyruvate was
10gL'h™tand 12 g L~' h7!, respectively between 0 and
2 h; the flow rate of sodium pyruvate was unchanged, but
the flow rate of catechol was changed to 7 g L' h™! from
2 to 4 h, then adjusted to 4 g L' h™! from 4 to 5 h. The
results are shown in Fig. 4. The titre of L-DOPA reached
69.1 g L™! after 6 h, the productivity was 11.52 g L="-h~!,
and the molar conversion rate from the catechol substrate
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was 85.74%. Comparison of various strains for L-DOPA
production in recent decades is presented in Table 3.

TPL from E. herbicola has extremely high activity and
high L-DOPA productivity [21, 22]. The titre of L-DOPA
using recombinant E. coli expressing Eh-TPL was low due
to the toxicity of catechol [16, 30]. Catechol can denature
proteins, irreversibly reducing the activity and stability
of TPL [41]. The fed-batch mode can prevent substrate
inhibition and enhance the titre of target products, and it
has been widely employed in industrial production [42,
52]. The fed-batch mode established in this work solved
the problem due to catechol toxicity, and high accumula-
tion of L-DOPA was achieved. This approach provides a
reference for optimising fermentation and/or whole-cell
catalysis with substances that are toxic, harmful, or sus-
ceptible to causing inhibition.

Conclusions

In this study, a mutant EA-TPL was generated by integrat-
ing error-prone PCR and high-throughput screening. The
catalytic performance of the mutant was increased over a
wider temperature and pH range, and the titre of L-DOPA
was enhanced by 36.5% using whole-cell catalysis with
recombinant E. coli BL21 (DE3) expressing mutant EA-TPL
in shake flasks. Finally, a fed-batch mode was established
for whole-cell catalysis in a 5 L bioreactor, and the titre
of L-DOPA reached 69.1 g L™! with high productivity of
11.52 g L=' h™!. These results indicated that EA-TPL mutant
hold great potential for industrial L.-DOPA production.
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