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Abstract
Mesaconate, a branched unsaturated dicarboxylic acid, has drawn great interest because of its versatile applications. In this work,
we optimized the fermentation efficiency of Escherichia coli to produce mesaconate from glucose.We first drove the carbon flux
to 2-ketoglutarate by overexpressing genes involved in TCA precursor pathway and anaplerotic pathways. Then, to increase the
pool of phosphoenolpyruvate (PEP), an upstream precursor for 2-ketoglutarate, the phosphotransferase system (PTS) of E. coli
was inactivated by deleting glucose PTS permease and the import of glucose was altered by overexpressing galactose/H+

symporter GalP. Further, production optimization was achieved by deleting a class I fumarase (FumA) to block the hydration
of mesaconate. Finally, we overexpressed PEP synthase (PpsA) to increase the availability of phosphoenolpyruvate and accel-
erate the production of mesaconate. These genetic modifications led to mesaconate production with a titer of 23.1 g L−1 and a
yield of 0.46 g g−1 glucose (64% of the theoretical maximum). This work demonstrates the possibility of engineering a highly
efficient bacteria strain that converts glucose into mesaconate with promising titer, rate, and yield.

Keywords E. coli . fumA . GalP .Mesaconase . PEP . PpsA

Introduction

Biomanufacturing of dicarboxylic acids has attracted great
interest in metabolic engineering. Dicarboxylic acids, such
as succinic acid, itaconic acid, and adipic acid, can be used
in chemical, polymer, pharmaceutical, and food industries
with increasing global market demand (Bechthold et al.
2008; Castellan et al. 1991; Polen et al. 2013; Van de Vyver
and Roman-Leshkov 2013; Zeikus et al. 1999a, b). The con-
ventional way of producing these compounds from petroleum
resources has caused negative environmental impacts, in-
volved higher energy consumption, and frequently incurred
process difficulty (Adom et al. 2014; Thiemens and Trogler
1991). Therefore, development of highly efficient, environ-
ment-friendly, and cost-effective biorefineries is needed for

the fermentation of dicarboxylic acids from renewable feed-
stocks (Cok et al. 2014; de Jong et al. 2012; López-Garzón
and Straathof 2014).

Mesaconate, an unsaturated dicarboxylic acid with a
branched methyl group, is an intermediate in the glutamate
degradation pathway that was first discovered in the anaerobic
strain Clostridium tetanomorphum (Wachsman 1956).
Since then, this pathway has been found in various microor-
ganisms such as Clostridium cochlearium, Clostridium
saccarobutyricum (Buckel and Barker 1974), and bacteria
from genera Citrobacter and Morganella (Kato and Asano
1997). In terms of applications, the diallyl ester of mesaconate
has been used for the synthesis of fire-retardant materials
(Currier et al. 1972; Kropa 1950). Recently, mesaconate is
shown to be decarboxylated to yield methacrylic acid, a
polymer monomer for producing high-volume poly-
methylmethacrylate (Johnson et al. 2013). The copolymer of
acrylamide and mesaconate forms hydrogel with both high
water absorbency and high equilibrium water content for us-
age in biomedical, agricultural, and environmental biotechnol-
ogy (Uzum and Karadag 2005; Uzum and Karadag 2006).
Additionally, Zr(IV) mesaconate framework, a metal-organic
framework (MOF), can be produced by heating a mixture of
ZrCl4, mesaconate, and acetate. This framework has high
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physicochemical stability and considerable porosity, which
make it a promising material for gas storage and separation
(Mostakim et al. 2015). Mesaconate also can be sequentially
hydrogenated to produce 2-methyl-1,4-butanediol (Spanjers
et al. 2016) or renewable isoprene (Abdelrahman et al.
2017). The polyester formed from 2-methyl-1,4-butanediol
and mesaconate is a soft and rubbery material with extensive
applications in coatings, adhesives, sealants, elastomers, and
foams (Spanjers et al. 2016).

Currently, there are two reported metabolic pathways for
producing mesaconate. One is the ethylmalonyl-CoA
pathway. This pathway operates in isocitrate lyase-deficient
organisms such as Rhodobacter sphaeroides (Erb et al.
2007) and Methylobacterium extorquens (Peyraud et al.
2009) for synthesis of C5 dicarboxylic acids from two-
carbon units (acetyl-CoA/acetate) or one-carbon unit
(methanol). Mesaconyl-CoA, an intermediate of the
ethylmalonyl-CoA pathway, could be hydrolyzed into
mesaconate by introducing a heterologous thioesterase. After
optimization, 443 mg L−1 mesaconate was produced from
methanol in an engineered strain of M. extorquens AM1
(Sonntag et al. 2014; Sonntag et al. 2015). The other pathway
is based on glutamate degradation. This pathway catabolizes
glutamate sequentially into mesaconate by coenzyme B12-
dependent glutamate mutase and 3-methylaspartate ammonia
lyase (MAL). Previously, we heterologously reconstituted the
mesaconate pathway in the industrial workhorse Escherichia
coli and produced 7 g L−1 of mesaconate directly from glucose
(21% of the theoretical maximum) after optimization of glu-
tamate mutase (Wang and Zhang 2015). For efficient use of
lignocellulosic feedstocks including pentoses D-xylose and L-
arabinose (Weber et al. 2010), we overexpressed D-xylose and
L-arabinose operons encoding a non-phosphorylative pathway
that converted pentoses into 2-ketoglutarate (2KG) in five
reaction steps (Tai et al. 2016). The final engineered E. coli
strains could produce 14.8 g L−1 mesaconate from a mixture
of 1:1 D-xylose and L-arabinose with a yield of 85% of the
theoretical maximum. The addition of excess glucose lowered
the overall yield to 46% of the theoretical maximum and sig-
nificant acetate was accumulated (Bai et al. 2016). These find-
ings indicate that an optimized glucose metabolism is critical
for efficient mesaconate production from biorenewable
resources.

In this study, to construct an optimized engineered E. coli
strains for fermenting mesaconate from glucose, the wild-type
E. coli strain BW25113 was engineered for mesaconate
production based on rational design (Fig. 1). Initially, we se-
lectively overexpressed the oxidative genes of the TCA cycle
and then knocked out sucA to increase the supply of the key
intermediate 2-ketoglutarate. Then, we reengineered the glu-
cose transporting system by overexpressing GalP to replace
the glucose phosphotransferase system (PTS) to drive the
carbon flux towards mesaconate. Thereafter, we deleted

promiscuous fumarase FumA to prevent the hydration of
mesaconate. Finally, we overexpressed phosphoenolpyruvate
synthase phosphoenolpyruvate (PEP) synthase (PpsA) from
gluconeogenesis pathway to improve the PEP pool. After
these genetic modifications, the titer, yield, and productivity
of mesaconate were greatly enhanced. The final mesaconate
yield (0.46 g g−1 glucose) was comparable with that of indus-
trial fermentation of glutamate (0.45–0.55 g g−1 glucose)
(Pharkya et al. 2003).

Materials and methods

Strains and media

E. coli strain XL10-gold (Stratagene) was used to perform
all the cloning procedures in this study. Strain E. coli
BW25113 was purchased from CGSC (http://cgsc.biology.
yale.edu/) and was used for plasmid transformation and
bacterial fermentation (Table 1). Strains were cultivated at
37 °C in 2xYT media (16 g L−1 tryptone, 10 g L−1 yeast
extract, and 5 g L−1 sodium chloride) medium with appropri-
ate antibiotics.

Plasmids construction

Primers (Table 2) were ordered from Eurofins MWG Operon.
PCR reactions were carried out with Q5 High-Fidelity DNA
polymerase (New England Biolabs) according to the
manufacturer’s instructions. The sequences of all the plasmids
produced were verified by restriction mapping and DNA
sequencing.

pZA-gltA Gene gltAwas amplified based on E. coli genomic
DNA. Primers gltA-up and gltA-dw were used to amplify
gene gltA. gltA PCR product was digested with Acc65I and
NheI and the backbone plasmid pZA digested with the same
enzyme pairs. Then these four fragments were ligated to form
plasmid pZE-gltA.

pZA-ppc Primers ppc-up and ppc-dw were used to amplify
gene ppc from E. coli genomic DNA. ppc and the backbone
plasmid pZAwere digested with Acc65I and NheI. Then these
two fragments were ligated to form plasmid pZE-ppc.

pZA-gltA-ppc Primers gltA-up and gltA-dw2 were used
to amplify gene gltA, and ppc was amplified by primers ppc-
up2 and ppc-dw. gltA was digested with Acc65I and
PacI and ppc was digested with PacI and NheI. Then
the two digested fragments were ligated with purified back-
bone plasmid pZA digested with Acc65I and NheI to form
pZA-gltA-ppc.
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pZA-gltA-icd Primers gltA-up and gltA-dw were used to am-
plify gene gltA, and icd was amplified by primers icd-up and
icd-dw. gltA was digested with SacI and NheI, and icd was

digested with Acc65I and SacI. Then the two digested frag-
ments were ligated into purified backbone plasmid pZA
digested with Acc65I and NheI to form pZA-gltA-icd.

Fig. 1 Optimization of metabolic nodes to mesaconate from glucose.
a Design of mesaconate metabolic pathway. Abbreviations: G6P,
glucose 6-phosphate; PEP, phosphoenolpyruvate; PYR, pyruvate; Ace-
CoA, acetyl-CoA; ACE, acetate; OAA, oxaloacetate; CIT, citrate; CCA,
cis-aconitate; ICT, isocitrate; 2KG, α-ketoglutarate; SUC, succinate;

FUM, fumarate; MAL, malate; MSA, mesaconate; CTA, citramalate.
The overexpressed genes and pathways are shaded in green. The
knockout genes are shaded in red, and the inactivated pathways are
indicated by gray arrows. The unmodified endogenous pathways are
shaded in black

Table 1 Strains and plasmids

Strains Genotype Source

BW25113 Δ(araD-araB)567ΔlacZ4787(::rrnB-3) ΔlacZ4787(::rrnB-3) Δ(rhaD-rhaB)568 hsdR514 CGSC

EM21 BW25113 [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA, pZA] This study

EM22 BW25113 [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA, pZA-gltA] This study

EM23 BW25113 [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA, pZA-ppc] This study

EM24 BW25113 [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA, pZA-gltA-ppc] This study

EM25 BW25113 [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA, pZA-gltA-icd] This study

EM26 BW25113 [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA, pZA-gltA-icd-ppc] This study

EM27 BW25113 [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA, pZA-gltA-icd-ppc-acnA] This study

EM28 BW25113ΔsucA [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA, pZA-gltA-icd] This study

EM29 BW25113ΔsucA [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA, pZA-gltA-icd-ppc-acnA] This study

EM30 BW25113ΔsucA [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA-gdhA, pZA-gltA-icd-ppc-acnA] This study

EM31 BW25113ΔsucA ΔptsG [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA, pZA-gltA-icd-ppc-acnA] This study

EM32 BW25113ΔsucA ΔptsG [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA-glk, pZA-gltA-icd-ppc-acnA] This study

EM33 BW25113ΔsucA ΔptsG [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA-galP, pZA-gltA-icd-ppc-acnA] This study

EM34 BW25113ΔsucA ΔptsG [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA-glk-galP, pZA-gltA-icd-ppc-acnA] This study

EM35 BW25113ΔsucA ΔptsG ΔfumA [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA-galP, pZA-gltA-icd-ppc-acnA] This study

EM36 BW25113ΔsucA ΔptsG ΔfumB [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA-galP, pZA-gltA-icd-ppc-acnA] This study

EM37 BW25113ΔsucA ΔptsG ΔfumAB [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA-galP, pZA-gltA-icd-ppc-acnA] This study

EM38 BW25113ΔsucA ΔptsG ΔfumA [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA-galP,
pZA-gltA-icd-ppc-acnA-ppsA]

This study

EM39 BW25113ΔsucA ΔptsG ΔfumA ΔpckA [pZE-MAL-mutL-mutS-glmE, pZS-btuB-btuR-fpr-fldA-galP,
pZA-gltA-icd-ppc-acnA]

This study
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pZA-gltA-icd-ppc Genes gltA, icd, and ppc were amplified
based on E. coli genomic DNA. Primers gltA-up and gltA-
dw2 were used to amplify gene gltA. Primers ppc-up2 and
ppc-dw were used to amplify gene ppc, and primers icd-up
and icd-dw were used to amplify gene icd. icd was digested
with Acc65I and SacI; gltAwas digested with SacI and PacI;
and ppc was digested with PacI and NheI. The backbone plas-
mid pZAwas digested with Acc65I and NheI. Then these four
fragments were ligated to form plasmid pZA-gltA-icd-ppc.

pZA-gltA-icd-ppc-acnAGenes gltA, acnA, and icdwere ampli-
fied based on E. coli genomic DNA. Primers gltA-up and
gltA-dw were used to amplify gene gltA. Primers acnA-up
and acnA-dw were used to amplify gene acnA, and primers
icd-up and icd-dw were used to amplify gene icd. icd was
digested with Acc65I and SacI, gltA was digested with SacI
and SphI, and acnA was digested with PacI and SphI. The
plasmid pZA-gltA-icd-ppc digested with Acc65I and PacI
(larger potion). Then these fragments were ligated to form
plasmid pZE-gltA-icd-ppc-acnA.

pZS-btuB-btuR-fpr-fldA-gdhA Primers gdhA-up and gdhA-dw
were used to amplify gene gdhA. gdhA was digested with
SphI and BamHI and ligated to purified backbone plasmid
pZS-btuB-btuR-fpr-fldA (Wang and Zhang 2015) digested
with the same restriction enzymes to form pZS-btuB-btuR-
fpr-fldA-gdhA.

pZS-btuB-btuR-fpr-fldA-glk Gene glk was amplified with
primers glk-up and glk-dw. glk was digested with SphI and
BamHI and ligated to purified backbone plasmid pZS-btuB-
btuR-fpr-fldA digested with the same restriction enzymes to
form plasmid pZS-btuB-btuR-fpr-fldA-glk.

pZS-btuB-btuR-fpr-fldA-galP Gene galP was amplified with
primers galP-up and galP-dw. galP was digested with SphI
and BglII and ligated to purified backbone plasmid pZS-
btuB-btuR-fpr-fldA digested with SphI and BamHI to form
plasmid pZS-btuB-btuR-fpr-fldA-galP.

pZS-btuB-btuR-fpr-fldA-glk-galP Primers glk-up and glk-dw
were used to amplify gene glk, and galP was amplified by
primers galP-up and galP-dw. glk was digested with SphI
and NheI and galP was digested with NheI and BglII.
Plasmid pZS-btuB-btuR-fpr-fldA digested with SphI and
BamHI. Then these three fragments were ligated to form
plasmid pZS-btuB-btuR-fpr-fldA-glk-galP.

pZA-gltA-icd-ppc-acnA-ppsA Primers ppc-up2 and ppc-dw2
were used to amplify gene ppc and ppsA was amplified by
primers ppsA-up and ppsA-dw. ppc was digested with PacI
and NotI, and ppsAwas digested withNotI and NheI. Then the
two digested fragments were ligated into purified plasmid
pZA-gltA-icd-ppc-acnA digested with PacI and NheI to form
pZA-gltA-icd-ppc-acnA-ppsA.

Table 2 Primers used in this
study Primers Sequence (5′ to 3′)

gltA-up CCCGGGGAGCTCAGGAGAAAGGTACCATATGGCTGATACAAAAGCAAAACTC

gltA-dw CCCGGGGCTAGCGCATGCTTAACGCTTGATATCGCTTTTAAAGTCGC

gltA-dw2 CGGGTTAATTAATCTCCTTAACGCTTGATATCGCTTTTAA

ppc-up CCCGGG GGTACC ATGAACGAACAATATTCCGCATTG

ppc-dw CCCGGGGCTAGCTTAGCCGGTATTACGCATACCT

ppc-up2 CCCGGGTTAATTAAATGAACGAACAATATTCCGCATTG

ppc-dw2 CCCGGGGCGGCCGCTTAGCCGGTATTACGCATACCT

icd-up CCCGGGGGTACCATATGGAAAGTAAAGTAGTTGTTC

icd-dw CCCGGGGCTAGCGAGCTCTTACATGTTTTCGATGATCGCGT

acnA-up CCCGGGGCATGCAGGAGAAAGGTACCATATGTCGTCAACCCTACGAGAAG

acnA-dw CCCGGGGCTAGCTTACTTCAACATATTACGAATGACATAATG

gdhA-up CGGGGCATGCAGGAGAAATTAATATGGATCAGACATATTC

gdhA-dw CCCGGGGGATCCGCTAGCTTAAATCACACCCTGCGCCAG

glk-up CCCGGGGCATGCAGGAGAAATTAACTATGACAAAGTATGCATTAGTC

glk-dw CCCGGGGGATCCGCTAGCTTACAGAATGTGACCTAAGGTCTG

galP-up CCCGGGGCTAGCGCATGCAGGAGAAATTAACTATGCCTGACGCTAAAAAA
CAGGG

galP-dw CCCGGGAGATCTTTAATCGTGAGCGCCTATTTCGCGCAGT

ppsA-up CCCGGGGCGGCCGCAGGAGAAATTAATATGTCCAACAATGGCTCGTCAC

ppsA-dw CCCGGGGCTAGCAAGCTTTTATTTCTTCAGTTCAGCCAGGCTTAACC
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Shake flask fermentation

The strains were incubated in the fermentation medium
(5 mL M9 minimal media supplemented with 5 g L−1 yeast
extract, 45–50 g L−1 glucose (batch variation), 5 μM coen-
zyme B12, 100 μg L−1 ampicillin, 50 μg L−1 kanamycin,
and 100 μg L−1 spectinomycin). Two hundred microliters
of overnight cultures were transferred into fermentation
media in 125 mL conical f lasks. Isopropyl-β-D-
thiogalactoside (IPTG) was added at a final concentration
of 0.4 mM to induce the overexpression of introduced
genes for the production of mesaconate. The initial culture
pH was 7.2 and was buffered by 0.5 g CaCO3. Fermentation
was carried out in a shaker incubator at 250 rpm at 30 °C for
72 h (except other indication). Error bars indicated the
range of the results obtained from three independent exper-
iments (n = 3) by selecting three different colonies for
fermentation.

Metabolite analysis

Samples were analyzed using an Agilent 1260 Infinity HPLC
system with an Aminex HPX 87H column (Bio-Rad, USA)
and a refractive-index detector to detect carbohydrates. The
mobile phase was 5 mM H2SO4 with a flow rate
0.6 mL min−1. The column temperature and detection temper-
ature were 35 and 50 °C, respectively.

PEP synthetase activity assay

To test PEP synthetase activity, cells were cultured in
fermentation media without CaCO3 and harvested in mid-
log phase and then washed with cold wash buffer
(10 mmol L−1 MgCl2 and 100 mmol L−1 Tris-HCl (pH
8.0)). The resulting cell pellets were resuspended and lysed
with Bug BusterMasterMix (Novagen) according to the man-
ufacturer’s instructions. Total protein concentration in cell ly-
sates was determined using the Bradford assay-based Bio-Rad
Protein Assay Dye (Bio-Rad, Hercules, CA, USA) with bo-
vine serum albumin as a standard. PpsA activity was mea-
sured according to a previously described method (Cheol et
al. 2015). The assay mixture contained 4 mmol L−1 pyruvate,
10mmol L−1 ATP, 10mmol L−1LMgCl2, and 100mmol L−1L
Tris-HCl (pH 8.0). Assay reactions were initiated by the ad-
dition of 10 μL crude lysate into the prewarm assay mixture.
Then the reaction mixtures were incubated at 30 °C for 5 min.
Reactions were terminated by the addition of aliquots (20 μL)
of the reaction mixture into a mixture containing 0.066-mL
0.1% aqueous solution of 2,4-dinitrophenylhydrazine and
0.18 mL H2O followed by incubation at 30 °C for 5 min.
The resulting mixture was further incubated with 0.334-mL
10% (w/v) NaOH at 30 °C for 5 min. PpsA activity was de-
termined by measuring the depletion of pyruvate at 445 nm.

PpsA activity was normalized to total protein content in
cell lysates.

Results

2-Ketoglutarate precursor is rate limiting
for mesaconate production

To drive carbon flux toward mesaconate, we designed genetic
modifications based on the central metabolic pathway of
E. coli (Fig. 1). Basing on the theoretical stoichiometric equa-
tion (Fig. 1), 1 mol of mesaconate can be produced from 1mol
of glucose. First, the pathway to 2KG was enhanced. Four
genes, gltA, acnA, icd, and ppc are critical for 2KG produc-
tion. Phosphoenolpyruvate carboxylase, encoded by ppc, cat-
alyzes the irreversible synthesis of oxaloacetate (Wohl and
Markus 1972). GltA condenses oxaloacetate and acetyl-CoA
into citrate (Morse and Duckworth 1980). Then AcnA con-
verts citrate into isocitrate (Jordan et al. 1999; Varghese et al.
2003) and Icd oxidatively decarboxylates isocitrate into 2KG
(Hurley et al. 1989).

We overexpressed these genes, individually or combined,
to enhance the synthesis of 2KG from PEP and acetyl-CoA
(Fig. 2a). Overexpression of first TCA cycle enzyme, citrate
synthase (GltA), increased the mesaconate titer by 47%. And
overexpression of gltA and icd (strain EM25) achieved the
highest titer of mesaconate (10.6 g L−1) and the highest pro-
ductivity of mesaconate (0.15 g L−1 h−1) but lower yield
(33%). The overexpression of gltA, acnA, ppc, and icd (strain
EM27) reached the highest yield of mesaconate (36%) but
lower titer (8.8 g L−1). The results indicated that TCA flux
to 2-ketoglutarate was a rate-limiting step for mesaconate pro-
duction currently. Surprisingly, comparing the result from
EM26 with EM27, the addition of overexpressing acnA in-
creased the yield by 20% (from 30 to 36%) and did not show
significant change of mesaconate titer (from 9.1 to 8.8 g L−1).
This effect on product yield by acnA overexpression has not
been reported previously in biosynthesis of TCA cycle prod-
ucts such as glutamate fermentation by E. coli (Nishio et al.
2013).

Then, in order to further increase the 2KG supply by
blocking its consumption, we knocked out sucA that encodes
2-oxoglutarate (2KG) decarboxylase of the TCA cycle. The
inactivation of sucA could provide more 2KG carbon flux
towards mesaconate production. We knocked out of sucA in
the parental strains with the highest titer and productivity
(EM25 overexpressing gltA and icd) and the highest yield
(EM27 overexpression of gltA, acnA, ppc, and icd). The titer
of mesaconate in strain EM28 overexpressing gltA and icd
decreased drastically, and a high concentration of acetate
(10.2 g L−1) was accumulated after sucA knockout.
However, theΔsucA strain EM29 derived from parental strain
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EM27 showed a 30% increase in titer of mesaconate
(11.5 g L−1, 72 h fermentation) from 35.6 g L−1 consumed
glucose (Fig. 2b). Combined with OD600 data, these results
indicated that overexpression of ppc could relieve the growth
defect caused by deletion of sucA and promote better growth
of ΔsucA cells.

After 120 h of fermentation, the strain EM29 could pro-
duce 16.4 g L−1 of mesaconate from 49.0 g L−1 glucose
with a yield of 49% of the theoretical maximum (Fig. 2c).
The productivity (rate) was 0.16 g L−1h−1. These results
showed a 136% increase in titer and 95% increase in yield,
comparing with control strain EM21 without the optimized
2KG pathway (Fig. 2a). To test if the activity of glutamate
dehydrogenase (Gdh) was the rate-limiting step for
mesaconate production, we also overexpressed gdhA in
the strain EM29. However, this genetic modification (strain
EM30) did not lead to any significant increase in
mesaconate titer (Fig. S1), which suggested that the Gdh

was still sufficient for production of mesaconate after the
enhancement of carbon flux to 2KG.

Increasing PEP availability by inactivation
of PEP-dependent phosphotransferase system
promotes the production of mesaconate

In the previous section, we have optimized the pathway from
PEP and pyruvate to 2KG. For strain EM29 (Fig. 2b), about
6.9 g L−1 acetate accumulated in the fermentation broth after
72 h. According to Fig. 1, PEP is the direct substrate for
pyruvate and OAA concurrently, which can be used to syn-
thesize 2KG in a 1:1 ratio. We speculated that the intracellular
PEP was insufficient for those two branches so the excess
pyruvate or acetyl-CoA was converted to acetate. In E. coli,
since at least half of the PEP from glucose is utilized by the
PEP-dependent PTS for glucose uptake (Flores et al. 2002;
Holms 1996; Zhang et al. 2009), deletion of ptsG, encoding

Fig. 2 Overexpression of genes related with TCA cycle to improve the
production of mesaconate. a The titer of mesaconate and citramalate and
the yield of mesaconate by strain overexpressing indicated gene(s) in
wild-type E. coli strain BW25113 (EM21) after 72 h fermentation. The
control is strain EM21. b The titer of mesaconate, citramalate, and acetate

by wild-type E. coli strain BW25113 or the sucA deletion strain (ΔsucA)
overexpressing indicated genes after 72 h fermentation. c Growth and
metabolite production profiles of strain EM29. Error bars are standard
deviation for three independent experiments. OD600, optical density at
600 nm
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glucose PTS permease, could inactivate the PTS system
(Deutscher et al. 2006) and increase availability of the PEP
flux toward OAA for producing mesaconate. Subsequent
overexpression of GalP permease (galP) and glucokinase
(glk) could restore the glucose transporting, rescue the low
specific growth rate, and increase glycolytic flux to the
desired product (Flores et al. 1996; Gosset 2005; Hernández-
Montalvo et al. 2003; Zhang et al. 2009). To increase the
metabolic PEP availability, we knocked out the ptsG in the
strain EM29 and overexpressed native E. coli genes galP and
glk on a low-copy-number plasmid (PZS) to provide an alter-
native glucose transport pathway (Flores et al. 2002) (Fig. 3).

In the control strain EM31, the glucose consumption was
reduced drastically due to inactivation of PTS after ptsG de-
letion. The strain EM32 with expression of glucokinase Glk
showed a similar pattern in glucose consumption because
intracellular glucokinase could not increase extracellular
glucose permeation. After galactose/H+ symporter GalP was
introduced into PTS− strain, EM33, fast (similar to wild-type)
glucose transport was restored, and 17.0 g L−1 of mesaconate
was produced within 72 h. The overexpression of GalP led to
a 0.24 g L−1 h−1 of mesaconate productivity, a 48% increase
compared with parental PTS+ strain EM29 (0.16 g L−1 h−1).
Surprisingly, simultaneous expression of GalP and Glk (strain
EM34) only showed a mild increase of mesaconate titer
(13.9 g L−1), owing to the reduced expression level of GalP
caused by the upstream gene glk in the plasmid pZS-btuB-
BtuR-fpr-fldA-glk-galP (Fig. S2) (Hernández-Montalvo et
al. 2003). The fact that ΔptsG/galP combination could in-
crease the productivity and titer of mesaconate proved that
the availability of intracellular PEP was the bottleneck for
further increase of the productivity/titer of mesaconate.
Acetate was reduced by 53% (from 6.9 g L−1 for strain
EM29 to 3.2 g L−1 for strain EM33, 72 h) after redesigning
the glucose transport route.

Deletion of FumA could eliminate mesaconase
activity of E. coli

It was reported that the class I fumarases of E. coli, iron-sulfur
cluster proteins FumA and FumB, have promiscuous
mesaconase activity that could hydrate mesaconate
(methylfumarate) into (S)-citramalate (Fig. 4a) (Kronen and
Berg 2015). We noticed a significant peak around 10 min in
the HPLC chromatogram of mesaconate fermentation sample.
That peak was determined to be citramalate. To prevent the
hydration of mesaconate, we further knocked out fumA and/or
fumB based on the background stain EM33 (Fig. 4b).

Fermentation results showed that the formation of
citramalate was completely eliminated by inactivation of
FumA (EM35 or EM37). The knockout of fumA solely
(EM35) elevated the mesaconate titer by 8% (from 16.6 to
17.8 g L−1). Comparing with control strain EM33, however,
the concentration of citramalate did not decrease in strain
EM36 even though FumB that was reported to have higher
mesaconase activity than that of FumA (Kronen and Berg
2015). And, FumA and FumB were reported that they had
very similar oxygen sensitivity (Van Vugt-Lussenburg et al.
2013). Instead, deletion of fumB led to a decrease in the
mesaconate titer by 18% (from 16.6 to 13.6 g L−1). When
deleting both class I fumarases (strain EM37), the titer of
mesaconate and glucose consumption decreased by 44 and
39%, respectively. These results suggest that the class I fuma-
rases have major physiological roles in our strains under aer-
obic fermentation conditions despite the fact that there is a
class II fumarase FumC as the backup enzyme in E. coli
(Tseng et al. 2001). It was reported that deletion of fumB or
fumC led to down-regulation of TCA activity in E. coli
(Xu et al. 2011). FumB also was found to involve in cellular
response to DNA damage stimulus (Khil and Camerini-Otero
2002). These findings indicate FumB has important

Fig. 3 Engineering an alternative
glucose transport pathway (PTS−)
to elevate mesaconate production
inE. coli. The titer of mesaconate,
citramalate, and acetate by strains
overexpressing indicated gene(s)
in the sucA ptsG double-deletion
strain (EM31) after 72 h
fermentation. The control is strain
EM31. Error bars are standard
deviation for three independent
experiments
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physiological roles in E. coli and could be the reason that
knockout of fumB or fumAB leads to decreased mesaconate
titer.

Overexpression of PpsA could further increase
mesaconate production

After inactivation the mesaconate consumption pathway,
we were interested in knowing if mesaconate production
could benefit from increasing ATP consumption. Then we
overexpressed a gluconeogenic PEP synthase PpsA, using
ATP and pyruvate to yield PEP (releasing AMP).
Overexpression of PpsA will install an BATP wasting^ futile
cycle between PEP and pyruvate with innate pyruvate kinases
(PykF and PykA). It was reported that the implementation of
an ATP wasting futile cycle could stimulate the substrate up-
take and consequently increase the yield and productivity of
product in E. coli (Hädicke and Klamt 2015; Patnaik et al.
1992). In addition, overexpressing of PpsA could increase
the PEP supply for the mesaconate pathway.

After overexpressing the ppsA on the medium-copy-
number plasmid, the fermentation result showed that the titer
of mesaconate was enhanced by 9% (from 21.2 g L−1 for
EM35 to 23.1 g L−1 for EM38) with slightly increased yield
to EM35 (59% for EM35 and 64% for EM38). EM35 could
consume all the glucose at 75 h (Fig. 5a). However, all glucose
was consumed in strain EM38 at 64 h with the productivity of
0.36 g L−1 h−1 (threefold of that from the starting strain EM21,
and 29% higher than that of EM35) (Fig. 5b). These results
indicated the overexpression of PpsA could not only increase
the titer of mesaconate but also increase the yield and
productivity of mesaconate. Then we measure the PEP

synthase activity to confirm the overexpression of PpsA
(Fig. 5c). In EM35, the PEP synthase activity is
0.72 μmol min−1 mg−1, which is 55% lower than that in
EM38 (1.12 μmol min−1 mg−1). This suggested the increase
ofmesaconate titer, productivity, and yield also benefited from
the increased PEP supply by overexpression of PpsA.

Discussion

In this study, we improve the mesaconate production in titer,
yield, and productivity by driving more carbon flux to
mesaconate production, deleting competition and consump-
tion pathway mesaconate.

We first overexpress related genes downstream of PEP in
TCA cycle: gltA, ppc, icd, and acnA. This approach is
well documented that overexpressing the first three genes
(individually or combined) normally has a positive effect on
enhancing the flux toward products related with the TCA cy-
cle, for example, glutamate (Nishio et al. 2013), fumarate
(Song and Lee 2015), malate (Zhu et al. 2008), and 1,4-
butanediol (Yim et al. 2011). gltA is repressed by glucose
and induced by acetate and oxygen (Walsh and Koshland
1985). In our experiments, citrate synthase (GltA) as the
initial step of TCA cycle, its overexpression promotes the
mesaconate titer significantly. And we also notice the in-
creased cell growth related with the overexpression of GltA.
This suggests that the overexpression of GltA is important to
increase the TCA cycle flux and boosts the cell growth in
wild-type strain. The activity of GltA could be completely
inhibited by 2 mM NADH in vitro (Yim et al. 2011); this
implies that the wild-type GltA in our strains is still active

Fig. 4 Production of mesaconate
by strain with different
mesaconase/fumarase(s)
knockouts. a Scheme of
mesaconate hydration reaction by
mesaconase. b The titer of
mesaconate, citramalate, and
acetate by strain with indicated
gene(s) knockouts in the sucA
ptsG double-deletion background
(EM33) after 72 h fermentation.
The control is strain EM33. Error
bars are standard deviation for
three independent experiments
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under aerobic fermentation condition, at least not fully
inhibited by NADH in vivo. It is encouraging to discover that
further expression of acnA with gltA, ppc, and icd could in-
crease the mesaconate yield by 19.6%. The reason is that
AcnA has higher activity for citrate, is more stable, and is less
sensitive to oxidation in vivo compared with AcnB (Jordan et
al. 1999; Varghese et al. 2003). Also, AcnB functions as the
main catabolic enzyme in E. coli (Cunningham et al. 1997).
This result implies that the introduction of a better aconitase
could be helpful for glutamate production as well.

Then, PEP availability is the next target for de-bottlenecking.
Intracellular PEP can be enhanced by an engineered PTS−

glucose transporting pathway via inactivation of ptsG and over-
expression of GalP and/or Glk. These approaches have been
used for other TCA cycle-derived products (Song and Lee
2015; Zhang et al. 2009) and aromatic/shikimate (SHIK) path-
way compounds (Carmona et al. 2015). The modified glucose
transport pathway not only provides more PEP for down-
stream products but also abolishes ptsG-mediated carbon ca-
tabolite repression (CCR) effect (Escalante et al. 2012). In our
case, mesaconate titer is increased by 48%, and concurrently,
acetate overflow is reduced by 53% after replacement of PTS
by the alternative glucose transport pathway. Meanwhile,
knockout of ptsG might derepressed the expression of PckA
whose expression is repressed byCCR (Goldie 1984). PckA is
a reversible PEP carboxykinase with low substrate affinity and
catalytic velocity but can conserve the high energy of PEP for
ATP formation (Zhang et al. 2009). We have found that
knockout of pckA in strain EM35 in which CCR is abolished
decreased the titer of mesaconate by 55% (Fig. S3). These
results indicate that Ppc and PckA have a synergistic role on
the mesaconate production, similar to the succinate case
(Tan et al. 2013).

After the introduction of PpsA, a futile cycle has been
implemented between PEP and pyruvate, in which an addi-
tional ATP is consumed per cycle. For formation of one
mesaconate molecule, cell could get one ATP from one glu-
cose molecule. A futile cycle will cause insufficient ATP
availability, which could lead to the increase of mesaconate
titer and productivity by accelerating the cellular metabolic
rate to replenish ATP. In our study, overexpression of PpsA
and the ATP futile cycle is not found to be detrimental to cell
growth, as reported previously (Farmer and Liao 2001). And
our results show that overexpression of PpsA leads to a higher
glucose consumption rate and 29% increase of mesaconate
productivity in strain EM38. Moreover, overexpression of
PpsA could also increase the availability of intracellular PEP
(Chandran et al. 2003). In the total cell lysate from strain
EM38, the net PEP synthase activity is 55% higher than that
from the control strain EM35. Another possible reason for the
increased mesaconate titer and productivity is that the overex-
pression of PpsA leads to a better ratio of OAA (from PEP)
and acetyl-CoA, the two precursors for mesaconate produc-
tion. The similar case is the production of L-tyrosine, in which
PEP and D-erythrose 4-phosphate (E4P) are the precursors for
production of L-tyrosine (Cheol et al. 2015). Here, overexpres-
sion of PpsA also has dual functions: one is forming a futile
cycle, another is providing more PEP or maintaining a better
PEP to E4P ratio for L-tyrosine production. Another similar
ppsA-overexpression-meditated futile cycle has been intro-
duced in lycopene cases, as well, when they try to balance
the precursor supply for lycopene. (Farmer and Liao 2001;
Jung et al. 2016). When PpsA is over produced beyond the
optimal level, the titer of lycopene is decreased due to the
possible deterioration of futile cycle. Reducing intracellular
ATP availability could be achieved by increasing the ATP

Fig. 5 Overexpression of PpsA to
improve mesaconate production.
a Growth and metabolite
production profiles of strain
EM35 (−PpsA) and b strain
EM38 (+PpsA). Error bars are
standard deviation for three
independent experiments.
OD600, optical density at
600 nm. c The PEP synthase
(PpsA) activity in EM35 (control)
and EM38 (+PpsA). Error bars
are standard deviation for three
independent experiments
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consumption (futile cycle) or decreasing the ATP supply. The
latter strategy has been applied successfully for the high-level
production of pyruvate, acetate (Causey et al. 2003; Causey et
al. 2004; Zhu et al. 2008), and mevalonate (Wang et al. 2016)
by deletion of genes (ΔatpFH) encoding two membrane pro-
teins that couple the F1 and F0 components of the (F1F0)H

+-
ATP synthase complex.

Producing valuable chemicals from renewable feedstocks is
an alternative way for decreasing the current dependence on
fossil resources as well as relieving their corresponding envi-
ronmental threats (Isikgor and Becer 2015). Previously, we
introduced the heterologous mesaconate pathway into E. coli
and 7 g L−1 of mesaconate was produced. Nowwe optimize its
production close to industrially practical level by metabolically
rerouting carbon flux of sugar in E. coli. After optimization,
this heterologous pathway is greatly improved and a titer of
23.1 g L−1 mesaconate is achieved. This demonstrates the pos-
sibility of building new synthetic metabolic pathways and op-
timizing them to practical level. In the future, we can combine
more strategies such as overexpressing global regulator RelA
(Imaizumi et al. 2006), deleting of Rmf (Akira et al. 2002), and
combinatorial pathway engineering (Xu et al. 2013, 2017) to
further enhance the supply of glutamate, the precursor for
mesaconate, and optimizing this biological processes in biore-
actor system (Ellert and Grebe 2011; Zhong 2010) for better
mesaconate production. Then we can further improve the final
titer, productivity, and yield of mesaconate from glucose. Such
engineering efforts would enable mesaconate as a new and
attractive biobased platform chemical for various applications.
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