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ARTICLE INFO ABSTRACT

Cellular metabolic networks should be carefully balanced using metabolic engineering to produce the desired
products at the industrial scale. As the precursor for the biosynthesis of the neurotransmitter serotonin, 5-
hydroxytryptophan (5-HTP) is effective in treating a variety of diseases, such as depression, fibromyalgia,
obesity, and cerebellar ataxia. Due to the lack of an efficient synthetic method, commercial production of 5-HTP
is only achieved by extracting from the seeds of Griffonia Smplicifolia. This study reports efficient microbial
production of 5-HTP via metabolically engineered Escherichia coli. Firstly, human tryptophan hydroxylase I
(TPHI) gene was functionally expressed. For endogenous supply of the cofactor tetrahydrobiopterin (BH4),
human BH4 biosynthesis and regeneration pathway was reconstituted. Whole-cell bioconversion resulted in
high-level production of 5-HTP (~1.2g/L) from 2g/L i-tryptophan in shake flasks. Further metabolic en-
gineering efforts were employed to achieve 5-HTP biosynthesis from simple carbon sources. The whole bio-
synthetic pathway was divided into three functional modules, 1-tryptophan module, the hydroxylation module,
and the BH4 module. By reducing the copy number of r-tryptophan module, replacing TPH1 with a more stable
mutant form, and promoter regulation of the BH4 module, 5-HTP was produced at a final titer of 1.3 g/L in the
shake flask and 5.1 g/L in a fed-batch fermenter with glycerol as the carbon source, both of which were the
highest ever reported for microbial production of 5-HTP.
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1. Introduction

5-HTP is the direct biosynthetic precursor of the neurotransmitter
serotonin and has been shown to be effective in the treatment of a
variety of diseases, including depression, insomnia, and chronic head-
aches (Birdsall, 1998; Jacobsen and Frgstrup, 2015). Currently, ex-
traction from the seeds of Griffonia Simplifolia is the main commercial
way of 5-HTP production (Turner et al., 2006). However, the material
supply is seasonally and regionally dependent, resulting in limited
output and high market price of 5-HTP.

Genetically engineered microorganisms have been successfully used
to produce many important natural products (Chen et al., 2012; Huang
et al., 2015; Lynch and Gill, 2012; Zhao et al., 2016) and production of
5-HTP through microbial fermentation provides a desirable alternative
to plant extraction. 5-HTP is synthesized in mammalian cells through
hydroxylation of i-tryptophan, catalyzed by i-tryptophan hydroxylase
(TPH), with Fe?™ and tetrahydrobiopterin (BH4) as cofactors and O, as

a co-substrate (Walther et al., 2003). In human, BH4 is synthesized from
GTP via a three-step pathway, containing GTP cyclohydrolase I (GCHI),
6-pyruvate-tetrahydropterin synthase (PTPS), and sepiapterin reductase
(SPR) (Yamamoto et al., 2003). BH4 is oxidized to pterin-4a-carbino-
lamine (BH30OH) during i-tryptophan hydroxylation and regenerated
through the function of pterin-4a-carbinolamine dehydratase (PCD)
and dihydropteridine reductase (DHPR) (Fig. 1) (Hara and Kino, 2013).
The complexity of the cofactor supply system as well as the instability
of human TPH in microbial hosts are the major challenges for efficient
microbial production of 5-HTP. A previous patent reported the pro-
duction of 0.9 mM (equivalent to 198 mg/L) 5-HTP from r-tryptophan
via heterologous expression of the TPH pathway in E. coli (Knight et al.,
2013). However, the low production efficiency and the high cost of 1-
tryptophan supplementation make the process not suitable for in-
dustrial production.

To bypass these problems, Lin et al. (2014) modified a prokaryotic
phenylalanine 4-hydroxylase (PAH) for the conversion of L-tryptophan
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Fig. 1. Pathway for the synthesis of 5-HTP
catalyzed by i-tryptophan hydroxylase with
tetrahydrobiopterin (BH4) as a cofactor. BH4 is
synthesized from GTP by GTP cyclohydrolase I
(GCHI), 6-pyruvoyl-tetrahydropterin synthase
(PTPS) and sepiapterin reductase (SPR) re-
spectively. The regeneration system is com-
posed of pterin-4a-carbinolamine dehydratase
(PCD) and dihydropteridine reductase (DHPR).
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to 5-HTP in E. coli. With the introduction of a foreign tetra-
hydromonapterin (MH4) recycling mechanism, the endogenous MH4
could be utilized as a cofactor for 1-tryptophan hydroxylation. Coupled
with metabolic engineering efforts, ~1.1 g/L and ~150 mg/L of 5-HTP
could be produced from 1-tryptophan and glucose, respectively. Mi-
crobial production of 5-HTP was also achieved by introducing a sali-
cylate 5-hydroxylase into E. coli. The salicylate 5-hydroxylase catalyzed
the conversion of anthranilate, the precursor for tryptophan biosynth-
esis, to 5-hydroxyanthranilate (5-HI), which was further converted to 5-
HTP wusing the native i-tryptophan biosynthetic pathway.
98.09 = 3.24mg/L of 5-HTP was produced through a two-step fer-
mentation strategy (Sun et al., 2015).

In this work, we constructed the i-tryptophan hydroxylation
pathway by co-expressing human TPH and BH4 biosynthesis and re-
generation system in E. coli, which allowed the conversion of L-trypto-
phan to 5-HTP without exogenous supplementation of the pterin co-
factor. Further introduction of the i-tryptophan synthesis pathway
resulted in bioproduction of 5-HTP from simple carbon sources like
glucose or glycerol. Furthermore, metabolic engineering strategies,
such as plasmid copy number and promoter strengths modulation to
balance metabolic fluxes, were employed to improve 5-HTP titer (5.1 g/
L) to the highest ever reported in literature. This process holds great
potential for scale-up and provides a commercially attractive way of
microbial production of 5-HTP.

2. Materials and methods
2.1. Strains and culture conditions

All bacterial strains and plasmids used in this study were listed in
Table 1. E. coli DH5a was used for plasmid construction and propaga-
tion (Yang et al., 2014) and BL21(DE3) was used for protein expression
and in vivo hydroxylation of i-tryptophan to 5-HTP. As for biosynthesis
of 5-HTP, tnaA gene was knocked out in BL21(DE3) using the pre-
viously established protocol (Datsenko and Wanner, 2000).

Luria-Bertani (LB) medium was used for cell cultivation and enzyme
expression (Tang et al., 2016). Modified M9 medium (M9Y) was used
for in vivo hydroxylation of i-tryptophan to 5-HTP (Lin et al., 2014).
Mineral medium containing glucose or glycerol at the indicated con-
centration, 2 g/L yeast extract, 4 g/L (NH4),HPO,, 13.5g/L KH,PO,,
1.4 g/L MgS0O47H0, 1.7 g/L citric acid, 5mL/L 200 X trace elements,
and 30 mg/L thiamine was used for production of 5-HTP in shake flasks
and a fed-batch fermenter. 200 X trace elements contains 20 g/L
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FeSO,7H,0, 4 g/L CaCl,, 4.4 g/L ZnSO,7H,0, 1 g/L MnSO,4H,0, 2 g/
L CuSO45H,O0, 0.2g/L (NH4)¢Mo,044H,O, and 0.04g/L
Na,B,0,,10H,0 (Luo et al., 2013). When necessary, the medium was
supplemented with kanamycin, ampicillin, chloramphenicol, or tetra-
cycline at appropriate concentrations. BH4 was purchased from Bio-
ChenPartner, Shanghai, China.

2.2. DNA manipulation

Primer sequences used for PCR amplification were listed in Table
S1. Human TPHI1, TPH2, PTPS, SPR, PCD and DHPR were all codon
optimized and synthesized by Biosune (Shanghai, China). The E. coli
folE gene and Bacillus subtilus mtrA gene, both encoding GCHI, were
amplified from their corresponding genomic DNAs.

2.2.1. Construction of TPH expressing plasmids

TPH1, folE and mtrA genes were inserted into plasmid pET28a using
restriction sites Ncol and Xhol to construct plasmids pET28a-TPH1,
pET28a-folE, and pET28a-mtrA, respectively. Truncated forms of TPH
genes, TPH99 (TPH1 mutant with a deletion of first 99 N-terminal and
last 24 C-terminal amino acids, NA99/CA24) and TPH145 (TPH2 mu-
tant with a deletion of first 145 N-terminal and 24 C-terminal amino
acids, NA145/CA24) genes were also inserted into pET28a between
Ncol and Xhol to construct pET28a-TPH99 and pET28a-TPH145, re-
spectively.

2.2.2. Construction of BH4
hydroxylation plasmids

PTPS and SPR were inserted into pACYCDuet-1 using restriction
sites Ncol/BamHI and Bglll/Xhol to generate pACYC-PS. folE gene was
amplified from pET28a-folE using primer pair T7_folE-TPH_EcoRl/
T7_folE-TPH_Sall and inserted into pACYC-PS using EcoRI and Sall to
construct pACYC-FPS (Fig. S1). Plasmid pACYC-MPS was constructed in
the same way except for the replacement of folE with mtrA (Fig. S2).

PETDuet-PD was constructed by inserting DHPR and PCD into
pETDuet-1 using Ncol/BamHI and Ndel/Xhol. TPH1 was amplified from
pET28a-TPH1 using the same primer pair T7_folE-TPH_EcoRI/T7_folE-
TPH_Sall and inserted into pETDuet-PD using EcoRI and Sall to con-
struct pETDuet-PDT1 (Fig. S3).

To construct pACHTP1 (Fig. S4), pACYC-MPS was linearized using
primers inf pAC_F/inf pAC_R. The PDT1 segment was amplified using
inf PDT1 _F/inf PDT1 R from pETDuet-PDT1. The two fragments were
circularized using ClonExpress Entry One Step Cloning Kit from Vazyme

supplementation and L-tryptophan
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Table 1
Bacterial strains and plasmids used in this study.
Name Description® Source or
reference

Strains

Bacillus subtilis Source for mtrA This lab

E. coli DH5a Cloning host This lab

E. coli BL21(DE3) Protein expression host This lab

E. coli BL21AtnaA BL21(DE3)AtnaA This study

E. coli BL21/FPS/ BL21(DE3)/pACYC-FPS/pETDuet- This study

PDT1 PDT1
E. coli BL21/MPS/ BL21(DE3)/pACYC-MPS/pETDuet- This study
PDT1 PDT1

E. coli BL21/PDT1 BL21(DE3)/pETDuet-PDT1 This study

E. coli HTP4-1 BL21AtnaA/pSGS4/pACHTP1 This study

E. coli HTP4-145 BL21AtnaA/pSGS4/pACHTP145 This study

E. coli HTP101-145 BL21AtnaA/pSA101trp/ This study
PACHTP145

E. coli HTP101-LMT BL21AtnaA/pSA101trp/pACHTP- This study
LMT

Plasmids

PACYCDuet-1 P15A ori, Cm®, E. coli expression This lab
vector

PACYC-PS PACYCDuet-1, T7,,5-PTPS, T7pro This study
SPR

PACYC-FPS PACYC-PS, T7,,-folE This study

PACYC-MPS PACYC-PS, T7,,,-mtrA This study

PACHTP1 PACYC-MPS, T7,,,-PCD, T7 .- This study
TPH1, T7,,,-DHPR

PACHTP145 PACYC-MPS, T7,r,-PCD, T7 o~ This study
TPH145, T7,,,-DHPR

PACYC-LacMPS pPACYCDuet-1, Lacy,-mtrA-PTPS- This study
SPR

PACHTP-LMT pACYC-LacMPS, M1-93,,,-PCD- This study
DHPR, T7,,,-TPH145

pET28a(+) ColE1 ori, Kan®, E. coli expression This lab
vector

pET28a-folE pET28a(+), T7,o-fOlE This study

PET28a-mtrA pET28a(+), T7,,-mtrA This study

pET28a-TPH1 pET28a(+), T7,,,-TPHI This study

PpET28a-TPH99 pET28a(+), T7,,,-TPH99 This study

pET28a-TPH145 pET28a(+), T7,,,-TPH145 This study

pETDuet-1 PBR322 ori, Amp~®, E. coli This lab
expression vector

pETDuet-PD pETDuet-1, T7,,-PCD, T7,.,-DHPR This study

pETDuet-PDT1 pETDuet-PD, T7,,,-TPH1 This study

pSA101trp pSC101 ori, AmpFR, tacpm-arlo, This study
tacyo-trpE"DCBA

pSGS4 PBR322 ori, TetR, tacpm-aroHl’, (Luo et al., 2013)

@ Abbreviations: Amp, ampicillin; Kan, kanamycin; Cm, chloramphenicol;

Tet, tetracycline.

b Feedback inhibition eliminated by point mutation.

Biotech (Nanjing, China). Plasmid pACHTP145 was constructed fol-
lowing the same procedure (Fig. S5).

To construct the BH4 synthesis plasmid pACYC-LacMPS,
PACYCDuet-1was linearized with primers p15ori_cat_F/pl5ori_cat R as
fragment 1. The mtrA gene was amplified with primers Lac_mtrA_F/
Lac_mtrA R as fragment 2. PTPS and SPR were amplified using primer
pairs RBS_PTPS_F/RBS_PTPS R and RBS_SPR_F/RBS_SPR R as fragment
3 and 4 respectively. DNA fragments 1-4 were each introduced an
overlapping area at both ends by PCR and were joined via Gibson as-
sembly to form plasmid pACYC-LacMPS (Fig. S6) (Gibson et al., 2009).
Plasmid pACHTP-LMT was constructed by inserting PCD, DHPR, and
TPH145 into pACYC-LacMPS via Gibson assembly (Fig. S7). An M1-93
promoter was introduced in front of PCD (Lu et al., 2012) and a 5’-
untranslated region in front of DHPR, respectively.

2.2.3. The L-tryptophan synthesis plasmids
pSGS4 was constructed by inserting an 9.2 kb fragment containing
the whole tryptophan operon trpEDCBA and aroH gene into pBR322 at
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restriction site EcoRI (Fig. S8). Site-directed mutagenesis was conducted
to remove the feedback regulation by r-tryptophan for tpE (L10Q,
K71Q, N94S, and Y465C) and aroH (F211S) (Luo et al., 2013).

Plasmid pSA101trp was constructed by inserting trpEDCBA and
aroH gene from pSGS4 and an Amp® cassette from pUC18 into pSC101
ori via Gibson assembly (Fig. S9).

2.3. Expression of TPH1 and enzyme activity assay

E. coli BL21 (DE3) cells harboring the TPH expression plasmids,
pET28a-TPH1, pET28a-TPH99 or pET28a-TPH145, were plated on a LB
agar plate with 50 pg/mL kanamycin sulfate (50 Kana) and incubated at
37 °C overnight. Single colonies were inoculated into 5 mL LB (50 Kana)
media and incubated at 37 °C, 200 rpm overnight in test tubes. Aliquots
were taken to inoculate 50 mL LB (50 Kana) media in 250 mL shake
flasks and incubated at 37°C, 200rpm until an optical density at
600 nm (ODggp) of ~0.8-1.0 was reached. The TPH expression was
induced with 0.1 mM IPTG. After incubation at 25 °C, 200 rpm for 6 h,
the cells were harvested by centrifugation at 4 °C, 5000 X g for 10 min,
washed once with ice cold 50 mM Tris-HCl, pH 7.2, with 5% (v/v)
glycerol and pelleted by centrifugation.

The cell pellets from 50 mL of induced bacterial culture were sus-
pended in 25 mL of 50 mM Tris-HCl, pH 7.2, with 5% (v/v) glycerol.
Cells were lysed by sonication on ice (20 pulses of 3s separated by
intervals of 8s) at 200 W. Cell lysates were centrifuged at 4°C,
12,000 x g for 10 min. The supernatant was used as crude enzyme for
direct enzymatic assays.

The TPH activities were assayed at 37 °C in a standard reaction
mixture of 2ml, containing 50 mM HEPES/NaOH, pH 7.2, 200 mM
(NH4)»SO4, 7mM dithiothreitol (DTT), 50 uM (NH,4),Fe(SO4),, and
0.025g/L catalase. The standard substrate concentrations were
200 uM r-tryptophan and 300 uM BH4. The temperature was main-
tained at 37 °C by water bath.

2.4. Hydroxylation of L-tryptophan by resting cells with external BH4
supplementation

The cell pellets from 50 mL of induced bacterial culture were sus-
pended with ice-cold 20mM HEPES/NaOH, pH 7.0, 100 mM
(NH4)»S04, and 5% glycerol. Cell catalysis conditions were the same as
the TPH enzymatic assay. The test tubes containing the reaction mix-
ture were incubated at 37 °C, 200 rpm for 60 min. Samples were taken
and cells were removed by centrifugation. The concentrations of 5-HTP
and remaining i-tryptophan were quantitatively measured via high-
performance liquid chromatography (HPLC).

2.5. Hydroxylation of L-tryptophan by resting cells without external BH4
supplementation

E. coli BL21(DE3) was transformed with plasmids pACYC-FPS (or
PACYC-MPS) and pETDuet-PDT1. The culture conditions were the same
as described above and cells were harvested by centrifugation.

Various amount of cells from induced cultures were suspended in
20 mL M9Y medium containing 2 g/L tryptophan and left to grow at
30 °C, 200 rpm. Samples were taken every 4 h. The concentrations of 5-
HTP and i-tryptophan were analyzed by HPLC.

2.6. Production of 5-HTP in E. coli without external L-tryptophan
supplementation

5-HTP producing strains (HTP4-1, HTP4-145, HTP101-145,
HTP101-LMT) were plated on LB agar plates. Single colonies were
picked into 5mL of LB media and incubated at 37 °C, 200 rpm over-
night. Aliquots were inoculated into 50 mL glycerol mineral media in
250 mL shake flasks and incubated at 37 °C, 200 rpm until ODggy ~ 5
was reached. The cells were induced by adding IPTG to the culture to a
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final concentration of 0.01 mM and further cultivated at 30 °C, 200 rpm.
Samples were taken every few hours. The ODg( values were measured
and the concentration of the products were analyzed by HPLC.

2.7. Fed-batch fermentation of E. coli HTP101-LMT for efficient 5-HTP
production

A single colony of E. coli HTP101-LMT was inoculated into 50 mL LB
medium and incubated at 37 °C, 200 rpm overnight. Then, 5% (v/v) of
such culture was transferred into a 2000 mL shake flask containing
400 mL LB medium and grew at 37°C, 200 rpm. When the culture
reached an ODgg, of ~2.5, 5% (v/v) inoculums were transferred into a
10L bioreactor (BIOTECH-10JS-10JS; Shanghai Baoxing Bio-
Engineering Equipment Co. Ltd., Shanghai, China) with 7 L working
volume. The temperature was set at 37 °C at the beginning. When ODgqo
reached ~15, the temperature was changed to 30°C, and the culture
was induced with 0.01 mM IPTG. The fermentation pH was maintained
at 6.8 with ammonium hydroxide throughout the process. The dis-
solved oxygen level was maintained at 10-20% saturation by agitation
and aeration. After the initial 30 g/L glycerol was consumed, a mixture
solution of 400 g/L glycerol and 10 g/L yeast extract was gradually fed
into the broth. Samples were taken every 2h for cell density (ODggo)
measurement and HPLC analysis.

2.8. HPLC analysis

L-tryptophan from Sangon Biotech (Shanghai, China) and 5-HTP
from Aladdin (Shanghai, China) were used as standards. Both the
standards and samples were quantified by HPLC (Agilent 1100 series
with a UV absorption detector and a reverse phase Agilent TC-C18 (2)
column). The mobile phase was 10 mM potassium phosphate buffer, pH
6.5, with 7.5% methanol. Quantification of tryptophan and 5-HTP was
based on their absorbance at 276 nm.

3. Results

3.1. Hydroxylation of L-tryptophan by resting cells with external BH4
supplementation

TPH1 was firstly expressed in E. coli BL21(DE3) and the enzymatic
activity was measured (Fig. S10). Then we tested the conversion of 1-
tryptophan to 5-HTP using resting cells. When 8.2 mg DCW/mL cells
and 3mM BH4 were added to the reaction, 2mM tr-tryptophan was
sufficiently converted to 5-HTP in 1 h, with the molar yield as high as
97.1% (Fig. 2A). In a larger scale (32 mL) experiment containing 10 mM
L-tryptophan (~2g/L) and 12mM BH4, 8.6 mg DCW/mL cells were
able to produce 2.1 g/L 5-HTP in 2h (Fig. 2B). The resting cell hydro-
xylation experiment showed a high reaction efficiency and molar yield
for human TPH1. However, high biomass was required and the ex-
pensive co-factor BH4 was added exogenously in this reaction.

3.2. Hydroxylation of L-tryptophan by resting cells without external BH4
supplementation

After TPH1 was functionally expressed, we focused on the co-factor
biosynthesis and regeneration pathways in E. coli. To achieve hydro-
xylating 1-tryptophan without external addition of the expensive co-
factor, human BH4 biosynthesis and regeneration pathways were in-
troduced by pACYC-FPS (or pACYC-MPS) and pETDuet-PDT1, respec-
tively.

E. coli strains BL21/PDT1, BL21/FPS/PDT1 and BL21/MPS/PDT1
were precultured and induced for protein expression in LB. Cells were
collected and resuspended in M9Y media (3.0mg DCW /mL) with
2.0 g/L 1-tryptophan. Hardly any 5-HTP was produced in BL21/PDT1
due to a lack of the cofactor. However, when 500 uM BH4 was added in
the medium, 400 mg/L (1.8 mM) of 5-HTP was produced in 24h,
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Fig. 2. Hydroxylation of r-tryptophan to 5-HTP with TPH1 expressing cells.
Black and red lines indicate the consumption of i-tryptophan and the produc-
tion of 5-HTP, respectively. Dashed blue line indicates the molar yield of 5-HTP
from vL-tryptophan. (A) Hydroxylation of i-tryptophan to 5-HTP using different
amount of biomass. The reaction conditions were as described in materials and
methods. Mixtures were incubated at 37 °C, 200 rpm for 60 min (B) Production
of 5-HTP over time. The initial concentration of L-tryptophan and BH4 were
10mM (2 g/L) and 6 mM respectively in 32 mL solution. Another 6 mM BH4
was supplemented at 40 min. The cell concentration was at ODggp ~ 23, which
corresponded to 8.6 mg DCW/mL. Aliquots of solution were taken and diluted
for HPLC analysis every 20 min.

indicating that BH4 was crucial for TPH1 activity and the BH4 re-
generation pathway in pETDuet-PDT1 was functional. When BH4 bio-
synthesis and regeneration pathways were introduced, BL21/FPS/PDT1
and BL21/MPS/PDT1 could convert i-tryptophan to 5-HTP in the co-
factor-free medium. BL21/FPS/PDT1 had a similar profile as BL21/
PDT1 with 500 uM BH4, although 5-HTP productivity was slightly
lower. 5-HTP productivity of BL21/MPS/PDT1 and BL21/FPS/PDT1
are comparable at the beginning, but was only constantly maintained in
BL21/MPS/PDT1, with ~600mg/L of 5-HTP produced in 24h
(Fig. 3A). As for BL21/MPS/PDT1, the initial conversion rates showed
positive correlation with cell concentration, with 907.1, 1236.3, and
1199.1 mg/L of 5-HTP produced from 3.8, 6.8, and 10.2 mg DCW/mL
cells, respectively (Fig. 3B).

5-HTP production in BL21/PDT1 (with 500 uM BH4) and BL21/
FPS/PDT1 was ceased after 15h. Presumably, the low activity or sta-
bility of the BH4 regeneration pathway resulted in a lack of the reduced
form of BH4 for 1-tryptophan hydroxylation. Interestingly, 5-HTP pro-
duction in BL21/MPS/PDT1 was steadily maintained for more than
24 h (Fig. 3A&B). Given that the replacement of folE by mtrA in pACYC-
MPS could help to improve BH4 biosynthesis (Yamamoto et al., 2003),
this relatively prolonged hydroxylation activity might result from extra
BH4 production. Fig. 3C showed a time-course protein expression
profiles of BL21/MPS/PDT1 during ir-tryptophan hydroxylation. Five
out of six proteins showed a clear band on SDS-PAGE gel except for
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Fig. 3. (A) Whole-cell bioconversion of i-tryptophan into 5-HTP using
BL21(DE3)/PDT1, BL21(DE3)/FPS/PDT1 and BL21(DE3)/MPS/PDT1. (B)
Whole-cell bioconversion with different initial cell densities of BL21(DE3)/
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Lane 2 & 3. Soluble and inclusion expression of BL21(DE3)/MPS/PDT1 induced
in LB for 8 h. Lane 4 & 5. Soluble and inclusion expression after 24 h of cata-
lysis. Lane 6 & 7. Soluble and inclusion expression after 48 h of catalysis.

SPR. After 48 h of hydroxylation, PCD and DHPR, the two BH4 re-
generation enzymes, were almost completely degraded (Fig. 3C), de-
monstrating their low stability.

3.3. Production of 5-HTP in E. coli without external L-tryptophan
supplementation

After achieving the efficient bioconversion of i-tryptophan to 5-
HTP, we proceeded with the construction of a 5-HTP-producing strain
based on endogenous i-tryptophan biosynthesis from simple carbon
sources (Fig. 1). E. coli BL21AtnaA was transformed with plasmids
pSGS4 and pACHTP1 to obtain strain HTP4-1, which produced
49.7 mg/L 5-HTP and 440.2 mg/L 1-tryptophan after 60 h’ cultivation in
LB media. However, the titers dropped when HTP4-1 was cultivated in
M9Y media (29.2 mg/L for 5-HTP and 124.1 mg/L for tryptophan, Fig.
S11), probably due to insufficient protein expression and cell growth in
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M9Y. However, when cultivated in mineral medium with 30 g/L gly-
cerol and induced by 0.05 mM IPTG, this strain could produce 73.1 mg/
L 5-HTP and 787.1 mg/L i-tryptophan in 72h (Fig. S12). Then the in-
duction temperature, IPTG concentration, induction time, and the
concentration of antibiotics were optimized (Fig. S13-S16). Under op-
timal conditions, HTP4-1 strain was able to produce 314.8 mg/L 5-HTP
and 3971.8 mg/L i-tryptophan in 116 h of flask fermentation (Fig. 4A).
High induction level (more than 0.05 mM of IPTG) appeared to impair
cell growth with a long growth recovery period after induction, which
might be caused by heavy protein expression burden. After the opti-
mization, constant cell growth was restored and a higher 5-HTP pro-
ductivity was achieved (Fig. S14). High induction temperature (34 °C,
37°C) and tetracycline concentration (20 ug/mL) also exhibited nega-
tive effects on cell growth or 5-HTP production (Fig. S13 & S16). In-
duction at log phase resulted in the highest 5-HTP production (Fig.
S15).

3.4. Improvement of 5-HTP production with combined metabolic engineering

As shown in Fig. 4A, the accumulation of L-tryptophan was more
than 10 times higher than that of 5-HTP, probably due to the un-
balanced metabolic fluxes of the r-tryptophan hydroxylation pathway
and the r-tryptophan biosynthesis pathway. Therefore, the whole bio-
synthetic pathways were divided into three functional modules, the t-
tryptophan module, the hydroxylation module, and the BH4 module,
which should be fine-tuned to achieve optimal 5-HTP production.

3.4.1. Expression of TPH mutants with improved solubility and activity

TPH was well known for its low activity and solubility in bacterial
host, resulting in low conversion efficiency of L-tryptophan to 5-HTP
(McKinney et al., 2001; Winge et al., 2007). Several studies have been
reported on the soluble and stable expression of TPH isoforms in E. coli
(Murphy et al., 2008; Nielsen et al., 2008). For example, the truncated
forms of human TPH were found to have higher solubility and stability
(Carkaci-Salli et al., 2006; Murphy et al., 2008). Inspired by these
studies, two truncated mutants of human tryptophan hydroxylases,
TPH99 (NA99/CA24 of TPH1) and TPH145 (NA145/CA24 of TPH2),
were constructed and determined to dramatically improve TPH solu-
bility. While the full length TPH1 and TPH2 were mainly expressed as
inclusion bodies, TPH99 and TPH145 were exclusively soluble
(Fig. 5A). Accordingly, i-tryptophan hydroxylase activities in cell ly-
sates were significantly increased (Fig. 5B). Due to higher solubility and
activity, TPH145 was chosen to replace TPH1 in plasmid pACHTP1 to
construct pACHTP145 (Fig. S5). HTP4-145 harboring pSGS4 and
PACHTP145 produced 424.7 mg/L of 5-HTP, which was 34.9% higher
than that with HTP4-1, while r-tryptophan production was slightly
decreased (Fig. 4B).

3.4.2. Copy number reduction of i-tryptophan synthesis module

Since the intermediate r-tryptophan remained a high concentration
and its biosynthesis consumed too much cellular resources, 5-HTP
production might be improved by reducing 1-tryptophan production. To
test this hypothesis, the tryptophan operon trpEDCBA and aroH gene
were cloned into a low copy number plasmid, yielding pSA101trp (Fig.
S9). As expected, 1-tryptophan production (207.9 mg/L) was drastically
decreased in HTP101-145 harboring pSA101ltrp and pACHTP145.
Meanwhile, 5-HTP production was increased to 532.6 mg/L, 25.4%
improvement compared with HTP4-145 (Fig. 4C), indicating that the
metabolic flux was partially redirected from 1-tryptophan synthesis to
hydroxylation. However, the overall production of i-tryptophan and 5-
HTP was significantly decreased, indicating that some other factors (i.e.
the BH4 biosynthesis and regeneration module) should be further op-
timized to enhance 5-HTP production.
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Fig. 5. (A) Protein expression of three types of i-tryptophan hydroxylases in
BL21(DE3). Lane 1. Marker. Lane 2 & 3. Soluble and inclusion expression of
TPHI1. Lane 4 & 5. Soluble and inclusion expression of TPH99. Lane 6 & 7.
Soluble and inclusion expression of TPH145. (B) Comparison of specific enzyme
bioactivity among three different r-tryptophan hydroxylases. TPH99 was a
TPH1 mutant with 99 N-terminus amino acids and 24 C-terminus amino acids
deleted. TPH145 was a TPH2 mutant with 145 N-terminus amino acids and 24
C-terminus amino acids deleted. The standard of one unit enzyme activity was
defined as the enzyme needed to produce 1 pg 5-HTP in 1 min. Specific enzyme
bioactivity was calculated with total cellular lysate protein.

3.4.3. Combinatory regulation of promoter strength for the synthesis and
recovery of BH4

The r-tryptophan hydroxylation plasmids pACHTP1 and
PACHTP145 were initially constructed with each gene driven by a T7
promoter to ensure sufficient expression (Fig. S4 & S5). However, the
excessive expression of the BH4 synthetic and recycling pathway genes
might result in high protein expression burdens. Therefore, a new hy-
droxylation plasmid pACHTP-LMT was designed and constructed (Fig.
S7). In this plasmid, the BH4 biosynthesis pathway genes were cloned
in a polycistronic structure driven by a lac promoter. The BH4 re-
generation pathway genes were expressed in a double cistron led by the
M1-93 promoter (Lu et al., 2012), and TPH145 was still expressed by
the T7 promoter. 5-Untranslated regions containing ribosome-binding
sites (RBSs) were inserted in front of PTPS, SPR, and DHPR to ensure
sufficient translation in pACHTP-LMT (Fig. S7) (Salis et al., 2009;
Zelcbuch et al., 2013).

The final strain HTP101-LMT, harboring pSA101trp and pACHTP-
LMT, showed a significant increase in both 5-HTP and 1-tryptophan
production (Fig. 4D). In 59 h, HTP101-LMT produced 1.3 g/L 5-HTP,
which was 2.4-fold and around 44-fold higher than HTP101-145 and
the original strain HTP4-1 in M9Y medium, respectively (Fig. 7), and
represented the highest titer ever reported in flask. Surprisingly, com-
pared with HTP101-145, vr-tryptophan production was also sig-
nificantly increased from 207.9 mg/L to 1.7 g/L. The sharp increase of
both 5-HTP and i-tryptophan indicated the dramatically alleviated
cellular metabolic burdens. In other words, the decrease in protein
expression levels converted a considerable amount of carbon fluxes
from protein synthesis to L-tryptophan and 5-HTP production.

3.5. Highly efficient production of 5-HTP with E. coli HTP101-LMT using
fed-batch fermentation

The production of 5-HTP was evaluated with E.coli strain HTP101-
LMT in a 10-L bioreactor with 7 L working volume. The results (Fig. 6)
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Fig. 6. Production of 5-HTP with E. coli HTP101-LMT in a 10 L bioreactor with
7 L working volume.
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Fig. 7. A schematic summary of metabolic engineering in E. coli for 5-HTP
production. BL21(DE3) was used as a negative control for r-tryptophan hy-
droxylation by BL21(DE3)/pET28a-TPH1 resting cells where 10 mM (~2 g/L) L-
tryptophan and 12mM BH4 were externally added. No 5-HTP peak was de-
tected on HPLC for BL21(DE3). For L-tryptophan hydroxylation by BL21/MPS/
PDT1 without BH4 addition, 2 g/L i-tryptophan was supplemented. 5-HTP
productions by E. coli strains HTP4-1, HTP4-145, HTP101-145, and HTP101-
LMT were performed in shake flasks, while fed-batch fermentation was per-
formed for HTP101-LMT. -TRP: abbreviation of i-tryptophan.

showed that glycerol concentration could be controlled under 1 g/L
during most of the fermentation process by constant glycerol feeding.
Cellular growth was steadily increased, and the production of 5-HTP
could be increased to as high as 5.1 g/L, which represented the highest
titer ever reported. It was also concluded in Fig. 6 that the biosynthesis
of L-tryptophan was cell density dependent, and the production of 5-
HTP was subjected to IPTG induction and would drop down in the late
fermentation stage. Therefore, extensive optimization of the fermenta-
tion conditions would be necessary to further improve the productivity
of 5-HTP.

4. Discussion

Heterologous production of 5-HTP by metabolically engineered
microorganisms normally have two different strategies. One is through
the combination of genes or pathways from a variety of organisms to
create an artificial pathway. In this way, the complexity of natural
metabolic pathways could be avoided and the metabolic flux could be
properly regulated. Lin et al. (2014) reconstructed the L-tryptophan
hydroxylation pathway by co-expression of a modified PAH from
Xanthomonas campestris and a MH4 recycling pathway in E. coli, which
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brought about the accumulation of 5-HTP up to 152.9 mg/L in 48h.
Besides, precursor-directed biosynthesis of 5-HTP was achieved in E.
coli, but the production (98 mg/L) was not much improved with regard
to the previous work (Sun et al., 2015). In the present work, we en-
gineered E. coli as the cell factory for 5-HTP production by introducing
human 1-tryptophan hydroxylation and BH4 synthesis and regeneration
pathways, and single-step fermentation was achieved for 5-HTP accu-
mulation by further integration of the r-tryptophan synthetic module.
Compared with the PAH pathway, this developed TPH pathway showed
higher efficiency (1.3 g/L 5-HTP in 59 h). A similar design of the TPH
pathway has been reported in a previous patent, where 0.9 mM
(equivalent to 198mg/L) 5-HTP was produced from i-tryptophan
(Knight et al., 2013). However, the production efficiency even with t-
tryptophan supplementation is not satisfying for large-scale production
and de novo production of 5-HTP from simple carbons was not achieved.
In the present work, we demonstrated de novo 5-HTP production from
glucose or glycerol by integrating the i-tryptophan biosynthesis
module, the r-tryptophan hydroxylation module, and the BH4 bio-
synthesis and regeneration module. What is more, we engineered the
expression levels and/or enzyme activities of each module to achieve
the highest production of 5-HTP ever reported.

It was reported that human TPH exhibited a higher i-tryptophan
hydroxylation activity than the W326F mutant of PAH (McKinney et al.,
2001). In this study, more stable and soluble expression of this TPH
enzyme was achieved through its N-terminal truncation, which in-
creased the productivity of 5-HTP for more than two folds (Fig. 7).
Therefore, the enhanced expression and stability of the truncated
human TPH was one important reason for higher accumulation of 5-
HTP in our constructed strain compared with those using other strate-
gies. However, the TPH pathway has not been adopted since the com-
plex BH4 supply system should be reconstructed to facilitate L-trypto-
phan hydroxylation in this recombinant E. coli strain. In the present
work, we expressed the five genes (mtrA, PTPS, SPR, PCD, DHPR) for
BH4 synthesis and regeneration, which would bring about heavy
burden on cell growth and metabolic flux unbalance. In order to alle-
viate these negative effects, it was necessary to fine-tune the expression
level of the BH4 synthesis and regeneration modules to maintain
moderate cell growth and the full supply of BH4 for 5-HTP synthesis.

It was previously reported that tyrosine hydroxylase (TH) was em-
ployed for efficient 1-tryptophan hydroxylation and L-DOPA synthesis
only with cellular MH4 cofactor (Satoh et al., 2012). This suggested that
our employed TPH145 enzyme might not require high amount supply
of BH4 during long-term (3-4d) r-tryptophan hydroxylation, indicating
that the expression of BH4 synthesis module could be regulated by the
weak lac promoter in pACHTP-LMT (Fig. S7). Nevertheless, BH4 re-
generation should be maintained at high efficiency. It is well known
that pterin-4a-carbinolamine (BH30H), the direct product of BH4 from
TPH catalyzed oxidation or auto-oxidation, can be dehydrated to qui-
nonoid-dihydrobiopterin (qBH2) with pterin-4a-carbinolamine dehy-
dratase (PCD) (Thony et al., 1998). Then, gBH2 can be recycled to BH4
with dihydropteridine reductase (DHPR) in an NADH-dependent reac-
tion (Fig. 1) (Li et al., 2015). However, BH30OH could transform to 7-
substituted pterin isomers via nonenzymatic rearrangement in the ab-
sence of PCD (Adler et al., 1992; Ayling et al., 2000). In addition, the
unstable gBH2 could rapidly rearrange to 7,8-dihydrobiopterin (BH2)
in the absence of DHPR (Kirsch et al., 2003). Both 7-substituted pterins
and BH2 are competitive inhibitors versus the natural cofactor BH4
(Adler et al., 1992; McKinney et al., 2001). Thus, a high activity of BH4
regeneration pathway was required to avoid such self-arrangements
and to ensure efficient supplementation of BH4 for i-tryptophan hy-
droxylation. Therefore, we chose M1-93, a promoter 5 times as strong
as lac promoter, to drive the BH4 regeneration pathway expression in
PACHTP-LMT (Fig. S7) (Lu et al., 2012). As expected, this regulation of
expression pattern for the new strain, E. coli HTP101-LMT harboring
PACHTP-LMT, significantly reduced the negative effect of multi-protein
expression on cell growth and greatly improved the accumulation of 5-
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HTP (Fig. 4D & Fig. 6).

In order to produce 5-HTP from single carbon sources (glucose or
glycerol) with one-step fermentation without external i-tryptophan
supplementation, we introduced the r-tryptophan biosynthetic pathway
(i-tryptophan module) into the recombinant E. coli. However, it was
observed that r-tryptophan was accumulated to much higher levels than
5-HTP during the whole fermentation process. Our results showed that
L-tryptophan accumulation could be decreased significantly (from
3652.5mg/L to 207.9 mg/L) by reducing the copy number of the 1-
tryptophan module plasmid, and the production of 5-HTP was in-
creased to 532.6 mg/L. It can be concluded that we achieved the
highest production through fine-tuning of three metabolic modules (i-
tryptophan module, the hydroxylation module, and the BH4 module).

Our first attempt to produce 5-HTP from glucose in M9Y medium
resulted in minor efficiency (Fig. S11). This was firstly regarded as the
effect of insufficient protein expression, poor cell growth, and the
heavily imbalanced metabolic fluxes in E. coli HTP4-1 strain. To test the
different effects of carbon source on 5-HTP fermentation, the high
producing strain E. coli HTP101-LMT was cultivated in mineral medium
containing 5g/L and 10g/L glucose or glycerol in shake flasks. As
shown in Fig. S17, the recombinant strain grew faster, and accordingly
5-HTP accumulation stopped at an earlier phase in glucose containing
medium. Higher 5-HTP productivity was observed in glycerol than in
glucose. Perhaps the fast cell growth in glucose resulted in the accu-
mulation of some toxic metabolites, such as acetic acid (Xue et al.,
2010), which might inhibit 5-HTP synthesis. The pH value of the final
broth were 6.5 (5g/L glucose), 6.0 (10 g/L glucose), 7.0 (5g/L gly-
cerol), 6.5 (10g/L glycerol), respectively. Higher productivity and
longer production time led to higher 5-HTP yield with glycerol as the
carbon source.

It should be noted that although the i-tryptophan hydroxylation
system was re-designed as three modules with different expression le-
vels in pACHTP-LMT, the optimal promoters for each module were not
determined. A more comprehensive investigation in this aspect, such as
combinatorial transcriptional engineering, should further improve 5-
HTP production (Du et al., 2012; Wu et al., 2017). Consistent with
previous studies, the intermediate L-tryptophan was still accumulated to
high levels (Fig. 6). A preliminary extraction of 5-HTP from the fer-
mentation broth was performed through depigmentation with activated
carbon, adsorption of 5-HTP and L-tryptophan with macroporous resin,
and reversed phase chromatography for the separation of 5-HTP and t-
tryptophan. The purity of the extracted 5-HTP was as high as 94.3%
with an overall yield of 40%. While an effective separation method
would help to improve 5-HTP recovery, further metabolic engineering
should be carried out to balance metabolic fluxes and minimize -
tryptophan accumulation, to decrease the cost in the down-stream se-
paration process. Moreover, during the conversion of 1-tryptophan to 5-
HTP by BL21/MPS/PDT1, two enzymes in the BH4 regeneration
pathway, PCD and DHPR, were almost completely degraded after 48 h,
while other proteins still showed relatively high abundance (Fig. 3C).
This indicated that the low stability of PCD and DHPR may be the
bottleneck for efficient long-term r-tryptophan hydroxylation. In fact,
the conversion dropped at 15h for BL21/FPS/PDT1 (Fig. 3A) and at
24 h for BL21/MPS/PDT1 (Fig. 3B). Improving the stability or activity
of BH4 regeneration pathway represents a new potential route for
higher i-tryptophan hydroxylation efficiency.

In summary, the mammalian r-tryptophan hydroxylation pathway
and the cofactor BH4 biosynthesis and regeneration system were het-
erologously constructed in E. coli to achieve de novo bioproduction of 5-
HTP. Through a combined metabolic pathway engineering strategy
including protein engineering, plasmid copy number manipulation, and
transcriptional fine-tuning, 5-HTP production reached 1.3g/L in a
shake flask and 5.1 g/L in a 7 L fed-batch fermenter, both of which were
the highest ever reported in literature.
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