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ABSTRACT: Danshensu (DSS), a traditional Chinese medicine, is widely used
for the treatment of cardiovascular and cancer diseases. Here, a one-pot multi-
enzyme cascade pathway was designed for DSS synthesis from L-DOPA using
tyrosine aminotransferase from Escherichia coli (EcTyrB) and D-isomer-specific 2-
hydroxyacid dehydrogenase from Lactobacillus frumenti (LfD2-HDH). Glutamate
dehydrogenase from Clostridium difficile (CdgluD) was also introduced for a self-
sufficient system of α-ketoglutaric acid and NADH. Under optimal conditions (35
°C, pH 7.0, EcTyrB:LfD2-HDH:CdgluD = 3:2:1, glutamate:NAD+ = 1:1), 98.3%
yield (at 20 mM L-DOPA) and space-time yield of 6.61 g L−1 h−1 (at 40 mM L-
DOPA) were achieved. Decreased yields of DSS at elevated L-DOPA
concentrations (100 mM) could be attributed to an inhibited CdgluD activity
caused by NH4+ accumulation. This developed multi-enzyme cascade pathway
(including EcTyrB, LfD2-HDH, and CdgluD) provides an efficient and sustainable approach for the production of DSS from L-
DOPA.
KEYWORDS: Danshensu, L-DOPA, multi-enzyme cascade, self-sufficient, one-pot

■ INTRODUCTION
Danshensu (3,4-dihydroxyphenyllactic acid, DSS), as one of
the most important water-soluble components in Salvia
miltiorrhiza (danshen, traditional Chinese medicine), is widely
employed in the treatment of angina pectoris and other
cardiovascular diseases.1,2 For instance, DSS can offer
significant cardioprotective effect from myocardial ischemia/
reperfusion injury,3 efficacious anti-ischemic and anti-athero-
sclerosis effect,4 and protective effect from doxorubicin-
induced cardiotoxicity.5 In addition, DSS has some other
important pharmacological functions, such as neuroprotec-
tant,6 antioxidant,7,8 anti-tumor,9 anti-platelet aggregation
agents,10 anti-osteogenic,11 and vision protection.12

DSS is mainly produced by physical extraction, chemical
synthesis, or biosynthesis. Physical extraction is the traditional
method for DSS production (mainly from natural plant S.
miltiorrhiza).13 The scarce resource of S. miltiorrhiza, as well as
dissatisfactory yield and purity of DSS, limit the natural plant
extraction of DSS to meet industrial requirement.14 Therefore,
chemical synthesis routes with classical Knoevenagel con-
densation15 and Darzens condensation16 gradually advance as
alternative methods for DSS production. Although chemical
synthesis approaches ease the limitation of S. miltiorrhiza,
problems of poor chiral selectivity and laborious steps are
inextricable.17 Recently, chemical-enzymatic synthesis and
biosynthesis methods for the production of DSS has attracted
more attention. For instance, DSS was synthesized from 3,4-

dihydroxybenzaldehyde and acetylglycine catalyzed by resting
cells of Pediococcus acidilactici 1.2696, leading to 70.5% yield
and 0.69 g L−1 DSS.18 By employing a coenzyme-nonspecific
D-lactate dehydrogenase from Lactobacillus reuteri, enzymatic
synthesis of DSS from 3,4-dihydroxyphenylpyruvic acid (DPA)
resulted a yield of 95.4% and 1.89 g L−119L-DOPA as a cost-
effective compound, is an alternative for expensive 3,4-
dihydroxyphenylpyruvic acid.20L-DOPA was employed for
the production of DSS by enzymatic catalysis using L-amino
acid oxidase from Crotalus adamanteus, and D-lactate
dehydrogenase (LDH) from Lactobacillus leishmannii.21

Furthermore, an engineered Escherichia coli strain co-
expressing L-amino acid deaminase (AADL), LDH, and L-
glutamate dehydrogenase (GDH) was constructed for DSS
production from L-DOPA, and 95% yield was achieved via
whole-cell biotransformation.22 Up to now, based on our
knowledge, this method is the most promising approach
reported for the production of DSS (high yield and cheap
substrate L-DOPA). However, the low catalytic efficiency
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(space-time yield = 1.96 g L−1 h−1) caused by the low mass
transfer of whole-cell catalysis still needs improvement.
In vitro multi-enzyme (cell-free) cascade reaction is

regarded as a potential next-generation biomanufacture
platform, which is composed of multiple enzymes and/or
coenzymes under complicated reactions.23−26 In vitro
enzymatic bioreaction systems display many advantages such
as near-theoretical product yield, efficient mass transfer, and
unprecedented engineering possibilities.27−29

Aromatic amino aminotransferase (AroAT, EC 2.6.1.57),
one typical pyridoxal 5-phosphate (PLP)-dependent enzyme, is
an important enzyme in the biosynthesis of aromatic amino
acids.30 Tyrosine aminotransferase (TyrB), as one important
AroAT, could catalyze transamination between aromatic amino
acid and α-ketoglutaric acid (α-KG).31,32 For instance, TyrB
was used to produce 3,4-dihydroxyphenylpyruvic acid (DPA)
from L-DOPA with α-KG and L-glutamate as the donor and
acceptor, respectively.21D-Isomer-specific 2-hydroxyacid dehy-
drogenase (D2-HDH, EC1.1.1) is a NADH/NADPH-depend-
ent reductase, which can catalyze reduction of 2-keto acid to 2-
hydroxy acid with NADH as a cofactor.33 NADH and
NADPH, as the most commonly used cofactors in the redox
reaction,34 are not cost-effective for industrial applications.
Although glucose dehydrogenase (GDH)35,36 and formic
dehydrogenase (FDH)37,38 are usually coupled with oxidor-
eductase for the regeneration of NADH/NADPH, a large
amount of additional by-substrates (glucose and formic acid)
are required and the by-products (gluconic acid and CO2)
often affect the catalytic efficiency and product purity.
In this study, an in vitro multi-enzyme cascade route

catalyzed by TyrB from E. coli (EcTyrB) and D2-HDH from
Lactobacillus frumenti (LfD2-HDH) was designed for produc-
ing DSS from L-DOPA. Glutamate dehydrogenase from
Clostridium difficile (CdgluD) was introduced to simultaneously
realize the regeneration of NADH and α-KG, which are
essential as a cofactor and cosubstrate in this cascade reaction.
Furthermore, optimization of reaction conditions was
performed for the enhanced DSS yield using 10 mM L-

DOPA. Under optimal conditions, multi-enzyme cascade
synthesis of DSS from elevated concentrations of L-DOPA
was investigated, and the reason for significantly decreased
yield of DSS from 100 mM was explored. This newly designed
one-pot multi-enzyme cascade is featured with facile
preparation, low cost, and high efficiency, providing a
promising biocatalytic approach for the production of DSS.

■ RESULTS
Designing an In Vitro Multi-Enzyme Cascade Route

for the Production of DSS from L-DOPA. An in vitro multi-
enzyme cascade for DSS production from L-DOPA was
designed using EcTyrB, LfD2-HDH, and CdgluD in this
study (Figure 1a). This route consists of three enzymatic
reactions: first, L-DOPA is deaminated by EcTyrB to produce
DPA, and α-KG acts as an amino acceptor to generate
glutamate; Then, DPA is converted to DSS by LfD2-HDH
using NADH as a cofactor; finally, NADH and α-KG are
regenerated from NAD+ and glutamate by the recycling
reaction catalyzed by CdgluD, EcTyrB and CdgluD that were
employed as the optimal enzymes for the reactions (1) and
(3), respectively, based on previous reports.39−41 Because DSS
is generated by the reduction of DPA catalyzed by LDH/HDH
according to reaction (2),21,22,33 the efficacy of DSS synthesis
mostly depends on the catalytic activity of LDH/HDH. Here,
the recombinant LDHs and HDHs from different micro-
organisms (e.g., L. reuteri, L. secaliphilu, L. rossiae, L. lactis,
Weissella cryptocercid, L. oeni, and L. frumenti)18,42,43 were
expressed and evaluated. As shown in Figure S1, D2-HDH
from L. frumenti (LfD2-HDH) and LDHs from L. rossiae, L.
frumenti, and L. secaliphilu showed more soluble expression
than other LDHs from W. cryptocercid, L. lactis, L. oeni, and L.
reuteri. Activities of their crude enzymes were also investigated
and LfD2-HDH displayed the highest activity (69.6 mU·mg−1,
Table S1). Therefore, LfD2-HDH was selected as the best
candidate for reaction (2) because of its easy soluble
expression and high activity. The standard Gibbs free energy
change (ΔG′°) of EcTyrB and LfD2-HDH were evaluated

Figure 1. (a) In vitro multi-enzyme route designed for DSS synthesis from L-DOPA (DPA: 3,4-dihydroxyphenylpyruvic acid; α-KG: α-ketoglutaric
acid; EcTyrB: aromatic amino acid aminotransferase; LfD2-HDH: D-isomer specific 2-hydroxyacid dehydrogenase; CdgluD: glutamate
dehydrogenase). (b) SDS-PAGE analysis of various recombinant proteins (Lane M: protein marker; 1: EcTyrB, 2: LfD2-HDH; 3: CdgluD).

Table 1. Information of Enzymes Used in this Study

enzyme
GenBank accession

no source
specific activity (U/

mg)a ΔG′°b (kJ/mol) K′eqb

aromatic amino acid aminotransferase (EcTyrB) ACT45717 E. coliBL21 0.31 −8.20 30.0
D-isomer specific 2-hydroxyacid dehydrogenase (LfD2-
HDH)

KRL27985.1 L. frumenti 14.3 −19.5 2.71 × 103

glutamate dehydrogenase (CdgluD) AAA62756.1 C. difficile 0.14 36.5 4.02 × 10−7

aSpecific activity was determined using purified enzymes. bΔG′° and K′eq were obtained from http://equilibrator.weizmann.ac.il/.
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(−8.2 and −19.5 kJ/mol, Table 1), suggesting that the entire
biocatalytic route for DSS production is thermodynamically
favorable. Although the ΔG′° of CdgluD (36.5 kJ/mol) is
thermodynamically unfavorable, it only participates in cofactor
regeneration and will not hamper DSS synthesis. The reaction
equilibrium constants (K′eq) values of EcTyrB (30) and LfD2-
HDH (2.71 × 103) further suggest the potential high
conversion of DSS using this cascade route (Table 1).
All selected enzymes were purified by a nickel column and

analyzed by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), and more than 90% purity of EcTyrB,
LfD2-HDH, and CdgluD were obtained. Their molecular
weights were about 43, 40, and 46 kDa, respectively (Figure
1b). The specific activities of purified EcTyrB, LfD2-HDH,
and CdgluD were determined to be 0.31, 14.3, and 0.14 U
mg−1, respectively (Table 1).

Identification of DSS Synthesis by the In Vitro Multi-
Enzyme Cascade Route. One-pot cascade reaction by multi-
enzymes (purified EcTyrB, LfD2-HDH, and CdgluD) was
performed and the products/by-products were determined by
high-performance liquid chromatography (HPLC). To identify
the product and by-products, a suitable HPLC method was
optimized and the standard curves of DSS (6.36 min), L-
DOPA (3.31 min), and DPA (8.38 min) were also established

(Figure S2). As shown in Figure 2a, compared with the
control, the sample of the cascade reaction displayed one
product peak at the retention time of 6.36 min, which is in
accordance with the DSS standard (Figure S2). Furthermore,
liquid chromatography−mass spectrometry (LC−MS) analysis
confirmed that m/z ratio 197 is consistent with that of the DSS
standard (Figure 2b). Therefore, these results confirm that
DSS can be produced from L-DOPA via this newly designed in
vitro multi-enzyme cascade route.

Optimization of Reaction Conditions for DSS
Production. Optimization of Reaction Temperature, pH,
and Time. The effect of reaction temperature, pH, and
reaction time were evaluated with 10 mM L-DOPA. As shown
in Figure 3a, the titer of DSS remained relatively constant over
the temperature range of 20−40 °C. The optimal reaction
temperature for DSS production was determined to be 35 °C,
and the DSS titer at 40 °C still kept more than 88% of that at
35 °C. In addition, reaction pH was also optimized. The DSS
titer remained relatively stable with the range of pH 6.5−8.0
and reached the highest at pH 7.5 (Figure 3b). Although a
slight decrease (about 7%) was observed at pH 7.0, it was
selected as the optimum pH for DSS production because of
better stability of DSS at neutral pH. Time course of the
cascade reaction was monitored to investigate the effect of

Figure 2. Identification of DSS synthesis. (a) HPLC analysis of DSS synthesized from L-DOPA. (b) LC−MS analysis of the multi-enzyme cascade
reaction as proof of DSS production.

Figure 3. Effect of reaction (a) temperature, (b) pH, and (c) time on DSS production in the multi-enzyme cascade reaction. (a) Ten milliliter
reaction containing 10 mM L-DOPA, 10 mM NAD+, 10 mM glutamate, and 0.1 U/mL of each enzyme in 50 mM PBS buffer (pH 7.0) was
performed at 20−40 °C for 2 h. (b) Ten milliliter reaction containing 10 mM L-DOPA, 10 mM NAD+, 10 mM glutamate, and 0.1 U/mL of each
enzyme in various 50 mM PBS buffers (pH 6.0−8.0) was performed at 35 °C for 2 h. (c) Ten milliliter reaction containing 10 mM L-DOPA, 10
mM NAD+, 10 mM glutamate, 0.1 U mL−1EcTyrB, 0.1 U mL−1LfD2-HDH, and 0.1 U mL−1CdgluD in 50 mM PBS buffer (pH 7.0) was performed
at 35 °C. Values are means of triplicate determinations.
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reaction time on DSS accumulation. The highest DSS
concentration of 8.9 mM was obtained from 10 mM L-
DOPA at 2 h (Figure 3c). After 2 h, the concentration of DSS
gradually decreased as the reaction proceeded. As shown in
Figure S3, a gradual accumulation of by-product DPA was also
observed as DSS decreased (especially after 9 h).
Optimization of Loadings of EcTyrB, Lf D2-HDH, CdgluD,

NAD+, and Glutamate. To optimize the loadings of each
enzyme (EcTyrB, LfD2-HDH, and CdgluD) and additional
NAD+ and glutamate, the cascade reaction was performed with
10 mM L-DOPA. As shown in Figure 4a, the DSS
concentration was enhanced from 6.19 to 7.58 mM when
the loading of EcTyrB increased from 0.01 to 0.10 U mL−1 and
remained similar at higher EcTyrB loadings of 0.10−0.20 U
mL−1. The highest DSS concentration of 7.59 mM was
achieved with 0.15 U mL−1EcTyrB. For CdgluD, the DSS
concentration reached the highest of 7.78 mM at 0.05 U
mL−1CdgluD, and further enhanced CdgluD loading had no
positive effect on DSS accumulation (Figure 4b). Therefore,
the loading of LfD2-HDH was optimized based on 0.15 U
mL−1EcTyrB and 0.05 U mL−1CdgluD. As shown in Figure 4c,
the highest concentration of DSS of 8.02 mM was achieved at
0.10 U mL−1LfD2-HDH. As a result, the optimal enzyme
loading ratio of EcTyrB, LfD2-HDH, and CdgluD were
determined to be 3:2:1.
NAD+ and glutamate are an important cofactor and

cosubstrate in the cascade process for DSS synthesis. The
initial concentrations of NAD+ and glutamate were optimized
under above optimized temperature, pH, and enzyme loadings.
As shown in Figure 4d, the highest DSS concentration of 8.16
mM was obtained with 5 mM NAD+, and further increased

NAD+ caused a decrease in DSS accumulation. For glutamate,
the concentration of DSS increased to the highest level of 8.39
mM with enhanced glutamate addition from 0.5 to 10 mM
(Figure 4e). Therefore, the optimum concentrations of NAD+
and glutamate were 5 and 10 mM, respectively.
Based on the above analysis, the optimal conditions for the

cascade reaction with 10 mM L-DOPA were as follows: 10 mL
mixture including 50 mM phosphate buffer saline (PBS) buffer
(pH 7.0), 5 mM NAD+, 10 mM glutamate, 0.15 U
mL−1EcTyrB, 0.10 U mL−1LfD2-HDH, and 0.05 U
mL−1CdgluD at 35 °C. Under above optimum conditions,
9.20 mM of DSS was obtained from 10 mM L-DOPA at 2 h
with a space−time yield of 1.82 g L−1 h−1 (Table 2).

In Vitro Multi-Enzyme Cascade Synthesis of DSS and
Whole-Cell Reaction from Elevated Concentrations of L-
DOPA. Elevated concentrations of L-DOPA were attempted in
this multi-enzyme cascade. Based on optimal reaction
conditions, double loadings of enzymes and cofactors were
employed as follows, including 10 mM NAD+, 20 mM
glutamate, and enzyme loadings of 0.3 U mL−1EcTyrB, 0.2
U mL−1LfD2-HDH, and 0.1 U mL−1CdgluD. As shown in
Table 2, with the increasing of L-DOPA from 20 to 50 mM,
although the yield of DSS decreased from 98.3 to 82.8%, the
ratio of substrates/catalysts (S/C) gradually increased from
0.86 to 2.26, respectively. The highest space−time yield of 6.61
g L−1 h−1 was reached at 40 mM L-DOPA and decreased to
4.09 and 2.45 at 50 and 100 mM L-DOPA, respectively.
The recombinant E. coli BL21(DE3) strain harboring

plasmids pRSFDuet1/EcTyrB/LfD2-HDH and pETDuet1/
CdgluD was constructed. As shown in Figure S5a, CdgluD
exhibited a mass of soluble expression, whereas enzymes

Figure 4. Optimization of enzyme loadings and cofactor concentration for DSS production in multi-enzyme cascade reactions. (a) Effect of EcTyrB
loading: 0.01−0.20 U mL−1EcTyrB, 0.1 U mL−1 of the other two enzymes. (b) Effect of CdgluD loading: 0.01−0.20 U mL−1CdgluD, 0.15 U mL−1

of EcTyrB, and 0.1 U mL−1 of LfD2-HDH. (c) Effect of LfD2-HDH loading: 0.01−0.20 U mL−1LfD2-HDH, 0.15 U mL−1 of EcTyrB, and 0.05 U
mL−1 of CdgluD. (d) Effect of NAD+: 0.5−15 mM NAD+, 10 mM glutamate. (e) Effect of glutamate: 0.5−15 mM glutamate, 5 mM NAD+. All
reaction mixtures (10 mL) contained 10 mM L-DOPA in 50 mM PBS buffer (pH 7.0) and were performed at 35 °C for 2 h. Values are means of
triplicate determinations.
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EcTyrB and LfD2-HDH showed slight soluble expression.
HPLC analysis displayed that no DSS product was synthesized
in the whole-cell reaction within the whole range of 0−24 h
(Figure S5b). However, the peak area at 8.38 min (DPA) was
gradually decreased within the range of 2−8 h and that at 8.76
min, the unknown compound was gradually increased after 12
h.

Analysis for Decreased DSS Yield at 100 mM L-DOPA.
To investigate the reason for decreased yield and space−time
yield of DSS at 100 mM L-DOPA, different strategies were
performed as follows. The substrate inhibition effect was
explored first because of the low solubility of L-DOPA. As
shown in Figure 5, when 197 mg of L-DOPA powder (equal to
100 mM) was directly added into the mixture at the beginning
of the reaction, the DSS concentration was significantly
increased to 40 mM within the first 1 h, then slowly increased
to 51.5 mM from 1 to 4 h. However, the DSS concentration
was gradually decreased after 4 h. The batch addition strategy

was performed with the initial addition of 39.4 mg of L-DOPA
(20 mM); subsequently, 19.7 mg of L-DOPA (10 mM) was
added in batch after each hour. The DSS concentration slowly
increased to 45.5 mM from 0 to 8 h, then quickly decreased
after 8 h (Figure 5). Based on the batch addition of L-DOPA,
enzyme addition in batch at each 3 h was also investigated, and
the DSS production trend was similar to that of only L-DOPA
addition. Although the highest DSS concentration (47.5 mM)
by batch addition of both L-DOPA and enzymes was slightly
higher than that of only L-DOPA batch addition (45.5 mM), it
was still lower than that of 100 mM L-DOPA without batch
addition.
NH4+ is one intermediate produced by CdgluD during the

multi-enzyme cascade synthesis of DSS. Figure 6a shows that

the activity of CdgluD was decreased along with the increasing
NH4+ concentration and even lost around 80% of its original
activity in the presence of 50 mM NH4+. This indicates that
NH4+ accumulation can inhibit the activity of CdgluD, which
could no longer provide sufficient α-KG and NADH for the
cascade reaction. For cascade reaction with 100 mM L-DOPA,
supplement of 10 mM of both α-KG and NADH at 4 h could
further enhance the DSS concentration by 16% within the next
1 h (Figure 6b).
Attempt of NaOH addition was performed to remove the

accumulated NH4+. As shown in Figure 7, when the pH of
mixture was adjusted to 7.5 and 8.0 by adding NaOH after 1 h,
the color of the mixture gradually became darker and the yield
of DSS gradually decreased as pH increased. In particular, the
highest yield of DSS (51.9%) without pH adjustment was
achieved at a reaction time of 4 h, whereas that at pH 7.5
(44.7%) and 8.0 (29.3%) was decreased by 13.8 and 43.5%,
respectively.
Another approach for NH4+ removal was also performed,

and 10 g of zeolite was added in the mixture at 1 h. As shown
in Figure 7, DSS yields by adding zeolite were significantly
enhanced and reached the highest (70.5%) at 4 h, which was
1.36-fold that without zeolite.

■ DISCUSSION
DSS as a main component in S. miltiorrhiza has a high
potential for the treatment of cardiovascular diseases. For the

Table 2. DSS Production from L-DOPA in Multi-Enzyme
Cascade Reactions

L-
DOPA/
mM yielda

DSS/
mM

space-time yieldb/
g L−1 h−1

enzyme
loadingsc/mg S/Cd

10 92.0% 9.20 1.82 22.5 0.81
20 98.3% 19.7 3.89 45.0 0.86
30 93.5% 28.1 5.56 45.0 1.23
40 83.7% 33.5 6.61 45.0 1.47
50 82.8% 41.4 4.09 45.0 1.81
100 51.5% 51.5 2.54 45.0 2.26

a yield .produced DSS concentration
initial L DOPA concentration

= b

Space time yield .produced DSS concentration
reaction time

= cEnzyme loadings: 10
mL of the reaction mixture with 10 mM L-DOPA including 0.15 U
mL−1EcTyrB, 0.1 U mL−1LfD2-HDH, and 0.05 U mL−1CdgluD, and
the total mass of all three enzymes (lyophilized crude enzyme
powder) was 22.5 mg; 10 mL of the reaction mixture with more than
20 mM L-DOPA including 0.3 U mL−1EcTyrB, 0.2 U mL−1LfD2-
HDH, and 0.1 U mL−1CdgluD, and the total mass of all three
enzymes (lyophilized crude enzyme powder) was 45 mg. d

S/C amount of L DOPA converted
amount of enzymes

= .

Figure 5. In vitro multi-enzyme cascade synthesis of DSS at 100 mM
L-DOPA. Addition of L-DOPA one time: addition of 197 mg of L-
DOPA (100 mM) at the beginning of the reaction; addition of L-
DOPA in batch: 39.4 mg of L-DOPA (20 mM) was added at the
beginning, then 19.7 mg of L-DOPA (10 mM) was added at 1, 2, 3, 4,
5, 6, 7, and 8 h, respectively. Addition of L-DOPA and enzymes in
batch: based on the addition of L-DOPA in batch each hour, three
enzymes with the total amount of 45 mg were added every 3 h (e.g., 0,
3, and 6 h).

Figure 6. Effect of NH4+ concentration on the multi-enzyme cascade
reaction. (a) Effect of the NH4+ concentration on the activity of
CdgluD. (b) Effect of additional α-KG and NADH on DSS
production in multi-enzyme cascade reaction. Ten milliliter reaction
containing 100 mM L-DOPA, 10 mM NAD+, 20 mM glutamate, 0.3 U
mL−1EcTyrB, 0.2 U mL−1LfD2-HDH, and 0.1 U mL−1CdgluD in 50
mM PBS buffers (pH 7.0) was performed at 35 °C. Values are means
of triplicate determinations.
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biosynthesis of DSS, an efficient in vitro multi-enzyme cascade
route for DSS production from L-DOPA was developed in this
study. Compared with chemo-enzymatic methods17 and
whole-cell biocatalytic approaches,22 this newly designed
route displays a number of advantages. First, the production
of DSS from L-DOPA by the in vitro one-pot multi-enzyme
cascade route is environment-friendly and has less by-products
without complex product purification steps.17,22 Second,
compared with the whole-cell biocatalysis process (space−
time yield of 1.96 g L−1 h−1),22 this designed in vitro enzymatic
pathway presents a higher space−time yield of 6.61 g L−1 h−1

owing to its faster mass transfer and catalytic efficiency. In
addition, the self-sufficient system of the cofactor (NADH)
and cosubstrate (α-KG) is achieved within this cascade route.
CdgluD catalyzes the dehydrogenation of glutamate to
generate α-KG and NADH, providing abundant cosubstrates
and cofactors for the reactions catalyzed by EctyrB and LfD2-
HDH. Meanwhile, α-KG can act as an amino acceptor for the
synthesis of DPA from L-DOPA by EcTyrB and continuously
provides glutamate as the cosubstrate of CdgluD. Compared
with the accumulation of byproduct gluconic acid from the
reported whole-cell catalysis,22 this self-sufficient system avoids
large accumulation of byproducts and is convenient for the
purification of DSS.
In the time-course experiment, an unexpected decrease in

the DSS concentration was observed after 2 h (Figure 3c).
Meanwhile, the peak area of DPA was gradually increased with
increasing reaction time (Figure S3), suggesting DSS was
partially oxidized to DPA as reaction proceeds. Therefore, the
optimization of reaction conditions was performed to
accelerate the yield of DSS and reduce the oxidation of DSS.
pH 7.0 was selected for the cascade reaction because of the
weak oxidation of DSS at neutrality conditions, even though
the optimum reaction pH was determined to be 7.5 (Figure
3b). In the cascade reaction, various enzymes in one pot could
have synergistic effects at certain amounts.44 Here, the ratio of
enzyme loadings of EcTyrB, LfD2-HDH, and CdgluD was
optimized to be 3:2:1 (Figure 4). To reduce the costs of the
cofactor and cosubstrate, small amounts of NAD+ (5 mM) and
glutamate (10 mM) were used instead of expensive NADH
and α-KG (Figure 4).
Space−time yield is an important parameter in industrial

bioprocesses.45−47 Although 95% yield of DSS was obtained by
the whole-cell biocatalysis,22 its low space−time yield (1.96 g

L−1 h−1) and S/C (0.47) is noteworthy. In this in vitro cascade
route, the highest space−time yield of 6.61 g L−1 h−1 was
achieved with lower enzyme loadings (S/C = 1.47) (Table 2).
Furthermore, although the DSS yield at 100 mM L-DOPA was
unexpectedly decreased, this cascade reaction still maintained a
higher space−time yield of 2.54 g L−1 h−1 and S/C of 2.26
than the whole-cell biocatalysis (Table 2).
Most L-DOPA was present as a solid in the mixture because

of its low solubility. Considering that high concentrations of L-
DOPA may inhibit the cascade catalytic efficiency, the addition
of L-DOPA in batch was investigated. However, no positive
effect of the batch addition of L-DOPA (Figure 5) was
observed in the multi-enzyme cascade reaction for DSS
synthesis. Furthermore, to investigate whether insufficient
enzymes or enzymatic activities loss are responsible for the low
DSS yield at 100 mM L-DOPA, enzyme addition in batch was
performed and no significant increase of the DSS yield was
observed (Figure 5). Therefore, these results suggest that
decreased DSS yield at 100 mM L-DOPA is not ascribed to the
substrate inhibition and enzyme shortage in the cascade
reaction.
To further understand the reason of reduced DSS yield from

elevated concentrations of L-DOPA, the concentration of
accumulated NH4+ in the cascade reaction mixture was
determined to be as high as 43.3 mM (at 4 h). According to
the mechanism of this cascade reaction (Figure 8), the

amidogen moiety from L-DOPA is transformed to glutamic
acid by EcTyrB catalysis, and then NH4+ is produced via
deamination of glutamic acid by CdgluD. Excess NH4+ could
hamper the conversion of glutamate to α-KG and NADH by
CdgluD because of the reversible reaction,48 which further
inhibited the cascade synthesis of DSS. This hypothesis was
further confirmed by the results of severe inhibition of high
concentrations of NH4+ on CdgluD activity (Figure 6a).
Furthermore, supplements of α-KG and NADH could enhance
the DSS yield by the cascade reaction (Figure 6b), suggesting
that the shortage of α-KG and NADH is mainly responsible for
the hindered DSS accumulation. Therefore, efficient strategies
for NH4+ removal in this cascade route need to be explored.
To remove NH4+, herein, two approaches of adding NaOH
and zeolite were attempted. pH adjustment with NaOH was
performed because OH− could hydrolyze NH4+ and release
NH3.

49 However, the yields of DSS at pH 7.5 and 8.0 were
gradually decreased (Figure 7), which may be attributed to the
oxidation of DSS at alkaline conditions. Absorption using

Figure 7. Time course of multi-enzyme reaction by pH adjustment
and zeolite addition. pH adjustment was performed by adding NaOH
(100 mM) in the reaction mixture to adjust pH to 7.5 and 8.0 after 1
h of reaction. Addition of zeolite was performed by adding 10 g of
zeolites in the mixture after 1 h of reaction.

Figure 8. Schematic of the NH4+ transfer pathway in the cascade
synthesis of DSS.

ACS Synthetic Biology pubs.acs.org/synthbio Research Article

https://doi.org/10.1021/acssynbio.2c00552
ACS Synth. Biol. 2023, 12, 277−286

282

https://pubs.acs.org/doi/suppl/10.1021/acssynbio.2c00552/suppl_file/sb2c00552_si_001.pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00552?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00552?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00552?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00552?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00552?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00552?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00552?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acssynbio.2c00552?fig=fig8&ref=pdf
pubs.acs.org/synthbio?ref=pdf
https://doi.org/10.1021/acssynbio.2c00552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


zeolite is another effective approach for NH4+ removal.
50

Herein, significant enhancement of DSS yield after adding
zeolite (Figure 7) further confirms that zeolite is able to reduce
the inhibitory effect of accumulated NH4+ in this cascade
route.
Whole-cell reaction using engineered E. coli BL21(DE3)

harboring plasmids pRSFDuet1/EcTyrB/LfD2-HDH and
pETDuet1/CdgluD was also attempted, but no DSS product
was detected (Figure S5b). However, an unknown compound
(at a retention time of 8.76 min) was gradually synthesized
with decreasing DPA. The reason may be ascribed to an
inappropriate ratio of three enzymes (more expression of
CdgluD, less expression of EcTyrB and LfD2-HDH) and the
effects of other intracellular enzymes (Figure S5a). These
results reveal that the synthesis of DSS through this route in
the complex intracellular environment needs further optimiza-
tion.
In summary, a newly designed in vitro one-pot multi-enzyme

cascade pathway was successfully constructed for DSS
production from L-DOPA for the first time. In this route, a
cofactor (NADH) and cosubstrate (α-KG) self-sufficient
system was introduced by CdgluD with the addition of
cheap glutamate and NAD+ with low concentrations (10 mM
NAD+ and 20 mM glutamate). Under the optimum reaction
conditions, the highest DSS yield reached 98.3% (at 20 mM L-
DOPA), and the space−time yield reached 6.61 g L−1 h−1 (at
40 mM L-DOPA). Additionally, NH4+ accumulation was
identified to be mainly responsible for the decreased DSS
yield with elevated concentrations of L-DOPA. This in vitro
multi-enzyme cascade reaction provides a promising alternative
route for industrial production of DSS.

■ MATERIALS AND METHODS
Chemicals. L-DOPA, α-KG, and DSS were purchased from

Sigma-Aldrich (Shanghai, China). NADH and NAD+ were
purchased from Sangon (Shanghai Sangon Biotech Co.,
China). Kanamycin and isopropyl-β-D-thiogalactopyranoside
were procured from Generay (Shanghai Generay Biotech Co.,
China).

Bacterial Strains, Plasmids, and Enzymes. E. coli BL21
(DE3) were purchased from Tokyo Chemical Industry
(Shanghai, China) and used as hosts for recombinant enzyme
expression. Genes encoding LfD2-HDH from L. frumenti43

(GenBank ID ON209401) and CdgluD from C. difficile29,32

(GenBank ID ON209400) were codon-optimized and
synthesized by Generay (Shanghai, China). Genes encoding
LDHs from other microorganisms (Table S1) were also
synthesized by Generay (Shanghai, China). The gene encoding
EcTyrB29,31 was amplified from the DNA genome of E. coli
BL21 (GenBank ID CP001509.3, from 4174523 to 4175716)
using the KOD DNA polymerase with the primers (Table S2).
All genes were cloned into plasmid pET-28a(+) between
restriction enzyme cutting sites of Bam HI and Xho I, and
recombinant plasmids pET-28a(+)/Ec-tyrB, pET-28a(+)/Lf-
hdh, and pET-28a(+)/Cd-gluD were constructed (Figure S4).

Expression and Purification. The constructed recombi-
nant plasmids pET-28a(+)/Ec-tyrB, pET-28a(+)/Lf-hdh, and
pET-28a(+)/Cd-gluD were transferred into host strain E. coli
BL21 (DE3). The recombinant E. coli strains were inoculated
into 0.7 L of LB medium containing 50 μg/mL kanamycin at
1% ratio (v/v) and then incubated at 37 °C and 200 rpm.
When the optical density at 600 nm (OD600) reached 0.6−0.8,
expression was induced by adding 0.2 mM isopropyl-β-D-

thiogalactopyranoside (IPTG). After further incubation at 16
°C and 200 rpm for 16 h, cells were harvested by
centrifugation at 8000 × g for 10 min. Then, the cells were
resuspended with 20 mM Tris−HCl buffer (pH 7.5, containing
500 mM NaCl and 20 mM imidazole) and disrupted by
ultrasonication.
Crude cell extracts were centrifuged for 30 min, and the

supernatants were freeze-dried into powder for further
investigations. Purification was performed using nickel column
affinity chromatography and elution with binding buffer (20
mM Tris−HCl pH 7.5, 500 mM NaCl, and 500 mM
imidazole). The eluted fractions were evaluated by SDS-
PAGE analysis. The protein concentration was measured using
a Thermo Scientific NanoDropTM spectrophotometer (Wil-
mington, DE, USA).

Enzymatic Activity Assays. Activity of EcTyrB was
measured at 30 °C in 50 mM PBS buffer (pH 7.0) containing
5 mM L-DOPA and 5 mM α-KG. The reaction was terminated
by adding equal volume of 1 M HCl after incubating for 10
min. The concentration of DPA was measured by HPLC. One
unit of EcTyrB activity is defined as the amount of EcTyrB
required for the formation of 1 μmol DPA per min.
The activity of LfD2-HDH was measured at 30 °C in 50

mM PBS buffer (pH 7.0) containing 5 mM DPA and 10 mM
NADH. The reaction was stopped by adding equal volume of 1
M HCl after 10 min. The concentration of DSS was measured
by HPLC. One unit of LfD2-HDH activity is defined as the
amount of LfD2-HDH required for the formation of 1 μmol
DSS per min.
The activity of CdgluD was measured in 96-well plates at 25

°C using a spectrophotometer. A reaction mixture OF 200 μL
contained 10 μL of glutamate (10 mM), 10 μL of NAD+ (10
mM), 10 μL of CdgluD, and 170 μL of PBS buffer (100 mM,
pH 7.0). One unit of CdgluD activity is defined as the amount
of CdgluD required for producing 1 μmol NADH per min.

Multi-Enzyme Cascade Synthesis of DSS and Analysis
by HPLC and LC−MS. One-pot cascade reaction for
biosynthesis of DSS was performed using 10 mL mixture in
an Erlenmeyer flask (100 mL), including 50 mM PBS buffer
(pH 7.0), 5 mM L-DOPA, 10 mM glutamate, and 10 mM
NAD+. The concentrations of all three enzymes (including
purified EcTyrB, LfD2-HDH, and CdgluD) were 0.1 U mL−1.
The reaction was conducted at 30 °C, with shaking of 220
rpm, and aliquots of samples were taken periodically at 1, 2, 4,
6, 9, and 12 h.
The production of DSS and DPA and consumption of L-

DOPA were measured by HPLC equipped with an Agilent
Zorbax SB-C18 column (250 mm × Ø 4.6 mm) at 280 nm.
The mobile phase consisted of 100% methanol (solution A),
and 0.1% formic acid in water (solution B) was used at a flow
rate of 1 mL/min. The gradient elution process was as follows:
0−15 min, 10−100% solution A; 15−20 min, 100% solution
A; 20−25 min, 100−10% solution A; and 25−30 min, 10%
solution A. The retention times of DSS, DPA, and L-DOPA
were determined compared with the standards. The yield was
calculated by dividing the concentration of DSS by the initial
concentration of L-DOPA.
Reaction products were further identified by the LC−MS

analysis using a MALDI SYNAPT Q-TOF Premier mass
spectrometer (Waters, USA) equipped with an electrospray
ion source performed in the V-Optics negative mode. A BEH
C18 column (1.7 μm, 2.1 × 100 mm) was used for liquid
chromatogram on an ACQUITY UPLC (Waters, USA).
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Optimization of Conditions for DSS Production.
Temperature and pH. All reactions were performed in 100
mL Erlenmeyer flask in the following investigation. The effect
of temperature and pH on DSS production was investigated.
For temperature, a 10 mL reaction was performed at 20−40
°C, containing 10 mM L-DOPA, 10 mM glutamate, 10 mM
NAD+, and 0.1 U mL−1 of each enzyme (lyophilized crude
enzyme powder) in 50 mM PBS buffer (pH 7.0). For pH, the
same reaction system was performed, except various 50 mM
PBS buffers of pH 6.0−8.0 were used. The concentration of
DSS was measured by HPLC after 2 h of reaction.
Enzyme Loadings of EcTyrB, Lf D2-HDH, and CdgluD.

Optimization of enzyme loadings (lyophilized crude enzyme
powder) was performed at 10 mM L-DOPA. For EcTyrB,
enzyme loadings of 0.01−0.3 U mL−1 were attempted while
the other two enzymes were maintained at 0.1 U mL−1. Under
the optimum loading of EcTyrB, CdgluD amounts of 0.01 to
0.2 U mL−1 were attempted at 0.1 U mL−1LfD2-HDH. Under
the optimum loadings of EcTyrB and CdgluD, LfD2-HDH
amounts of 0.01−0.2 U mL−1 were conducted. The
concentration of DSS was measured as above.
Concentrations of NAD+ and Glutamate. For NAD+, the

same reaction system containing various concentrations of
NAD+ (0.5−15 mM) was performed at 10 mM L-DOPA and
10 mM glutamate. For glutamate, the same reaction system
containing various concentrations of glutamate (0.5−15 mM)
was applied at 10 mM L-DOPA and 5 mM NAD+. DSS
concentration was measured as above.

Cascade Reaction at High Concentrations of L-DOPA.
A ten milliliter multi-enzyme cascade reaction was conducted
at 20−100 mM L-DOPA (39.4−197 mg) and 35 °C, which
contained 45 mg of lyophilized crude enzyme powder (0.3 U/
mL EcTyrB, 0.2 U/mL LfD2-HDH, and 0.1 U mL−1CdgluD),
20 mM glutamate, and 10 mM NAD+ in 50 mM PBS buffer
(pH 7.0). The concentration of DSS was determined as above.
The addition of L-DOPA in batch was performed as follows:

39.4 mg of L-DOPA (20 mM) was added into the mixture (10
mL) at the beginning of the reaction, and then, 19.7 mg of L-
DOPA (10 mM) was added in batch at 1, 2, 3, 4, 5, 6, 7, and 8
h, respectively.
The addition of enzymes in batch was performed as follows.

Based on the batch addition of L-DOPA above, 45 mg of
lyophilized crude enzyme powder (including 0.3 U
mL−1EcTyrB, 0.2 U mL−1Lf D2-HDH, and 0.1 U
mL−1CdgluD) was added into the mixture (10 mL) at 0, 3,
and 6 h, respectively.
The concentration of accumulated NH4+ in the cascade

reaction mixture was determined by formaldehyde−phenolph-
thalein titration method.51

Whole-Cell Reaction Harboring Plasmids pRSFDuet1/
EcTyrB/LfD2-HDH and pETDuet1/CdgluD. The Ec-tyrB
and Lf-hdh genes were cloned into the same plasmid
pRSFDuet1 in Multiple Cloning Sites I (MCS I, between
Nco I and Hind III) and MCS II (between Nde I and Xho I),
respectively. The Cd-gluD gene was cloned into the plasmid
pETDuet1 between Nco I and Hind III in MCS I. All
successfully constructed plasmids were transformed into the
same E. coli BL21(DE3), and the recombinant E. coli harboring
both recombinant plasmids pRSFDuet1/EcTyrB/LfD2-HDH
and pETDuet1/CdgluD was constructed.
The recombinant E. coli strains were inoculated into 0.7 L of

LB medium containing 50 μg/mL kanamycin and 100 μg/mL
ampicillin at 1% ratio (v/v) and then incubated at 37 °C and

200 rpm. When the optical density at 600 nm (OD600) reached
0.6−0.8, the expression was induced by adding 0.2 mM IPTG.
After further incubation at 16 °C and 200 rpm for 16 h, cells
were harvested by centrifugation at 8000 × g for 10 min. Then,
the harvested cells were washed 3 times using 50 mM PBS
buffer (pH 7.0) and then were freeze-dried for further
investigation.
The whole-cell reaction was performed as follows: a 10 mL

reaction mixture containing 100 mM L-DOPA (197 mg), 1 g of
freeze-dried cells, 20 mM glutamate, and 10 mM NAD+ in 50
mM PBS buffer (pH 7.0) was conducted at 35 °C. The sample
at various times was determined for the concentration of DSS.

Attempts for Reducing the Effect of NH4
+ by pH

Adjustment and Adding Zeolite. To reduce the accumu-
lated NH4+ in the cascade reaction, the approaches of adding
NaOH and zeolite were performed, respectively.
pH adjustment by adding NaOH was performed as follows.

A ten milliliter multi-enzyme cascade reaction (in 100 mL
Erlenmeyer flask) was conducted at 35 °C, which contained
100 mM L-DOPA (197 mg), 45 mg of lyophilized crude
enzyme powder (0.3 U/mL EcTyrB, 0.2 U/mL LfD2-HDH,
and 0.1 U mL−1CdgluD), 20 mM glutamate, and 10 mM
NAD+ in 50 mM PBS buffer (pH 7.0). After 1 h of cascade
reaction, 100 mM NaOH was added in the reaction mixture to
adjust pH to 7.5 and 8.0, respectively. The sample at per hour
was determined for the concentration of DSS.
The addition of zeolite was performed as follows. A ten

milliliter multi-enzyme cascade reaction was performed as
described above (pH 7.0 and 35 °C). After 1 h of reaction, 10
g of zeolites were added in the reaction mixture. The sample at
per hour was determined for the concentration of DSS.
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