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ARTICLE INFO ABSTRACT

Keywords: Optimizing the supply of biosynthetic precursors and cofactors is usually an effective metabolic strategy to
Escherichia coli improve the production of target compounds. Here, the combination of optimizing precursor synthesis and
Tryptophan balancing cofactor metabolism was adopted to improve tryptophan production in Escherichia coli. First, gluta-

Metabolic precursors

mine synthesis was improved by expressing heterologous glutamine synthetase from Bacillus subtilis and Bacillus
Cofactor supply

megaterium in the engineered Escherichia coli strain KW001, resulting in the best candidate strain TS-1. Then icd
and gdhA were overexpressed in TS-1, which led to the accumulation of 1.060 g/L tryptophan. Subsequently, one
more copy of prs was introduced on the chromosome to increase the flux of 5-phospho-a-b-ribose 1-diphosphate
followed by the expression of mutated serA and thrA to increase the precursor supply of serine, resulting in the
accumulation of 1.380 g/L tryptophan. Finally, to maintain cofactor balance, sthA and pntAB, encoding trans-
hydrogenase, were overexpressed. With sufficient amounts of precursors and balanced cofactors, the engineered
strain could produce 1.710 g/L tryptophan after 48 h of shake-flask fermentation, which was 2.76-times higher
than the titer of the parent strain. Taken together, our results demonstrate that the combination of optimizing
precursor supply and regulating cofactor metabolism is an effective approach for high-level production of
tryptophan. Similar strategies could be applied to the production of other amino acids or related derivatives.

the industrial requirements due to the need for additives (such as indole
and amino acids) during the fermentation and long fermentation cycle,

Introduction

Tryptophan, which is essential for mammals, is a critical aromatic
amino acid that has been widely applied in food, pharmaceuticals,
animal husbandry and other fields [1,2]. Consequently, there is a
market in excess of 14,000 ton/year for i-tryptophan [3] and there is
still a need for increased production. However, tryptophan extracted
from capillus or synthesized from petrochemicals no longer satisfies the
requirements of contemporary industries due to restrictions of en-
vironmental impact and raw materials [3]. As an alternative, microbial
fermentation is becoming more prevalent because it is potentially eco-
friendly and sustainable. In the past decades, Corynebacterium gluta-
micum [4,5] or yeast [6] were engineered by various biological strate-
gies to produce tryptophan, but the engineered strains did not satisfy
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which led to high cost. In later studies, researchers turned to E. coli due
to its genetic tractability, robustness and fast reproduction. For in-
stance, phosphate acetyltransferase (pta), a high affinity tryptophan
transporter (mtr) and aromatic amino acid exporter (yddG) of E. coli
were mutated, deleted and overexpressed, respectively, which resulted
in 48.68 g/L tryptophan production after 48 h in 30 L fermenter [7].
Similarly, Gu et al. constructed recombinant E. coli by the separate or
simultaneous knockout of mtr, tnaB and aroP. Compared to the parental
strain, the recombinant strain's tryptophan production increased by
51.6% [8]. Although these engineered E. coli strains have been suc-
cessfully constructed to produce tryptophan, the process of tryptophan
biosynthesis is more complicated than that of other amino acids and is
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subject to diverse regulation mechanisms including repression, at-
tenuation, feedback inhibition and feed-forward regulation [9].
Therefore, engineering E. coli to construct industrial strains remains a
difficult challenge.

In previous studies, optimizing precursor synthesis was considered
as an important strategy for improving the yield of target metabolites.
For example, phosphoenolpyruvate (PEP) and erythrose 4-phosphate
(E4P), respectively derived from the glycolysis pathway (EMP) and the
pentose phosphate (PP) pathway, are two essential precursors for
tryptophan synthesis. There are two strategies for augmenting the PEP
pool. One strategy relies on the overexpression of ppsA [10,11],
knockdown of pykAF [12] and knockout of ppc [13]. This can increase
the intracellular pool of PEP and strengthen the metabolic flux through
the shikimate pathway, which is essential for aromatic amino acid
synthesis. The other strategy is the modification of the phospho-
transferase system (PTS). According to prior investigations, PTS mod-
ification, including attenuation, replacement and knockout, is also an
important means to improve the intracellular PEP levels [12,14,15]. For
instance, Chen et al. engineered E. coli to produce tryptophan via PTS
modification that contributed to the tryptophan production of 39.7 g/L
[15]. Furthermore, the increase of E4P levels can significantly improve
the flux through the shikimate pathway. A common strategy for in-
creasing the E4P content is PP pathway modification, especially the
tktA trim. For example, overexpression of tktA was usually conducted in
E. coli to improve the yield of tryptophan [11,16]. In a recent study, Liu
et al. introduced a heterologous phosphoketolase pathway into yeast to
enhance E4P synthesis [17], a strategy that may be suited for E. coli as
well. It has therefore been established in the literature that the opti-
mization of PEP and E4P synthesis can improve tryptophan production
[18], but the synthesis of another three precursors, glutamine, serine
and 5-phospho-a-p-ribose 1-diphosphate (PRPP), was rarely optimized.
These three precursors are also necessary for tryptophan synthesis in E.
coli. In this work, we systematically optimized the biosynthesis of
serine, glutamine and PRPP to further increase tryptophan production.

Cofactor regulation also plays a vital role in constructing a highly
efficient cell factory. In the past decades, a number of studies focused
on NADH and NADPH. Their interconversion is regulated by soluble
pyridine nucleotide transhydrogenase (SthA) and membrane-bound
transhydrogenase (PntAB). Many studies have demonstrated that im-
balance of reducing equivalent is usually the limiting factor for ob-
taining the maximum yield of target fermentation products. For ex-
ample, activating a soluble form of transhydrogenase SthA in E. coli
enable the efficient synthesis of succinate [19]. Similarly, Luo et al.
engineered sthA by regulating its expression level for the efficient
synthesis of 2-pyrone-4,6-dicarboxylic acid (a dicarboxylic acid with a
polar pseudo-aromatic moiety) in E. coli [20]. Additionally, the over-
expression of pntAB improved the production of polyhydroxyalkanoates
[21]. Wu et al. engineered Corynebacterium glutamicum to produce ly-
sine (27.1 g/L) via a combination of engineering cofactor metabolism
and optimizing the lysine synthesis pathway [22]. The precursor
pathways relevant to tryptophan synthesis also require NADH and
NADPH (Fig. 1). When these precursor pathways are modified, it may
cause a redox imbalance and impact tryptophan production. However,
the regulation of cofactors to increase the production of tryptophan in
E. coli was rarely studied.

In this study, a combination of precursor pathway modification and
cofactor regulation was applied to improve tryptophan production in E.
coli. We selected the engineered E. coli KWO001 as a chassis cell [15],
since this strain could better produce tryptophan. Firstly, heterologous
glutamine synthetase genes from Bacillus subtilis and Bacillus megaterium
were separately introduced into the KWO0O01 strain to optimize gluta-
mine synthesis. Then icd and gdhA genes were overexpressed via the
insertion at the poxB and ackA loci on the chromosome to further en-
hance glutamine synthesis. Secondly, an additional copy of prs was
introduced on the chromosome to increase the flux of PRPP. Subse-
quently, mutated serA and thrA were expressed to enhance the serine

Synthetic and Systems Biotechnology 5 (2020) 200-205

supply. Finally, sthA and pntAB were co-overexpressed using strong
promoters to maintain cofactor balance. Compared with the KW001
strain, the final strain's tryptophan production increased 2.76-fold
(Fig. 1). The integrated strategy presented here can offer a reference for
constructing efficient strains for the overproduction of tryptophan
meeting the needs of industry.

Materials and methods
Reagents

Taq PCR Master Mix and DNA ladder were purchased from Tiangen
(China). DNA was purified using a Universal DNA Purification Kit
(Tiangen, China). Plasmids were extracted using the Mini Plasmid Kit
(Tiangen, China). All primers (Supplemental Table S1) were synthe-
sized by QINGKE (Beijing, China). O-phthalaldehyde (OPA) was pur-
chased from Agilent (China). Other chemical reagents were purchased
from Yuanye Biotech (China).

Genetic methods

The pRed_Cas9_recA [23] based on the CRISPR-CAS system [24] is a
plasmid tool for scarless genomic editing. In this study, all genomic
editing, including deletion, insertion and mutation, used this plasmid.

Construction of plasmids and strains

All strains and plasmids used in this study are listed in Table 1. E.
coli KWO0O01 [15] was used as the starting strain for engineering. E. coli
DH5a was used for cloning and plasmid propagation.

Culture conditions

In this study, lysogeny broth (LB) and fermentation medium were
used. Liquid LB contained 1% (w/v) tryptone, 0.5% (w/v) yeast extract,
and 1% (w/v) NaCl. If solid LB plates were needed, XY % (w/v) agar
was added. The shake-flask fermentation medium was composed of
glucose (30 g/L), MgSO,7H,0 (0.5 g/L), KH,PO4 (3 g/L), K;HPO,
(12 g/L), (NH4),SO4 (4 g/L), yeast extract (1 g/L), monosodium citrate
(2 g/L), and FeSO,7H,0 (0.1 mg/mL). Ampicillin and tetracycline
were used at a concentration of 100 mg/L where indicated.

DH5a cells were grown at 30 or 37 °C and 220 rpm in test-tubes
containing 5 mL of LB. When the pXIitS plasmid (Table 1) was con-
structed, DH5a was incubated at 37 °C in LB with tetracycline. When
the Cas9 series plasmids (Table 1) were constructed, DH5a was in-
cubated at 30 °C in LB with ampicillin. The process of Cas9 genome
editing in E. coli was done as described before [23].

For the fermentations, an aliquot comprising 5 pl of cryopreserved
E. coli cells was used to inoculate a test-tube with 5 ml LB medium,
which was shaken at 220 rpm for 12 h. Then, the resulting seed culture
was used to inoculate a 250 ml shake flask with 20 ml of fermentation
medium to an ODggg of 0.1, and cultivated for 48 h.

Analytical techniques

The concentrations of the amino acids tryptophan, serine, glutamate
and glutamine were determined using high-performance liquid chro-
matography (HPLC) with UV detection. Samples collected from shake
flasks were centrifuged. Amino acid concentrations were determined
via HPLC according to the instruction of Zorbax Eclipse-AAA columns
on an Agilent 1100 HPLC. This column could achieve the resolution
ratio at approximately 10 pmols. Derivatization was performed ac-
cording to the manufacturer's protocol. Tryptophan, serine, glutamate
and glutamine were separated by using mobile phase A (40 mM
Na,HPO, pH 7.8) and phase B (Acetonitrile (ACN):

MeOH: H,O 45:45:10) with gradient elution (The gradient
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Fig. 1. Biosynthetic pathway of tryptophan from glucose and the metabolic engineering strategies used in this study. Abbreviations: pgi, glucose-6-phosphate
isomerase; zwf, glucose-6-phosphate 1-dehydrogenase; pgl, 6-phosphogluconolactonase; tktA, transketolase I; gnd: 6-phosphogluconate dehydrogenase; rpiA, ribose-5-
phosphate isomerase A; prs, ribose-phosphate diphosphokinase; aroF, aroG and aroH: 3-deoxy-7-phosphoheptulonate synthase; pykAF: pyruvate kinases I and II; ppsA,
PEP synthetase; serA, phosphoglycerate dehydrogenase; serC, phosphoserine/phosphohydroxythreonine aminotransferase; serB, phosphoserine phosphatase; icd,
isocitrate dehydrogenase; gdhA, glutamate dehydrogenase; ginA; glutamine synthetase; sthA, soluble pyridine nucleotide transhydrogenase; pntAB, pyridine nu-
cleotide transhydrogenase; thrA, fused aspartate kinase/homoserine dehydrogenase 1; trpD and trpE, anthranilate synthase; trpC, fused indole-3-glycerol phosphate
synthase/phosphoribosyl anthranilate isomerase; trpB, tryptophan synthase subunit beta; trpA, tryptophan synthase subunit alpha. G6P, glucose-6-phosphate; F6P,
fructose-6-phosphate; 6PGNL, 6-phosphoglucono-lactone, G3P, glyceraldehyde-3-phosphate; 3 PG, glycerate-3-phosphate; 3-PYR, 3-phosphonooxypruvate; PEP,
phosphoenolpyruvate; Xu5P, xylulose-5-phosphat;E4P, erythrose-4-phosphate; Ru5P, ribulose-5-phosphate; R5P, ribose-5-phosphate; PRPP, phosphoribosyl pyr-
ophosphate; PYR, pyruvate; ICI, isocitrate; a-ket; a-ketoglutarate; Glu, glutamate; Gln, glutamine; 3-P-Ser, 3-phosphoserine; Ser, serine; DHAP, 3-deoxy-d-arabi-
noheptulosonate-7-phosphate; CHR, chorismate; ANTN, anthranilate; PRA, N-(5’-phosphoribosyl)-anthranilate; Trp, tryptophan. Overexpressed genes are marked in
red, expressed heterologous genes are marked in blue and mutated genes are marked in green. RBS: ribosome bind site, whose sequence is AAGGAGATATA. Pj23110:
J23119 promoter (http://parts.igem.org/Part:BBa_J23119), whose sequence is TTGACAGCTAGCTCAGTCCTAGGTATAATGCTAGC.

Table 1
Plasmids and strains used in this study.
Name Description Reference
pCas9-Red Exo, bet, gam, arabinose operon, Cas9, sgRNA, Amp" [23]
PH5al Derived from p15A, incomplete lacl, tet’, aroG”, trpE"DCBA [15]
pXI1itS Derived from PH5al, incomplete lacl, tet’, aroG", trpE"DCBA, sthA this study
pCas9-bsu-glnA Derived from pCas9-Red, BSglnA with about 300bp homologous arms, sgRNA with specific N20 sequence (AGAAGCGAAAGAGATCCCAC). this study
pCas9-bmq-glnA Derived from pCas9-Red, BMgInA with about 300bp homologous arms, sgRNA specific with N20 sequence (AGAAGCGAAAGAGATCCCAC). this study
pCas9-bsu-ginA-159 Derived from pCas9-bsu-ginA, this study
pCas9-bsu-ginA-304  Derived from pCas9-bsu-ginA this study
pCas9-gdhA Derived from pCas9-Red, gdhA (poxB locus) with about 300bp homologous arms, sgRNA with specific specific N20 sequence ( this study
CCTATTGTTCATGCCCTGCG).
pCas9-icd Derived from pCas9-Red, icd (ackA locus) with about 300bp homologous arms, sgRNA with N20 sequence ( CAGCCACTTCTATGTAACCC ). this study
pCas9-serA™* Derived from pCas9-Red, serAmut with about 300bp homologous arms, sgRNA with specific N20 sequence (TCCGTCCACCAAAAATATGA). this study
pCas9-thrA™" Derived from pCas9-Red, thrA™" with about 300bp homologous arms, sgRNA with specific N20 sequence ( GTCACGCGCCCGTATTTCCG ). this study
pCas9-prs Derived from pCas9-Red, prs (lacz locus) with about 300bp homologous arms, sgRNA with specific N20 sequence ( this study
ATTATCCGAACCATCCGCTG ).
pCas9-sthA-pntAB Derived from pCas9-Red, sthA-pntAB (atpi locus) with about 300bp homologous arms, sgRNA with specific N20 sequence ( this study
CAGGCGCATACACCAGCGAA).
DH5a Host for cloning and plasmid construction lab stock
KWO001 Starting strain for engineering, Tet',with PH5al . [15]
TS-1 Derived from KWO001, BSgInA replacing the native glnA this study
TS-2 Derived from KWO001, BMgInA replacing the native glnA this study
TS-3 Derived from KWO001, BSgInA-L1591 replacing the native ginA this study
TS-4 Derived from KWO001, BSglnA-E304A replacing the native glnA this study
TS-5 Derived from TS-1,::icd-::gdhA with J23119 promoter this study
TS-51 Derived from TS-1.::icd with J23119 promoter this study
TS-52 Derived from TS-1.::gdhA with J23119 promoter this study
TS-6 Derived from TS-5,::;prs with trc promoter this study
TS-7 Derived from TS-6, serA™"* this study
TS-8 Derived from TS-7, serA™"-thrA™" this study
TS-9 Derived from TS-8,::sthA-pntAB with J23119 promoter this study
TS-10 Derived from TS-9, pXIItS this study
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variation ratio of phases A:B with time was shown in Supplemental
Table S2). Column temperature was set to 30 °C, the flow rate was
2 mL/min and the measure wavelength was 338 nm. One sample was
quantitatively analyzed within 30 min. All experiments were conducted
in triplicate.

Glucose, acetate and a-ketoglutarate were measured using an
Aminex HPX-87H column (300 X 7.8 mm column) (Bio-Rad, Hercules,
USA) which was maintained at 50 °C and the elution was monitored at
210 nm. The mobile phase was composed of 5 mM H,SO,, with a flow
rate of 0.5 ml/min.

Results and discussion
Engineering the glutamine synthesis pathway

Glutamine is one of the important precursors for tryptophan
synthesis (Fig. 1). In E. coli, anthranilate synthase encoded by trpE and
trpD transforms chorismate into anthranilate, which requires glutamine
as an amine donor for the reaction. In this study, the glutamine bio-
synthesis pathway was optimized by overexpressing icd and gdhA, as
well as a heterologous Bacillus subtilis glnA (BSglnA) in E. coli KW001.

Glutamine synthase (GInAs) is usually susceptible to the con-
centration of ammonium ions in E. coli. At high ammonium con-
centrations, GInA adenylation leads to a loss of activity [25]. However,
since homologous enzymes from Gram-positive bacteria are insensitive
to ammonium ions [26], GlnAs from Bacillus subtilis (BS) and Bacillus
megaterium (BM) was separately introduced into KW0O01 to replace the
native enzyme, resulting in the strains TS-1 (BSglnA) and TS-2
(BMglnA). As shown in Fig. 2A, the heterologous genes could be suc-
cessfully expressed in E. coli. The TS-1 strain produced 0.810 g/L
tryptophan, while there was no change of production in TS-2 compared
with the KWO001 strain (0.620 g/L). Unexpectedly, approximately
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Table 2
Analysis of key metabolites in the engineered strains constructed in this study.

Strain Metabolite titer at 48 h
a-ket (g/L) Acetate (g/L) Tryptophan (g/L)

Kwo001 0.261+0.080 0.835+0.070 0.620+ 0.070
TS-1 0.362+ 0.060 0.798+0.030 0.810+ 0.060
TS-5 1.492+0.210 0.185+0.050 1.060+0.100
TS-51 0.671+£0.120 0.340+0.060 0.760 + 0.120
TS-52 0.281+0.070 0.786:+0.040 0.750 + 0.090
TS-6 1.242+0.060 0.138+0.050 1.220 + 0.120
TS-7 1.241+0.070 0.267+0.060 1.040 + 0.120
TS-8 1.090+0.170 0.138+0.050 1.380+0.100
TS-9 1.248+0.770 0.124+0.030 1.520+0.080
TS-10 1.104+0.070 0.076=+ 0.060 1.710+0.100

0.798 g/L acetate (Table 2) was also produced by TS-1 strain, which
resulted in waste of carbon. In addition, the glutamine and glutamate
concentrations were examined. However, the two compounds were not
detected in the fermentation broth of TS-1 and KWO001, indicating that
glutamine was consumed at the same rate as it was generated. Subse-
quently, two improved mutants of BSglnA, L1591 and E304A [27],
which are insensitive to end-product inhibition, were respectively in-
troduced into TS-1 to construct the strains TS-3(L159I) and TS-4
(E304A). Regrettably, the product titers of the strains TS-3 and TS-4
were practically unchanged compared with TS-1 (p-value > 0.05), as
shown in Fig. 2A. In E. coli, GInAs is regulated by several mechanisms
such as cumulative feedback inhibition by multiple end-products of
glutamine metabolism, and dynamic interconversion of the enzyme
between adenylation and de-adenylation [28]. Thus, we speculated that
the introduction of BSGInAs into E. coli might partially release cumu-
lative feedback inhibition and increase the production of tryptophan in
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Fig. 2. Fermentation results of the strains. (A) KW001, TS-1, TS-2, TS-3, TS-4 and TS-5. (B) TS-5, TS-51 and TS-52. (C) TS-5, TS-6, TS-7and TS-8. (D) TS-8, TS-9 and
TS-10. Yellow box, Trp concentration (g/L); blue box, biomass (ODggo). Error bars indicate the standard deviations from three independent cultures.
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the TS-1 strain.

Additionally, the co-overexpression of icd (encoding isocitrate de-
hydrogenase) and gdhA (encoding glutamate dehydrogenase) from the
chromosome was conducted to further enhance the synthesis of gluta-
mine. The poxB locus (gdhA) and ackA locus (icd) were selected as in-
sertion site. The enzymes encoded by gdhA and icd constitute a bridge
between carbon metabolism and nitrogen metabolism. Moreover, poxB
and ackA were selected as insertion sites because they are related to
acetic acid metabolism, and previous investigations have demonstrated
that ackA inactivation was favorable to tryptophan biosynthesis [29].
Consequently, gdhA and icd were co-overexpressed in the TS-1 strain to
construct the TS-5 strain. As shown in Table 2 and Supplementary
Fig. 2, TS-5 could produce 1.060 g/L tryptophan, and its conversion
rate increased to 4.1%, illustrating that the combination of reinforcing
nitrogen metabolism and expressing BSgInA was an effective strategy. A
reason for the improvement of tryptophan production might be that the
intracellular ratio of a-ketoglutarate/glutamine (K/G) increases. Ac-
cording to a previous study, high activity of GlnAs led to a high ratio of
K/G [30]. As shown in Table 2, the TS-5 strain could accumulate
1.492 g/L a-ketoglutarate, representing a six-fold increase over the
parental strain, indicating that the rise of K/G was indeed favorable to
glutamine synthesis and increased tryptophan production. Moreover,
the acetate titer of strain TS-5 (0.185 g/L) decreased by 4.3 times
compared to strain TS-1 (0.798 g/L), likely because of the ackA deletion.
To investigate this, we individually overexpressed icd and gdhA in the
TS-1 strain, resulting in the strains TS-51 (the deletion of icd) and TS-52
(the deletion of gdhA). Their fermentation results are shown in Fig. 2B.
The acetate content in the fermentation broth of TS- 51 (0.340 g/L)
decreased compared to the TS-1strain (0.798 g/L) (Table 2), which also
illustrated that ackA inactivation made a difference. This was consistent
with a previous report by Liu et al. [29]. However, poxB was reported to
be dispensable for acetate synthesis under anaerobic fermentation
conditions [31]. Consequently, the deletion of poxB had little impact on
acetate synthesis. As shown in Table 2, the acetate titer of the strain TS-
52 was the same as that of TS-1. The individual overexpression of icd
and gdhA had no effect on tryptophan production (Fig. 2B). As shown in
Supplementary Fig. 1 A and B, the growth of strain TS-5 was faster than
that of KWO0O01 in the early stages of the fermentation, but the biomass
of KW001 was higher than that of TS-5 at the end of fermentation. The
enhancement of nitrogen metabolism may facilitate cell growth and
contribute to tryptophan synthesis.

Optimizing the synthetic pathways of PRPP and serine

PRPP and serine are also two essential precursors for tryptophan
synthesis (Fig. 1). PRPP and anthranilate are condensed to N-(5-
phosphoribosyl)-anthranilate (PRA) by anthranilate synthase (encoded
by trpD), while serine and indole can be condensed to form tryptophan
by tryptophan synthase subunit beta (encoded by trpB). As a result, the
optimization of PRPP and serine biosynthesis may be advantageous for
tryptophan synthesis. For example, Fan et al. showed that co-expression
of zwf, gnd and prs in E. coli CYT15 could optimize PRPP biosynthesis
and improve cytidine production [32] due to PRPP being a precursor
for cytidine synthesis. More importantly, the increase of tryptophan
production via the overexpression of prs has been demonstrated by
Trondle et al. using metabolic omics methods [33]. Furthermore, a
strain with an engineered serine biosynthesis pathway was able to ef-
fectively synthesize the precursor serine for tryptophan production
based on metabolic analysis [34]. To confirm that the optimization of
PRPP and serine biosynthesis would lead to an improvement of tryp-
tophan production, we constructed three strains as shown below.

Firstly, to optimize PRPP biosynthesis, prs was overexpressed from
the chromosome of strain TS-5 (atpi locus) using the strong Ptrc pro-
moter, resulting in strain TS-6. As shown in Fig. 2 C, the tryptophan
yield of TS-6 was 1.220 g/L after 48 h of shake flask fermentation.
Compared with the TS-5 strain, its production increased by 15%. This
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result indicated that the overexpression of prs was an effective strategy
for increasing tryptophan synthesis, which was consistent with a pre-
vious report by Trondle et al. [33]. Secondly, serine biosynthesis was
optimized via the modification of serA and thrA. A serA mutant (H344A,
N346A, N364A) [35],which released feedback inhibition from serine,
was introduced into the TS-6 strain, forming the strain TS-7. Then, a
thrA variant with two known site-directed mutations (S357R and
Y356C) [36], which could release the inhibition of the threonine
synthesis pathway from serine and increase the strain's tolerance to-
ward serine, was introduced into the TS-7 strain, generating strain TS-8.
As shown in Fig. 2 C, we found that the biomass of TS-7 was slightly
decreased compared to that of TS-6 (p-value = 0.065 > 0.05). How-
ever, when the mutant thrA was introduced into strain TS-7, its growth
was recovered. The strain TS-8 could produce 1.380 g/L tryptophan,
representing a 5.4% conversion rate (Supplementary Fig. 2). Ad-
ditionally, 0.050 g/L serine was detected in the fermentation broth of
strain TS-8, while none was detected in that of strain TS-6, indicating
that only the combined modification of thrA and serA was effective. As
shown in Supplementary Fig. 1 A and B, the cell growth rate of strains
TS-8 and TS-5 was similar, but the biomass of strain TS-5 was higher
than that of TS-8, possibly due to an alleviation of the metabolic
burden. According to these results, the optimization of serine and PRPP
biosynthesis was an effective strategy for the improvement of trypto-
phan production.

The metabolic regulation of NADH and NADPH

In order to further optimize tryptophan synthesis, it is necessary to
regard the cofactor regulation. As shown in Fig. 1, the biosynthesis of
PRPP, glutamine and serine requires cofactor participation. When these
precursor pathways were modified, the changes will also have an un-
avoidable influence on the cofactor metabolism. Thus, to balance co-
factor metabolism, we selected the two transhydrogenases SthA and
PntAB that are known to interconvert NADH and NADPH [37,38].

To balance the metabolism between NADH and NADPH, we decided
to overexpress pntAB and sthA in strain TS -8 by inserting them into lacZ
locus on the chromosome, generating the strain TS-9. When the TS-9
strain was cultured for 48 h in shake flasks, 1.510 g/L tryptophan was
detected, as shown in Fig. 2 D. When we optimized PRPP biosynthesis,
the PP pathway was enhanced, which lead to increased NADPH pro-
duction. It should be noted that SthA preferentially transforms NADPH
to NADH under metabolic conditions with excess NADPH [38]. We
hypothesized that tryptophan production could be further improved if
the expression of sthA was further enhanced. To prove this conjecture,
the plasmid pXIItS derived from pHal (Table 1) was introduced into TS-
9, generating the strain TS-10. Remarkably, the strain TS-10 produced
1.710 g/L tryptophan with only 0.076 g/L acetate, as shown in Fig. 2 D
and Table 2. The TS-10 strain was further characterized, as shown in
Supplementary Fig. 1 A. The biomass of strain TS-10 was apparently
decreased, but its conversion rate increased by 4.7% compared to the
starting strain KW001 (Supplementary Fig. 2).

Conclusions

In the previous work, Chen et al. engineered KW001 strain via the
increase of PEP supply by replacing PTS system and the decrease of
acetate accumulation to improve the production of tryptophan. Their
work, however, did not devote to the optimization of several other
crucial precursors, such as glutamine, serine and PRPP. In this study, we
developed a strategy based on the combined optimization of these three
precursors biosynthesis and cofactor metabolism, which effectively
improved tryptophan production in the engineered strains derived from
KWO0O01. On the one hand, glutamine, serine and PRPP biosynthesis was
optimized by key genetic manipulations to improve tryptophan pro-
duction. On the other hand, the overexpression of two transhy-
drogenases balanced the cofactor metabolism, which further increased
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tryptophan production. The final engineered strain could produce
1.710 g/L tryptophan with a conversion rate of 6.7% after shake-flask
fermentation for 48 h. Compared to it of KW001 strain, tryptophan
production of TS-10 strain increased 2.76 times, representing that
tryptophan conversion rate increased by 4.7%. Overall, the combined
strategy based on optimization of precursor synthesis and regulation of
cofactor metabolism is a good way to promote tryptophan synthesis,
and can offer a viable approach for the construction of industrial
strains. In future study, we could consider the combined utilization of
our modified strategies and Chen et al.'s them, expecting the further
improvement of production of tryptophan.
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