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5]. As a monomer of polydopamine (PDA), PDA mate-
rials have been applied in various fields [6–8]. Given the 
significance of dopamine in pharmaceutical and chemi-
cal industries, methods of dopamine synthesis have been 
studied but only for chemical synthesis [1]. Bio-man-
ufacturing of dopamine was seldom reported [9], so an 
efficient bioconversion of dopamine is desired. In previ-
ous study, a pyridoxal, 5’-phosphate-dependent enzyme, 
as known as L-dopa decarboxylase (DDC, EC 4.1.1.28), 
was found that can catalyze L-dopa to form dopamine 
[10, 11]. Therefore, a DDC from Harmonia axyridis was 
employed in our previous research [12].

Whole-cell bioconversion has been a promising 
method for producing fine chemicals or pharmaceuti-
cal products from bulk chemicals with high selectivity. 

Introduction
Dopamine [2-(3,4-Dihydroxyphenyl-D3)ethylamine or 
3,4-dihydroxytyramine] is a high-value compound in 
pharmaceutics and materials [1]. As a neurotransmit-
ter, dopamine plays a key role in learning and motiva-
tion [2]. As therapeutic agents, dopamine was taken by 
Arvid Carlsson for Parkinson’s disease [3]. Dopamine 
and its derivative norepinephrine and epinephrine are 
key therapeutic uses, like in emergency of COVID-19 [4, 
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Abstract
Dopamine is high-value compound of pharmaceutical interest, but its industrial scale production mostly focuses 
on chemical synthesis, possessing environment pollution. Bio-manufacturing has caused much attention for its 
environmental characteristic. Resting cells were employed to as biocatalysts with extraordinary advantages like 
offering stable surroundings, the inherent presence of expensive cofactors. In this study, whole-cell bioconversion 
was employed to convert dopa to dopamine. To increase the titer and yield of dopamine production through 
whole-cell catalysis, three kinds of aromatic amino acid transport protein, AroP, PheP and TyrP, were selected to 
be co-expressed. The effects of the concentration of L-dopa, pyridoxal-5’- phosphate (PLP), reaction temperature 
and pH were characterized for improvement of bioconversion. Under optimal conditions, dopamine titer reached 
1.44 g/L with molar yield of 46.3%, which is 6.62 times than that of initial conditions. The catalysis productivity of 
recombinant E. coli co-expressed L-dopa decarboxylase(DDC) and AroP was further enhanced by repeated cell 
recycling, which maintained over 50% of its initial ability with eight consecutive catalyses. This study was the first 
to successfully bioconversion of dopamine by whole-cell catalysis. This research provided reference for whole-cell 
catalysis which is hindered by cell membrane.
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In biotransformation, whole-cell catalysis can effectively 
save energy by avoiding cell disruption and enzyme puri-
fication, provide the generation of cofactors and a stable 
and mild environment [13–16].However, permeability 
of cell membrane restricts the productivity of whole-cell 
bioprocess including fermentation, bioremediations and 
bio-catalysis [17]. Scientists and researchers, therefore, 
are focusing on the problem and proposed a range of 
strategies [18], including solvent and detergent treatment 
[19–22], freeze and thaw method [23]. These solutions 
maybe simple and effective but they are empirical and 
unsuitable for large scale for the inevitably extra steps 
[17]. The novel strategies arose with development of syn-
thetic biology, such as cell surface display [24, 25] and 
modifying out membrane structures [18].

In this study, physical, chemical and biological meth-
ods were attempted to enhance the bioconversion rate 
of L-dopa to dopamine. Different transport proteins 
were selected and studied to enhance the productivity 
of whole-cell catalysis of L-dopa to dopamine. Then, the 
recombinant E. coli with AroP and DDC was constructed 
for efficient whole-cell bioconversion of dopamine and 
the reaction pH, temperature, the concentration of 
PLP and L-dopa were optimized. Finally, to enhance 

utilization efficiency of resting cells, the time of recover 
cells was also examined.

Materials and methods
Strains and media
The plasmids and strains used in this study were listed 
in Table 1. The strains were all cultured in Luria-Bertani 
(LB) medium consisting of 10  g/L peptone, 5  g/L yeast 
extract and 5  g/L sodium chloride with antibiotics. LB 
solid medium was extra added 4 g/L agar in LB medium. 
The concentration of ampicillin (Amp) and kanamycin 
(Kan) were 100 mg/L and 50 mg/L, respectively.

Construction of plasmids and expression of proteins
The gene arop (gene ID: 946,018), phep (gene ID: 
945,199), tyrp (gene ID: 946,412) are all belong to aro-
matic amino acid symporter of E. coli and were ampli-
fied by polymerase chain reaction. The constructed 
genes were inserted in plasmid vectors by homologous 
recombination. The primers with homologous frag-
ments are listed in Table  2 and sequences of homolo-
gous arms were underlined. All the recombinant strains 
were inoculated from a freshly transformed single colony 
to 5 mL of LB medium and seeded into 100 mL of LB 
medium after cultivation for 12 h at 37 ℃. 50 mg/L kana 
was added into medium used for culturing BL21-28a-
DDC. 50 mg/L ampicillin and 25 mg/L kanamycin were 
added into medium used for culturing BL21-AB-aroP, 
BL21-AD-aroP, BL21-AD-pheP and BL21-AD-tyrP. Cell 
density was monitored by OD600. When OD600 reached 
0.6–0.8, 0.5 mM IPTG was added into medium for induc-
tion. After induction, the cells were cultured at 25 ℃ for 
10 h. Cells were harvested by centrifugation (6000 rpm, 
10 min, 4 ℃) and resuspended in various PBS buffers of 
pH (5.7-8). The primers were listed in Table 2.

Table 1 Plasmids and strains used in this study
Strains and plasmids Description Source
Plasmids

pET28a Expression vector, KmR, PT7 Novagen

pRSFDuet -pelB Expression vector, AmpR, PT7 This study

pRSFDuet Expression vector, AmpR, PT7 This study

pET28a-DDC Gene DDC inserted between 
EcoRI and HindIII sites of pET28a

This study

pRSFDuet-pelB-aroP Gene aroP inserted by infusion 
clone in pRSFDuet -pelB

This study

pRSFDuet-aroP Gene aroP inserted by infusion 
clone in pRSFDuet

This study

pRSFDuet-pheP Gene pheP inserted by infusion 
clone in pRSFDuet

This study

pRSFDuet-tyrP Gene tyrP inserted by infusion 
clone in pRSFDuet

This study

E. coli strains

BL21(DE3) Invitrogen

BL21-28a-DDC E. coli BL21(DE3) harboring 
plasmid pET28a-DDC

This study

BL21-AB-aroP E. coli BL21(DE3) harboring 
plasmid pRSFDuet-pelB-aroP 
and pET28a-DDC

This study

BL21-AD-aroP E. coli BL21(DE3) harboring 
plasmid pET28a-DDC and 
pRSFDuet-aroP

This study

BL21-AD-pheP E. coli BL21(DE3) harboring 
plasmid pET28a-DDC and 
pRSFDuet-pheP

This study

BL21-AD-tyrP E. coli BL21(DE3) harboring 
plasmid pET28a-DDC and 
pRSFDuet-tyrP

This study

Table 2 Primers used in this study
Recombinant 
plasmids

Forward primer Reverse primer

pRSFDuet-Arop TTAATAAGGAGA-
TATACCATGATG-
GAAGGTCAACAGCAC-
GGC

TTATGCGGCCGCAAGCTTT-
TAATGCGCTTTTACGGCTTTG-
GC

PRSFDuet-
pelB-Arop

TTAATAAGGAGA-
TATACCATGAAATACCT-
GCTGCCGAC

TTATGCGGCCGCAAGCTTT-
TAATGCGCTTTTACGGCTTTG-
GC

pRSFDuet-
Phep

TTAATAAGGAGA-
TATACCaTGAAAAAC-
GCGTCAACCGTATCG

TTATGCGGCCGCAAGCTTT-
TATTTCCGACGCAGCGTTT-
TAAA

pRSFDuet-Tyrp TTAATAAGGAGA-
TATACCaTGAAAAA-
CAGAACCCTGGGAAGT

TTATGCGGCCG-
CAAGCTTTCACCCCACTTCTG-
GTAACAACCC

Sequence of homology arms were underlined
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Whole-cell bioconversion of dopamine from L-dopa
Production of cells for whole-cell catalysis
All recombinant E. coli cells mentioned above were inoc-
ulated into 5 mL LB medium from a single colony in LB 
solid medium and cultured at 37 ℃ and 200 rpm. 0.5 mM 
IPTG was added into the medium when OD600 reached 
0.6–0.8. After cultured at 25 ℃ for 12  h, the cells were 
harvested by centrifugation of 6000 rpm at 4 ℃, washed 
and re-suspended in PBS buffer.

Pre-requisite experiment of whole-cell transformation
To determine whether the cell membrane is a key fac-
tor which inhibited the efficiency of catalysis, the pretest 
was carried out in a 10 mL tube. Tween-20, tween-60, 
tween-80, cetyl trimethyl ammonium bromide (CTAB), 
dimethyl sulfoxide (DMSO) and ionic liquid (molar 
ration of choline chloride and glycerol was 1:1) were 
added into reaction system to investigate the effects of 
surfactants on catalysis. The reaction system consisted of 
0.5  g/L L-dopa, 0.4 mM PLP, 1‰ (v/v) surfactant men-
tioned before, resting cells (OD600 = 10) and 100 mmol/L 
PBS buffer (pH = 7.0).

Study of the optimum catalysis conditions
To find out the optimum catalysis conditions, the whole-
cell catalysis was performed in a 10 mL tube and reaction 
system consisted of L-dopa, PLP, resting cells (OD600 = 10) 
and 100 mmol/L PBS buffer with univariate research. 
The key factors in this study included kinds of transport 
protein and plasmid vector, reaction temperature, pH, 
concentration of L-dopa and PLP. (1) Three transport 
proteins were Arop, PheP and TyrP and cloned in pRSF-
Duet. (2) The plasmids, pRSFDuet-pelB (pelB was cloned 
from pET22b) and pRSFDuet, were used to confirm the 
function of signal peptide pelB. (3) L-dopa of 1, 2, 3, 4 g/L 
was added into system with 0.4 mmol/L PLP under 37 °C 
at pH 7.0. (4) The concentration of PLP was between 0 
and 1 mmol/L and the conditions of reaction were 4 g/L 
L-dopa under 37 °C at pH 7.0. (5) Reaction temperatures 
were set from 40 ℃ to 70 ℃ with interval of 5  °C. The 
system consisted of 4 g/L L-dopa without PLP at pH 7.0. 
(6) Reaction pH controlled by different ratio of solution 
Na2HPO4 and solution NaH2PO4 from 5.7 to 8.0 under 
50  °C and L-dopa was 4  g/L without PLP. All reaction 
times were controlled within 1 h.

Repeating whole-cell catalysis with recover cells
As determined the condition of catalysis, the recycle 
times of whole-cell bioconversion was investigated at 40 
℃, 45 ℃ and 50 ℃. The recombinant E. coli BL21-AB-
aroP was cultured and cells were obtained by the method 
mentioned in 2.3.1. The reaction system included 4  g/L 
L-dopa, cells (OD600 = 10) and PBS buffer (pH = 7.0) and 
reaction lasted for 1 h each time. The biotransformation 

continued to circulate until no dopamine was detected 
under one temperature conditions.

Analysis methods
The cell growth was monitored by cell density (OD600). 
L-dopa and dopamine was detected by high-perfor-
mance liquid chromatography (HPLC) system (Agilent 
1260, USA) equipped with a TC-C18 column (150 mm × 
4.6  mm, 5  μm, USA). Detecting temperature was 25 ℃ 
and detecting wavelength was 280 nm with a UV detec-
tor. 1 mL/min mobile phase was a solution of 0.1% TFA 
solution - acetonitrile (96:4). All experiments were car-
ried out in at least triplicate.

Results and discussion
Expression of transport protein to enhance the 
biotransformation of L-dopa to dopamine
As is shown in Fig. 1(A), the titer and yield of dopamine 
catalyzed by crude extracts was 0.37  g/L and 95.47%, 
respectively and 13.66 times higher than that catalyzed 
by resting cells. However, the process for acquisition of 
crude extracts needed cell disruption. Meanwhile, PLP, 
an expensive cofactor, is necessary for crude extracts 
catalysis. Taking two points into consideration, the cost 
of crude extract catalysis is much higher than whole-cell 
catalysis. Thus, it is worth developing a strategy for the 
synthesis of dopamine by whole cell catalysis. To illus-
trate the disparity between crude extract catalysis and 
whole-cell catalysis, we speculated that the cell mem-
brane hindered the transfer of products and substrates. 
To validate the suspect, six kinds of surfactant were 
selected and added into reaction. All surfactants contrib-
uted to bioconversion of L-dopa to dopamine with mini-
mum of 1.9 times that the yield of dopamine catalyzed 
by adding surfactants increased by. Among six kinds of 
surfactant tested, the outcome of CTAB was the most 
outstanding and the titer of dopamine was increased by a 
factor of 5.4 compared with that merely catalyzed by rest-
ing cells. This phenomenon was also found by Zhao that 
E. coli cultures were treated with 2% (v/v) solutions of 
eight surfactants for 30 min and the effect of CTAB was 
excellent[22]. A similar case was that citric acid produc-
tion was increased by 1.4–1.8 times for Yarrowia lipolyt-
ica strains by addition of Triton X-100, a surfactant [26]. 
Therefore, the dominating reason was the membrane 
permeability to L-dopa that caused a descend in cataly-
sis efficiency by whole-cell catalysis compared to crude 
extract catalysis.

To solve the membrane permeability, engineering 
modification on cells was conducted, such as expressing 
transport protein. In fact, five systems of aromatic amino 
acids transport had been reported in E. coli [27]. Due 
to structural similarity to L-dopa, we selected phenyl-
alanine, tyrosine transport protein for further research. 
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Additionally, a general aromatic transport protein was 
also employed into research. General transport system 
was coded by aroP [28] and the tyrosine- and phenylala-
nine-specific systems were coded by tyrP and pheP in this 
study [29].The results in Fig.  1(B) obviously illustrated 
that cell membrane did inhibit transfer of L-dopa and 
dopamine, resulting in poor performance of bioconver-
sion. To decrease the substrate diffusion barrier, an effi-
cient transport system was constructed that three kinds 
of transport protein, AroP, TyrP and PheP contributed 
to transfer substrate into cell. AroP, TyrP and PheP were 
aromatic amino acid symporter in E. coli. AroP and PheP 

belong to the amino acid-polyamine-organocation (APC) 
superfamily (https://www.uniprot.org/uniprot/P15993). 
PheP belongs to the amino acid/polyamine transporter 2 
family (https://www.uniprot.org/uniprot/P0AAD4) [27, 
28].

In order to investigate the influences of transport pro-
teins on catalysis efficiency, the coding genes of three 
transport proteins were cloned into pRSFDuet and co-
transformed with pET28a-DDC into BL21(DE3) to form 
recombinant cell BL21-AD-aroP, BL21-AD-tyrP and 
BL21-AD-pheP. In Fig. 2, all three transport protein had 
enhanced the production of dopamine and the most 

Fig. 2 Effects of different transporters on catalysis

 

Fig. 1 Different forms of catalysis to producing dopamine (A) Comparison of crude extracts and whole cell catalysis; (B) Effects of different surfactants 
on whole-cell catalysis

 

https://www.uniprot.org/uniprot/P15993
https://www.uniprot.org/uniprot/P0AAD4
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obvious result was BL21-AB-arop that titer and yield 
of which had up to 74  mg/L and 19%, respectively was 
nearly 4 times than that of whole-cell catalysis. Accord-
ing to Shang et al., AroP exhibited high affinity to phe-
nylalanine and tyrosine similar with L-dopa [30]. Taking 
transport protein to enhance production is an effective 
strategy. The yield of L-tryptophan has been improved by 
12.6% through modification of tryptophan transport sys-
tem by Liu et al. [31]. The highest cadaverine production 
at that time was obtained by Ma et al. using recombinant 
E. coli co-overexpressing CadA and CadB which was a 
lysine/cadaverine transport antiporter [32].

Considering that transport protein was used to help 
transportation, pRSFDuet-pelB harboring a signal pep-
tide pelB from pET22b, which can enhance transcript 
and translation levels of genes and direct protein trans-
location, was used as a vector to expression of AroP pro-
tein [33, 34]. BL21(DE3) harboring pRSFDuet-pelB-aroP 
and pET28a-DDC was constructed as BL21-AB-aroP. 
As signal peptide, PelB was expected to help the AroP 
periplasm secretion. However, PelB did not achieve 
the desired effect and the yield of dopamine was half of 
BL21-AD-aroP (Fig.  3). The result was contrary to that 
reported by Ma et al., where CadB fused to pelB increased 
the cadaverine production [32].Unlike CadB structure 
that expression and translocation of CadB to cell enve-
lope contributed to L-lysine/cadaverine exchange and 
enhance production of cadaverine [35], aroP is highly 
hydrophobic with transmembrane potential so AroP 
fused with pelB may make activity decreased [30]. Thus, 

BL21-AD-aroP was determined to further study to 
enhance bioconversion of dopamine from L-dopa.

Optimizing BL21-AD-aroP catalysis conditions
BL21-AD-aroP harboring pET28a-DDC and pRSFDuet-
aroP conding dopa decarboxylase DDC and transport 
protein AroP, respectively. In order to increase the titer 
and yield of dopamine catalyzed by BL21-AD-aroP, the 
catalysis conditions including reaction temperature and 
pH and concentration of L-dopa and PLP were exam-
ined. Six pH gradients, 5.7, 6.0, 6.5, 7.0, 7.5 and 8.0, were 
set to study the effect of pH on catalysis. The bioconver-
sion lasted for 1 h at 45 ℃ with 4 g/L substrate. Similar 
to results of temperature, the titer of dopamine was more 
in the presence of AroP (Fig. 4A). The highest titer was 
found at pH 7.5 instead of 7.0. The phenomenon would 
be related to nature of AroP because in absence of AroP, 
the peak value was at pH 7.0. In addition, the most suit-
able pH for DDC was 7.5 in our previous study [12]. After 
optimizing conditions of reaction, the highest yield was 
up to 46.2% and the productivity of catalysis under opti-
mal conditions had been raised 8.66 times against the 
initial condition.To investigated effects of temperature 
on whole-cell catalysis, the reaction temperature ranges 
from 40 ℃ to 70 ℃, every 5 degrees as a group with sys-
tem consisting of 4  g/L dopa and pH of 7.0. PBS buffer 
and catalysis lasted for 1 h. In general, whole-cell catalysis 
with AroP was superior to that without AroP and effect 
at 45 ℃ was the most salient. The titer of dopamine by 
expressing AroP was 3.5 times of that of without express-
ing AroP. The highest yield was up to 45.1% (Fig. 4B). In 

Fig. 3 Effects of pelB on catalysis
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addition, the concentration of substrate, L-dopa, was also 
investigated. The concentration of L-dopa was set as 1, 2, 
3 and 4 g/L, respectively. The reactions were performed 
under conditions of pH = 7.0, 40 ℃ and 1 mM PLP. The 
results were shown in Fig. 4C that titer slightly increased 
but yield gradually decreased with improvement of dopa 
concentration. The same phenomenon was also found in 
purified catalysis [12]. The phenomenon further reflected 
that although AroP had been overexpressed, the reaction 
rate was quite low in whole-cell transformation which 
means a huge room for improvement of bioconversion of 
dopamine.

PLP as a key cofactor for dopa decarboxylase, was 
essential in the reaction. Extra 0, 0.2, 0.4, 0.6, 0.8 and 1 
mM PLP was added into system consisting of 1 g/L dopa 
and pH = 7.0 PBS buffer and catalysis was at 40 ℃ for 1 h. 
According to Fig.  4D, additional PLP did not enhance 
the titer and yield of biotransformation and inhibited 
the catalysis instead. PLP synthesized by E. coli itself 
was enough for catalysis and extra addition PLP could be 
adverse. To account for this result, the initial cellular PLP 
was enough for poor activity of whole-cell catalysis and 

extra PLP made the environment more adverse leading to 
decrease the productivity [36].

Cycle catalyzing by BL21-AD-aroP
Although the yield of crude extract catalysis was high, 
there was a problem of rapid loss of enzyme activ-
ity leading to discontinuous catalysis. On the contrary, 
although whole-cell catalysis was slow and yield was not 
high, it can be reused to improve the utilization rate of 
the enzyme. Thus, cells in catalysis system was recycled 
by centrifugation after bioconversion and was used for 
the next round of catalysis. Total 8 rounds of catalysis 
with 2 g/L substrate was taken to investigate the perfor-
mance of cell cycle catalysis and the reactions took place 
at 40, 45 and 50 ℃, respectively. The results were shown 
in Fig.  5 that catalytic property under three tempera-
ture conditions was different. Under condition of 50 ℃, 
the titer of first catalysis was the highest but titer nearly 
disappeared at 8th catalysis, and catalytic performance 
was the fastest decrease among the three groups. The 
performance at 45 ℃ was similar to 50 ℃ but dopamine 
was still up to 0.1 g/L in the 8th catalysis, which was one 

Fig. 4 Optimization of whole-cell catalysis (A) Effects of pH on reaction (B) Effects of temperature on reaction (C) Effects of dopa concentration on reac-
tion (D) Effects of PLP concentration on reaction
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quarter of the 1st catalysis. Compared to 45 and 50 ℃, 
the titer of first catalysis was the lowest but the 8th titer 
was the highest. Thus, cells at 40 ℃ possessed the most 
stable catalytic performance. The total titers and yield of 
dopamine were 1.91, 1.91 and 1.71 g/L and 11.9%, 11.9% 
and 10.7%, respectively in 8 rounds catalysis under 40, 45 
and 50 ℃. Here, we attempted to co-express transport 
protein AroP and DDC for whole-cell catalyzing dopa 
to dopamine. Under optimal condition, 4  g/L of dopa 
was converted into 1.85 g/L of dopamine with a yield of 
46.2%. After 8 rounds of cyclic catalysis, the catalytic per-
formance of the resting cells remained above 40% cata-
lytic performance of initial under the optimal condition. 
Given reaction lasted for only 1  h, the accumulation of 
dopamine did not reach the peak value. The titer and 
yield would further increase as time goes on.

To increase utilization of enzyme in bioconversion, 
immobilization was the first choice and had an excel-
lent outcome. Zhou et al. reported that the immobilized 
ChBD-CadA can catalyze 200  g/L L-lysine to cadaver-
ine of 135.6 g/L within 120 min and possess more than 
57% activity after four cycles of use [37]. Compared to 
immobilized enzymes catalysis, whole-cell catalysis cir-
cumvented the need of process and materials of immobi-
lization. At the same time, cell membrane shield enzyme 
from adverse surroundings and enable the resting cell to 
cycle catalysis [13]. But to overcome the disadvantages 
that poor utilization of cells limiting the further appli-
cation of whole-cell bioconversion, repeated cell recy-
cling is a conventional solution to get the utmost out of 
whole-cell catalysis [16]. Ying et al. reported that the titer 

of L-pipecolic acid reached 17.25 g/L under repeated cell 
recovery, which was 2.7 times of that without repeated 
cell recovery [16]. Cell recovering was not applied in 
whole-cell catalysis but also in fermentation. According 
to Ma, succinic acid productivity and mass yield was up 
to 1.81 g/L h and 0.85 g/g, respectively after three times 
of recycling cell [38]. In our study, we succeeded in cycle 
bioconversion by whole-cell catalysis that the cataly-
sis activity was remained over 50% at 40  °C after eight 
batches of catalyses.

Conclusion
In this study, we co-expressed dopa decarboxylase 
(DDC) and transport protein AroP in E. coli BL21(DE3) 
to enhance the titer and yield of dopamine production 
through whole-cell catalysis. The presence of permeabil-
ity limited the efficiency of whole-cell catalysis. To solve 
the problem of permeability, AroP, PheP and TyrP were 
selected and expressed in E. coli BL21(DE3). AroP was 
the optimal transport protein whose coding gene was 
cloned into expression vector pRSFDuet. Additionally, 
reaction conditions were investigated to further enhance 
the efficiency of whole-cell catalysis. The best condi-
tion was conducted under 50 °C at pH 7.5 with 4 g/L of 
L-dopa. Compared with the initial catalytic results, the 
optimized productivity increased by 8.66 times. With 
the aim of maximization of cells utilization, repeated cell 
recovery was studied that the catalysis activity preserved 
over 50% at 40  °C after eight batches of catalyses. To 
the best of our knowledge, we are the first that success-
fully synthesized dopamine from L-dopa by whole-cell 

Fig. 5 Dopamine productivity of the repeated cell recycling processes under 40 °C, 45 °C and 50 °C
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catalysis. This work also provides reference for whole-cell 
catalysis which is hindered by permeability.
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