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Abstract
O-succinyl-l-homoserine (OSH) is a promising platform chemical for the production of C4 chemicals with huge market 
potential which can be produced by fermentation from glucose. To construct a strain capable of producing OSH with high 
yield, the metJ (encodes transcriptional repressor) and metI (encodes a subunit of dl-methionine transporter) were deleted in 
Escherichia coli W3110 to obtain a strain E. coli ∆JI. Then, overexpression of metL (encodes bifunctional aspartate kinase/
homoserine dehydrogenase II) and inactivation of metB (encodes cystathionine γ-synthase) were implemented in one step, and 
the OSH titer of the resulting strain E. coli ∆JIB* TrcmetL was dramatically increased to 7.30 g/L. The feedback regulation 
was further relieved by progressively overexpressing metAfbr (encodes homoserine O-succinyltransferase), yjeH (encodes 
l-methionine exporter), and thrAfbr (encodes bifunctional aspartate kinase/homoserine dehydrogenase I) to increase the 
metabolic flux from aspartate to OSH. The 100% rationally designed strain E. coli ∆JIB* TrcmetL/pTrc-metAfbr-Trc-thrAfbr-
yjeH produced 9.31 g/L OSH from 20 g/L glucose (0.466 g/g glucose) in batch fermentation, which represents the highest 
OSH yield from glucose reported to date. The culture profiles of the newly constructed strains were recorded to investigate 
their productive properties. The effects of l-methionine addition on the fermentation process of the optimal strain were also 
studied. Our results demonstrate that tuning the expression level of metL, inactivation of metB, and attenuation of feedback 
resistance of the crucial enzymes in the biosynthetic pathway are the key factors that impact the OSH production in E. coli.
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Introduction

Biotransformation and bio-refining for the green production 
of chemicals have been attracting the increasing attention 
due to serious concerns surrounding climate change and 
environmental problems (Song et al. 2016; Liu et al. 2017a, 

b, 2018a, b; Zheng et al. 2017). O-succinyl-l-homoserine 
(OSH) is a crucial precursor of l-methionine biosynthe-
sis in microorganisms (Rowbury 1964; Li et al. 2017) and 
also a potential platform chemical for the production of C4 
chemicals (Hong et al. 2014). A series of strains have been 
constructed to produce OSH with high titer using combi-
national strategies such as random mutation and metabolic 
engineering (Shin et al. 2010). Although it does not par-
ticipate in protein synthesis, OSH can directly react with 
methyl mercaptan to yield l-methionine and succinic acid, 
in a reaction catalyzed by O-succinyl-l-homoserine-(thiol)-
lyase (Flavin and Slaughter 1967). A new chemical plant 
employing this route was constructed for the industrial pro-
duction of l-methionine in Malaysia and ran successfully 
for several years (Shin et al. 2010). In addition, bio-based 
OSH can also be chemically transformed into C4 chemicals 
such as succinic acid, isobutanol, and 1,4-butanediol (Hong 
et  al. 2014) which are important commodity chemicals 
widely used in the plastics, fiber, and pharmaceutical indus-
tries. These routes, which are based on renewable resources, 
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have the potential to substitute the traditional petrol-based 
processes and reduce the reliance on unsustainable fossil 
fuels. Recently, commercial production of bio-based suc-
cinic acid by fermentation has been successfully developed 
by BioAmber (Cok et al. 2014). The biggest producer of 
petro-1,4-butanediol, BASF, has also employed a bio-based 
production technology developed by Genomatica (Burgard 
et al. 2016). Thus, OSH may become a promising biological 
platform chemical for a series of C4 chemicals due to the 
increase of petrol prices, depletion of petroleum reserves, 
and decrease of fermentation costs.

The model microorganism Escherichia coli has been 
successfully redesigned to produce amino acids due to its 
clear genetic background and facile genetic manipulation 
(Li et al. 2015; Park and Lee 2010; Matsumoto et al. 2017). 
The accumulation of OSH as the l-methionine precursor in 
E. coli was first observed in an l-methionine-auxotrophic 
strain (Kase et al. 1970). In E. coli, glucose is generally 
transformed into aspartic acid via glycolysis and the Krebs 
cycle, which is subsequently converted to homoserine 
in reactions catalyzed by AKs (aspartate kinase I, II, and 
III encoded by thrA, metL, and lysC, respectively), ASD 
(aspartate-semialdehyde dehydrogenase encoded by asd) 
and HDs (homoserine dehydrogenase I and II encoded 
by thrA and metL respectively). Homoserine O-succinyl-
transferase (HST encoded by metA) catalyzes the synthe-
sis of OSH from homoserine and succinyl-CoA. OSH can 
subsequently be converted to l-methionine by cystathio-
nine γ-synthase (metB), cystathionine β-lyase (metC), and 
methionine synthase (metE/H) (Willke 2014). However, the 
expression levels of metL and metA are tightly regulated by 
the transcriptional repressor MetJ, and the activity of HST 
was allosterically regulated by the end-products including 
l-methionine and S-adenosyl methionine (SAM) (Lee et al. 
2007). Furthermore, the activity of AK I and III can be allos-
terically attenuated by intracellular l-threonine and l-lysine 
(Li et al. 2016). Similarly, the intracellular accumulation of 
homoserine inhibits the activity of the nicotinamide adenine 
dinucleotide phosphate  (NADP+)-specific glutamate dehy-
drogenase, and thus reduces the carbon flux from the Krebs 
cycle to aspartic acid (Kotre et al. 1973).

Conventionally, random mutation is used as an effec-
tive approach to obtain a strain with good productivity. For 
instance, the traditional mutagenesis was employed to obtain 
a strain of A. aerogenes KY 7056 with the ability to accumu-
late 15.8 g/L OSH in the culture supernatant from 100 g/L 
fructose and 10 g/L homoserine under optimal conditions 
(Kase et al. 1970). With the advancement of metabolic engi-
neering and the elucidation of increasing numbers of regula-
tory mechanisms, it has become feasible to reconstruct the 
cellular metabolic network to produce chemicals of interest 
(Nielsen and Keasling 2016; Lee and Wendisch 2017). An 
E. coli W3110 mutant was constructed by deleting metB, 

thrB, metJ, and overexpressing metAfbr (a mutant insensitive 
to l-methionine and SAM), and the resulting strain was able 
to accumulate 1.8 g/L OSH from 40 g/L glucose in flask 
culture (Kim et al. 2015). Moreover, when the artificially 
mutated l-threonine-producing strain E. coli CJM002 was 
genetically engineered in the same way, the OSH in the cul-
ture supernatant reached to 10.1 g/L from 40 g/L glucose. 
On this basis, an E. coli CJM002 mutant was constructed 
by overexpressing thrAfbr (insensitive to l-threonine), which 
further increased the OSH titer by 14% in flask culture (Shin 
et al. 2010). Although the OSH production with high titer 
was achieved through fed-batch fermentation, the OSH yield 
from glucose in the reported strains was still lower than the 
theoretical yield (Shim et al. 2017). Furthermore, the addi-
tion of amino acids such as l-methionine, l-threonine, and 
l-isoleucine to the culture medium required by these auxo-
trophic strains increased the fermentation cost. Finally, the 
random mutagenesis strategy used to construct strains with 
high OSH yield makes it difficult to understand the mecha-
nism of productivity improvement and leads to genetic insta-
bility (Ikeda et al. 2005). Thus, it is necessary to rationally 
redesign a cell factory capable to overproduce OSH with 
higher yield and a better performance.

In the present work, a genetically defined strain was 
constructed based on E. coli W3110, using a rational meta-
bolic engineering strategy, to produce OSH with high yield 
(Fig. 1). Specifically, metJ and metI were first deleted to con-
struct a parental strain named E. coli W3110 ∆JI. The genes 
metB and metL share the same promoter region upstream 
of metB, forming an operon in E. coli (Fig. 2a) (Duchange 
et al. 1983). A strategy was proposed in which the Trc pro-
moter from pTrc99A was inserted before the metL coding 
sequence, and part of the metB gene was deleted in one step 
to construct a novel strain named E. coli W3110 ∆JIB* 
TrcmetL. Next, three plasmids, pTrc-metAfbr, pTrc-metAfbr-
yjeH, and pTrc-metAfbr-Trc-thrAfbr-yjeH, were constructed 
and introduced into E. coli W3110 ∆JIB* TrcmetL, and 
the productivity profiles of the resulting new strains were 
investigated. Finally, the amount of additional l-methionine, 
which is a limiting factor for growth, was optimized and its 
effect on OSH production in E. coli W3110 ∆JIB* TrcmetL/
pTrc-metAfbr-Trc-thrAfbr-yjeH was studied. The rationally 
designed E. coli W3110 ∆JIB* TrcmetL/pTrc-metAfbr-Trc-
thrAfbr-yjeH produced 9.31 g/L OSH from 20 g/L glucose 
in batch fermentation, which represents the highest OSH 
yield from glucose reported to date. Moreover, the results 
also demonstrated that the production of OSH was impacted 
by the expression level of metL, inactivation of metB, and 
relieving of the allosteric regulation of ThrA and MetA. 
Most importantly, this introduced strategy can also be 
adapted for the design of cell factories for the more efficient 
production of other metabolic intermediates of high eco-
nomic interests.
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Fig. 1  Overall metabolic engineering strategy employed for the con-
struction of a genetically defined O-succinyl-l-homoserine producer. 
Starting from an l-methionine producing strain E. coli ∆JI, the metB 
(encodes cystathionine gamma-synthase) was inactivated and metL 
(encodes bifunctional aspartate kinase/homoserine dehydrogenase II) 
was upregulated in one step by genome editing. The metAfbr (encodes 

homoserine O-succinyltransferase mutant, insensitive to l-methio-
nine), yjeH (encodes l-methionine exporter), and thrAfbr (encodes 
bifunctional aspartate kinase/homoserine dehydrogenase I mutant, 
insensitive to l-threonine) were overexpressed in a plasmid-based 
manner. TCA the Krebs Cycle, Asp aspartic acid, OSH O-succinyl-
l-homoserine, HS homoserine

Fig. 2  Reprogramming of the metBL gene cluster. a One-step chromosomal inactivation and overexpression of the metBL genes, and b their 
effects on cell growth in the M9 medium
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Materials and methods

Bacterial strains, plasmids, and general techniques

The recombinant E. coli strains and the plasmids used in this 
study are listed in Table 1. M9 medium (4 g/L glucose, 2.56 g/L 
 Na2PO4·7H2O, 0.6 g/L  KH2PO4, 0.1 g/L NaCl, 0.2 g/L  NH4Cl, 
0.492 g/L  MgSO4·7H2O, and 0.022 g/L  CaCl2·6H2O) was used 
to test the growth properties of the engineered strains. Luria 
broth (LB) (10 g/L tryptone, 5 g/L yeast extract, and 10 g/L 
NaCl) was used for seed cultures. MS medium (20 g/L glu-
cose, 16 g/L  (NH4)2SO4, 2 g/L yeast extract, 1 g/L  KH2PO3, 
and 1 g/L  Na2S2O3) supplemented with 10 g/L  CaCO3 was 
used to measure the OSH productivity of the constructed strains 
(Huang et al. 2017). Ampicillin (100 µg/mL; Sangon, Shang-
hai, China), vitamin B12 (0.02 mg/L; J&K Scientific Ltd., Bei-
jing, China), and isopropyl-β-d-thio-galactopyranoside (IPTG; 
100 µM; Sangon, Shanghai, China) were added upon require-
ment. The plasmid mini-prep kit and agarose gel DNA purifi-
cation kit were purchased from Axygen (Hangzhou, China). 
Restriction endonucleases and PCR reagents were obtained 
from TAKARA (Dalian, China). DNA sequencing was per-
formed by Sangon (Shanghai, China). Other chemicals were 
purchased from Sigma (Shanghai, China).

Genome editing

Donor dsDNA with 500-bp homologous arms on each side was 
designed based on the sequence of the metBL gene cluster and 
the location of sgRNA (Table S1). Two homology arms and 
the Trc promoter were separately amplified and fused together 
by overlap-extension PCR. The PCR products were purified by 
gel extraction prior to electroporation. Electrocompetent cells 

were prepared according to a previous report (Li et al. 2014). A 
single colony was transferred into 5 mL of LB medium contain-
ing 50 mg/L kanamycin (Solarbio, Beijing, China) and 10 mM 
l-arabinose (Aladdin, Shanghai, China), and was grown at 
30 °C overnight. An aliquot comprising 100 µL resulting pre-
culture was transferred into 50 mL of LB medium containing 
50 mg/L kanamycin and 10 mM l-arabinose, and was grown 
at 30 °C to an  OD600 (optical density at 600 nm) of 0.4–0.6. 
The cultures were chilled in an ice-water slurry for 15 min, 
harvested by centrifugation at 4000×g for 5 min, and washed 
twice with ice-cold sterile  ddH2O. Subsequently, 200 µL of ice-
cold sterile glycerol (10%, v/v) was used to re-suspend the cells, 
and the glycerol suspension was separated into 100 µL aliquots 
for each reaction. Donor dsDNA (400 ng) and the correspond-
ing pTarget plasmid (100 ng) were added to each electropora-
tion reaction. A Bio-Rad MicroPulser (Bio-Rad, Hercules, CA, 
USA) was used for electroporation (0.1 cm cuvette, 1.8 kV). 
1 mL pre-chilled LB medium was added to the cuvette and 
the resulting cell suspension was transferred into a tube within 
1 min. The culture was then regenerated at 30 °C for 3 h prior 
to plating. Positive colonies were transferred into LB containing 
0.5-mM IPTG and cultivated at 30 °C for 8–10 h to eliminate 
the pTarget plasmid. The pCas plasmid was cured by cultivat-
ing at 37 °C overnight. The cultures after plasmid curing were 
streaked, and the colonies were tested for kanamycin (50 µg/
mL) and spectinomycin (50 µg/mL; Sangon, Shanghai, China) 
sensitivity, and were confirmed by sequencing.

Culture conditions

To test the OSH productivity of constructed strains, a single 
clone of E. coli W3110 and its derivatives were grown in 5 mL 
Luria–Bertani (LB) medium at 37 °C with 200 rpm orbital shak-
ing. After incubation for 10 h, the precultures were inoculated 

Table 1  Bacterial strains and plasmids used in this study

Sp spectinomycin, Kan kanamycin, Amp ampicillin, R resistance
a Invitrogen, Crop., Carlsbad, CA, USA

Strain/plasmid Descriptions Reference/source

Strains
 E. coli Top10 F− mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara-

leu)7697galU galK rpsL (StrR) endA1 nupG
Invitrogena

 E. coli ∆JI W3110 (∆metJ, ∆metI) This study
 E. coli ∆JIB* TrcmetL W3110 (∆metJ, ∆metI, metB partial deletion,  PmetL::PTrc) This study

Plasmids
 pTarget BL SpR, sgRNA transcription plasmid This study
 pCas KanR, Cas9 nuclease expression plasmid, temperature-sensitive origin Jiang et al. (2015)
 pTrc-metAfbr AmpR, mutant metA cloned in the Nco I and BamHI site of pTrc99A This study
 pTrc-metAfbr-yjeH AmpR, yjeH cloned in the Sac I and Hind III of pTrc-metAfbr This study
 pTrc-metAfbr-Trc-thrAfbr-yjeH AmpR, mutant thrA carrying a Trc promoter and RBS cloned in the BamHI site of pTrc-

metAfbr-yjeH
This study
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into 500 mL shake flask containing 20 mL MS medium with 
10 g/L  CaCO3 was added to an initial  OD600 of 0.1. sgRNA 
expression was induced with 0.1 mM IPTG when the  OD600 
reached 0.4–0.6. Cultures were subsequently incubated at 28 °C 
under orbital shaking at 150 rpm, and 50 µg/mL ampicillin was 
supplemented to promote plasmid retention when needed. After 
a total fermentation time of 48 h, 1 mL of cell culture was col-
lected to measure the concentrations of the OSH. Fermentation 
of different engineered strains was conducted simultaneously 
under the same culture conditions for at least three times.

Analytical methods

OD600 was measured and then converted to dry cell weight 
(DCW) based on the  OD600-DCW correlation, as shown 
in Fig. S1, to represent the cell concentration (Peng et al. 
2006). The remaining supernatants were filtered through a 
0.22 µm syringe filter (Nylon66; Jinteng, Tianjin, China) and 
used for the determination of residual glucose and amino 
acids. The residual concentration of glucose in the media 
was measured using a glucose analyzer (YSI model 2300, 
Xylem Inc., Rye Brook, NY, USA) (Fallet et al. 2010). The 
amino acids including OSH, l-methionine, l-threonine, and 
homoserine were determined using an automatic amino acid 
analyzer (SYKAM S-433D, SYKAM, München, BY, Ger-
many) (EI-Naggar et al. 2017; Huang et al. 2017).

Statistical analysis

All the experiments in this study were performed in trip-
licate. An analysis of variance (ANOVA) was performed 
using the SAS program version 8.1 (SAS Institute Inc., Cary, 
NC, USA). The least significant difference (LSD) was com-
puted at p < 0.05. All the figures were prepared using the 
origin software version 8.0 (OriginLab Corp., Northampton, 
MA, USA).

Results and discussion

The 100% genetically defined strain with the ability to pro-
duce OSH with a high yield was constructed, starting from 
a wild-type E. coli W3110. We redesigned the metabolic 
network and illuminated the potential mechanisms that 
block the OSH biosynthesis by removing the transcriptional 
repressor, amplifying the crucial enzymes, and deleting the 
degradation pathway.

Reprogramming the metBL gene cluster 
dramatically increased the accumulation of OSH

OSH is an important precursor for the biosynthesis of 
l-methionine in E. coli (Willke 2014). Thus, an E. coli ∆JI 

strain capable to produce l-methionine (Huang et al. 2017) 
was constructed and further modified to overproduce OSH. 
In E. coli ∆JI, the metJ gene encoding a negative transcrip-
tional repressor of the crucial genes in the l-methionine 
pathway was deleted to increase their expression levels. 
Subsequently, the metI encoding a subunit of the methionine 
import system MetD was removed to block the reabsorp-
tion of l-methionine. The metB and metL genes are located 
adjacent to each other in the same operon (Duchange et al. 
1983). The Trc promoter and RBS sequence from pTrc99A 
were inserted before the start codon (ATG) of the metL 
gene to remove 26 bp from the metB gene using CRISPR-
Cas9, which yielded a novel strain named E. coli ∆JIB* 
TrcmetL (Fig. 2a). The growth properties of E. coli ∆JI and 
E. coli ∆JIB* TrcmetL were tested in the M9 medium. As 
shown in Fig. 2a, the growth of E. coli ∆JIB* TrcmetL in 
the M9 medium was severely inhibited, but was restored 
when l-methionine was added to a final concentration of 
0.5 g/L. The addition of l-methionine did not significantly 
affect cell growth of strain E. coli ∆JI. These results dem-
onstrated that the l-methionine biosynthesis pathway was 
completely blocked in E. coli ∆JIB* TrcmetL. The results 
of DNA sequencing revealed the absence of eight amino 
acids from the C-terminus of MetB, which may inactivate 
the MetB due to the structure deformity, although they are 
far away from the active center. These two strains were sub-
sequently cultivated in MS medium (Clausen et al. 1998) at 
28 °C for 48 h. As shown in Fig. 2b, 7.30 g/L of OSH was 
detected in the culture supernatant for E. coli ∆JIB* Trc-
metL, while OSH accumulation was negligible in the paren-
tal strain E. coli ∆JI (Fig. S2). Moreover, the accumulation 
of small amount of l-threonine was observed in batch fer-
mentations, even though the l-threonine pathway is intact in 
E. coli ∆JIB* TrcmetL, which was different from a previous 
report (Li et al. 2016). These results proved that the activ-
ity of MetB can be easily blocked by removing eight amino 
acids from its C-terminus, and overexpression of metL from 
the genome can dramatically increase the carbon flux from 
aspartate to OSH without causing a significant accumulation 
of l-threonine.

Attenuation of the feedback regulation of crucial 
enzymes further improved the OSH titer

MetA (homoserine O-succinyltransferase) which converts 
homoserine and succinyl-CoA to OSH is a rate-limiting 
enzyme in l-methionine biosynthesis pathway. Its expres-
sion and activity are tightly regulated both by MetJ and 
end-products including l-methionine and SAM, respec-
tively (Usuda and Kurahashi 2005). To channel more car-
bon flux from homoserine to OSH, plasmid-based over-
expression of the metAfbr variant, which was insensitive 
to l-methionine (Huang et al. 2017), was implemented 
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to obtain the strain E. coli ∆JIB* TrcmetL/pTrc-metAfbr. 
However, the OSH titer increased slightly to 7.51 g/L 
(Table 2), indicating that the expression of metAfbr is not 
rate-limiting for the biosynthesis of OSH from glucose. 
The allosteric regulation of AKs and HDs by intracel-
lular l-methionine (Liu et al. 2015) was then considered 
as the main factor to hinder the further improvement 
of the OSH titer, since the l-methionine in the culture 
medium can be reabsorbed for the biomass maintenance. 
The l-methionine exporter yjeH, which was also able 
to export branched-chain amino acids (Liu et al. 2015), 
was therefore co-expressed with metAfbr in E. coli ∆JIB* 
TrcmetL. The OSH titer of E. coli ∆JIB* TrcmetL/pTrc-
metAfbr-yjeH was significantly increased 25.6% which 
was up to 9.17 g/L (Table 2). This result suggested that 
the overexpression of yjeH can increase the carbon flux 
from glucose to OSH by relieving the allosteric inhibition 
of AKs and HDs. Li et al. (2016) demonstrated that the 
reaction catalyzed by HD is a rate-limiting step for the 
production of homoserine. There are two genes encod-
ing HDs in Escherichia coli K-12, thrA and metL, and 
the intracellular concentration of ThrA is much higher 
than that of MetL (Lee et al. 2007). Thus, thrAfbr which 
was resistant to l-threonine was co-overexpressed with 
metAfbr and yjeH, yielding the strain named E. coli ∆JIB* 
TrcmetL/pTrc-metAfbr-Trc-thrAfbr-yjeH. Results of batch 
fermentation showed that the overexpression of thrAfbr 
further improved the OSH titer to 9.31 g/L from 20 g/L 
glucose with the yield of 0.466 g/g glucose which was 
1.8-fold higher than the yield of the previously reported 
optimal strain (Shin et al. 2010). Based on these results, 
we conclude that the improvement of the intracellular 
abundance of MetL and inactivation of MetB are crucial 
for the overproduction of OSH from glucose in E. coli. 
The allosteric regulation of key enzymes in l-methionine 
pathway is the secondary driving force determining the 
biosynthesis of OSH. Compared with the overexpres-
sion of insensitive variant of metA or thrA, enhancing 
the l-methionine efflux and reducing the intracellular 
l-methionine pool size are the better strategies to relieve 

the allosteric regulation and further enhance the OSH 
production.

Culture profiles of the novel OSH‑producing strains

To gain a better understanding of their productive proper-
ties, detailed fermentation profiles of the newly constructed 
strains were recorded. As shown in Fig. 3, all the strains 
reached stationary phase at 30 h, and the dry cell weights 
(DCW) reached their respective maxima without a remark-
able difference. However, the DCW of the strains carry-
ing pTrc-metAfbr-yjeH and pTrc-metAfbr-Trc-thrAfbr-yjeH 
dropped significantly during the stationary phase (from 30 h 
to 48 h), indicating cell lysis (Fig. 3c, d). Consequently, the 
glucose consumption of these two strains was significantly 
reduced, and glucose was not depleted until 42 h. These data 
suggest that cell death reduced the consumption of glucose 
for biomass maintenance and facilitated the conversion of 
glucose to OSH. After 48 h of fermentation, the final OSH 
titers of E. coli ∆JIB* TrcmetL, E. coli ∆JIB* TrcmetL/pTrc-
metAfbr, E. coli ∆JIB* TrcmetL/pTrc-metAfbr-yjeH, and E. 
coli ∆JIB* TrcmetL/pTrc-metAfbr-Trc-thrAfbr-yjeH, were 7.3, 
7.51, 9.17, and 9.31 g/L, corresponding to yields of 0.365, 
0.376, 0.459, and 0.466 g/g glucose, respectively. In addi-
tion, the accumulation of homoserine and l-threonine as the 
main byproducts was determined. Homoserine and l-threo-
nine accumulation was observed during the stationary phase 
in all the strains when glucose was depleted. Specifically, 
the accumulation of l-threonine in all strains reached to a 
final titer of 0.7 g/L without significant differences (Fig. 3). 
E. coli ∆JIB* TrcmetL/pTrc-metAfbr-yjeH and E. coli ∆JIB* 
TrcmetL/pTrc-metAfbr-Trc-thrAfbr-yjeH produced 1.21 and 
1.30 g/L homoserine in 42 h, which dramatically decreased 
to 0.25 and 0.40 g/L at 48 h, respectively (Fig. 3c, d). By 
contrast, E. coli ∆JIB* TrcmetL and E. coli ∆JIB* TrcmetL/
pTrc-metAfbr showed low levels of homoserine accumula-
tion, which reached less than 0.29 g/L in 48 h (Fig. 3a, b). 
Based on these results, it was concluded that the overexpres-
sion of yjeH and thrAfbr can efficiently increase the carbon 
flux towards homoserine. However, in the stationary phase, 

Table 2  Comparison of batch fermentation parameters of strains from this study and the reported optimal strain

Strains OD600 OSH titer (g/L) Glucose 
consumption 
(g/L)

OSH yield (g/g glucose) Source

E. coli CJ002 ∆metJ ∆thrB ∆metB/pmetAfbr – 10.1 40 0.253 Shin et al. (2010)
E. coli ∆JIB* TrcmetL 10.67 ± 0.41 7.30 ± 0.07 20 0.365 ± 0.004 This study
E. coli ∆JIB* TrcmetL /pTrc-metAfbr 8.57 ± 0.98 7.51 ± 0.14 20 0.376 ± 0.007 This study
E. coli ∆JIB* TrcmetL /pTrc-metAfbr-yjeH 6.25 ± 0.30 9.17 ± 0.14 20 0.459 ± 0.007 This study
E. coli ∆JIB* TrcmetL /pTrc-metAfbr-Trc-thrAfbr-

yjeH
6.66 ± 0.40 9.31 ± 0.03 20 0.466 ± 0.002 This study
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the decreased efficiency of the Krebs cycle provided less 
succinyl-CoA than in the log phase, resulting in homoser-
ine accumulation, and a decreased rate of OSH production 
at the end of fermentation. The homoserine in the culture 
supernatant was reabsorbed by the cells and used as a car-
bon source for biomass maintenance when glucose was 
exhausted. Based on these results, E. coli ∆JIB* TrcmetL/
pTrc-metAfbr-Trc-thrAfbr-yjeH, which had the highest titer 
and yield, was selected for further investigation.

Effects of l‑methionine addition on cell growth 
and OSH yield of the optimal strain

Due to the auxotrophic nature of E. coli ∆JIB* TrcmetL/
pTrc-metAfbr-Trc-thrAfbr-yjeH, the effects of l-methionine 
addition on cell growth, OSH titer, and accumulation of 
byproducts (l-threonine and homoserine) were studied. As 
shown in Fig. 4, with the increase of l-methionine, cell 
growth was significantly improved and reached its maxi-
mum when 0.05 g/L l-methionine was supplied. However, 

the OSH production was dramatically decreased with the 
addition of l-methionine. There were no significant differ-
ences between the cultures with 0.05 and 0.1 g/L l-methio-
nine (Fig. 4a). The increased cell content consumed more 
glucose, so that less carbon flux was available for the syn-
thesis of OSH. Moreover, the addition of l-methionine 
enhanced the allosteric regulation of AKs and HDs, which 
blocked the biosynthesis of OSH. For the accumulation 
of HS, there were no significant differences among all 
the conditions. Nevertheless, production of l-threonine 
was observed with the addition of low concentration of 
l-methionine (Fig. 4b). These results indicated that the ini-
tial content of l-threonine was sufficient to support the cell 
growth and more carbon flux was channeled to the OSH 
when l-methionine was added at a low concentration. By 
contrast, when more than 0.05 g/L l-methionine was sup-
plemented, more l-threonine was needed for cell growth, 
which reduced OSH and l-threonine accumulation in the 
culture. Therefore, platform strains capable of produc-
ing OSH with high yield were successfully constructed. 

Fig. 3  Fermentation profiles of the strains constructed in this study. a E. coli ∆JIB* TrcmetL, b E. coli ∆JIB* TrcmetL/pTrc-metAfbr, c E. coli 
∆JIB* TrcmetL/pTrc-metAfbr-yjeH, and d E. coli ∆JIB* TrcmetL/pTrc-metAfbr-Trc-thrAfbr-yjeH 
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Further improvements in the production of OSH will be 
possible by employing the systems metabolic engineer-
ing approaches including system-wide flux optimization, 
CRISPRi-based screening, and fermentation optimization 
(Razak and Viswanath 2015; Shaikh et al. 2016).

Conclusions

In this study, E. coli was successfully modified to produce 
OSH using glucose as the carbon source, leading to the 
highest yield reported to date. Specifically, metL was over-
expressed from chromosome by inserting a Trc promoter, 
while the metB gene was silenced by removing a part of its 
CDS in the same step. By further amplifying the crucial 
enzymes and attenuating the corresponding allosteric regula-
tion, the final constructed strain E. coli ∆JIB* TrcmetL/pTrc-
metAfbr-Trc-thrAfbr-yjeH was able to produce 9.31 g/L with 
a yield of 0.466 g/g glucose. The study thus demonstrates 
that the biosynthesis of OSH is controlled by the expression 

level of metL, the activity of MetB, and allosteric regulation 
of crucial enzymes.
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