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A B S T R A C T

Incorporation of irreversible steps in pathway design enhances the overall thermodynamic favorability and often
leads to better bioconversion yield given functional enzymes. Using this concept, here we constructed the first
non-natural itaconate biosynthesis pathway driven by thioester hydrolysis. Itaconate is a commercially valuable
platform chemical with wide applications in the synthetic polymer industry. Production of itaconate has long
relied on the decarboxylation of TCA cycle intermediate cis-aconitate as the only biosynthetic route. Inspired by
nature’s design of itaconate detoxification, here we engineered a novel itaconate producing pathway orthogonal
to native metabolism with no requirement of auxotrophic knock-out. The reversed degradation pathway initiates
with pyruvate and acetyl-CoA condensation forming (S)-citramalyl-CoA, followed by its dehydration and
isomerization into itaconyl-CoA then hydrolysis into itaconate. Phenylacetyl-CoA thioesterase (PaaI) from
Escherichia coli was identified via screening to deliver the highest itaconate formation efficiency when coupled to
the reversible activity of citramalate lyase and itaconyl-CoA hydratase. The preference of PaaI towards itaconyl-
CoA hydrolysis over acetyl-CoA and (S)-citramalyl-CoA also minimized the inevitable precursor loss due to
enzyme promiscuity. With acetate recycling, acetyl-CoA conservation, and condition optimization, we achieved a
final itaconate titer of 1 g/L using the thioesterase driven pathway, which is a significant improvement compared
to the original degradation pathway based on CoA transferase. This study illustrates the significance of ther-
modynamic favorability as a design principle in pathway engineering.

1. Introduction

Engineering driving forces for a biosynthetic pathway is crucial in
order to achieve higher carbon flux into the target product. Inefficient
reactions often originate from suboptimal enzyme solubility, catalytic
kinetics and cofactor supply. These challenges can sometimes be
addressed by rigorous bioprospecting, increasing substrate concentra-
tion, fine-tuning of enzyme expression, and engineering cofactor pro-
miscuity. However, when a pathway is inherently reversible or
thermodynamically unfavorable, the effect of aforementioned ap-
proaches becomes limited and design of synthetic driving forces is
necessary to push carbon flux toward the desired direction. Such driving
forces often rely on coupling growth pressure to product formation such
as redox balance in the case of 1-butanol production via reversed
β-oxidation (Shen et al., 2011). In other cases, rerouting the biochemical
pathway with irreversible steps can also enhance the overall pathway
thermodynamic favorability and enable better bioconversion yields.
Reactions such as decarboxylation (Atsumi et al., 2008b), deamination

(Huo et al., 2011), and ATP or PEP hydrolysis (Lan and Liao, 2012; Lan
and Wei, 2016) exhibit significantly negative ΔG’◦ and were demon-
strated in many studies to help irreversibly drive the flux forward when
incorporated into the target pathway. Similarly, hydrolysis of a thioester
bond provides thermodynamic driving force via the considerable energy
drop and is synthetically introduced in this study to reverse the direction
of the itaconate degradation pathway for use in biosynthesis.

Here, we demonstrated reversal of the itaconate catabolic pathway
for itaconate production by installing an irreversible thioester hydrolysis
step in place of the original CoA transfer (Fig. 1). Itaconate is a
commercially valuable platform chemical with wide applications in the
synthetic polymer industry (Corma et al., 2007; Okabe et al., 2009).
Production of itaconate has long relied on the decarboxylation of TCA
cycle intermediate cis-aconitate, forming the methylene-attached
dicarboxylic acid with one carbon lost in the process. Despite its suc-
cess in the native producers, the complex life cycle of fungi and the
desire for additional traits such as photosynthetic biosynthesis have led
to numerous efforts in engineering the fungal pathway in recombinant
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hosts. The insolubility of fungal cis-aconitate decarboxylase (Jeon et al.,
2016; Otten et al., 2015) and necessity of TCA cycle disruption (Harder
et al., 2018; Lu et al., 2021) often post challenges to the recombinant
strain development and operation cost. The inevitable loss of
cis-aconitate to the reversible interconversion of citrate and isocitrate
also adds to the difficulty of securing precursor supply, which was
recently tackled by replacing the native aconitase with the engineered
dehydratase (Ye et al., 2022). Since no alternative biochemical pathway
has been proposed and constructed for itaconate biosynthesis, we took
interest in nature’s design of itaconate degradation and set out to reverse
its reaction sequence via engineering means (Fig. 1). Itaconate detoxi-
fication pathway had evolved in certain infectious bacteria such as
Yersinia pestis, Pseudomonas aeruginosa, and Burkholderia xenovorans to
combat the growth suppression caused by the itaconate inhibition of the
glyoxylate shunt and the methylcitrate cycle (Ruetz et al., 2019; Sasi-
karan et al., 2014). During infection, the natural defense mechanism of

mammalian macrophage works through the synthesis and release of
itaconate (Luan and Medzhitov, 2016; Michelucci et al., 2013), which
allosterically inactivates isocitrate and methylcitrate lyase and disables
the pathogen’s ability to assimilate acetyl-CoA or propionyl-CoA in the
glucose limiting condition. Degradation of itaconate initiates with CoA
activation of the dicarboxylic acid via itaconyl-CoA transferase (Ict). The
resulting itaconyl-CoA is then converted into (S)-citramalyl-CoA via
itaconyl-CoA hydratase (Ich) possessing both the itaconyl-CoA isom-
erase and mesaconyl-CoA hydratase activity module. Lastly, cleavage of
(S)-citramalyl-CoA into acetyl-CoA and pyruvate occurs through the
action of (S)-citramalyl-CoA lyase (Ccl), which has homologues
commonly found in the 3-hydroxypropionate cycle (Zarzycki et al.,
2009).

Inspired by the reversal of β-oxidation pathway via fermentative
NADH balance for 1-butanol production (Shen et al., 2011), we
attempted at creating a synthetic driving force to push carbon flow in the
itaconate synthesis direction using the thermodynamically favorable
thioester hydrolysis. The use of acyl transfer potential to drive
biochemical reactions is commonly found in metabolism. The lower
efficiency at resonance stabilization of thioesters results in a greater
energy drop from its hydrolysis than the analogous oxygen esters. By
substituting the last CoA-transfer step (ΔrG’o = 3.4 kJ/mol) with CoA
hydrolysis (ΔrG’o = − 25 kJ/mol) using thioesterase (Fig. 1), the
inherently reversible itaconate degradation pathway with an overall
ΔG’o of − 0.8 kJ/mol was transformed into a thermodynamically
favorable pathway with an overall ΔG’o of − 29.2 kJ/mol. It is noted that
the drop in Gibbs free energy for itaconyl-CoA hydrolysis is even greater
when the substrate concentration is set to 1 mM (Flamholz et al., 2012),
a level more appropriate physiologically to describe the intracellular
metabolites. Acyl-CoA thioesterase belongs to a broad superfamily of
thioester hydrolases which catalyze the cleavage of thioester bond of
metabolic intermediates found in many essential pathways such as fatty
acid and steroid biosynthesis, β-oxidation, and mevalonate metabolism
(Swarbrick et al., 2020). The wide range of reactions participated thus
makes acyl-CoA thioesterase possess a stellar spectrum of substrate
range, covering but not limited to saturated/unsaturated fatty acyl-CoA,
methyl-branched acyl-CoA, aromatic acyl-CoA, and carboxylic acyl-CoA
(Cantu et al., 2010). The diverse function and structure of thioesterases
also make classification difficult; currently the acyl-CoA thioesterases
are roughly categorized by their sequence homology, structural domain,
and catalytic mechanism (Tillander et al., 2017), with type I being in the
α/β-hydrolase protein family and type II having the signature "hotdog"
fold motif. As revealed by many studies, type II acyl-CoA thioesterases
typically exhibit broader substrate promiscuity (Kotowska and Pawlik,
2014; McMahon and Prather, 2014; Ohlemacher et al., 2018) due to the
absence of a well-conserved substrate binding pocket (Zhuang et al.,
2008), thus allowing them to participate in a wide array of reactions
with divergent functions.

In this work, we engineered the first non-natural itaconate producing
pathway driven by thioester hydrolysis. Identification of proper thio-
esterase with itaconyl-CoA activity was the key factor in reversing the
itaconate degradation pathway for biosynthesis. The low preference of
target thioesterase towards pathway precursors acetyl-CoA and (S)-cit-
ramalyl-CoA was also important to minimize undesired substrate
competition and prevent precursor loss. Although the achieved titer and
yield are still low compared to the current itaconate production route,
our proposed pathway inherently possesses higher energy efficiency that
may serve as an attractive trait once fully enhanced. Compared to the
natural fungi pathway which generates 1 mol of ATP for every mole of
glucose converted to itaconate, the reversed degradation pathway
makes 2 mol of ATP due to the distinctive pathway feature (for detailed
reaction balance, see Supplementary Fig. 1). The maximum theoretical
yield and NADH balance remain the same between the two pathways.
While still at its early developmental stage, this study demonstrates a
proof-of-concept design of synthetic itaconate pathway based on ther-
modynamic favorability. The engineering principle and novel itaconate

Fig. 1. Schematics of the thioesterase driven production of itaconate using its
degradation pathway. The standard change in Gibbs free energy (ΔrG’o) for
each step in the itaconate synthesizing direction was calculated using eQuili-
brator (Flamholz et al., 2012) and shown in the gray box. Also shown as ΔrG’m

is the change in Gibbs free energy at substrate concentration of 1 mM calculated
by eQuilibrator, which is likely closer to the intracellular state compared to the
1M in the standard case. Abbreviation of each enzyme is shown in the filled
circle. Conditions for eQuilibrator calculations were set to pH 7.5 and ionic
strength of 0.25M.
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pathway presented here should be readily transferable to other pro-
duction systems and recombinant hosts.

2. Results and discussion

2.1. Assessment of itaconate production via its catabolic enzymes

To examine the inherent possibility of itaconate accumulation via its
degradation pathway, we first surveyed the enzyme candidates from the
natural itaconate degrading microorganisms (Sasikaran et al., 2014).
Genes encoding for the citramalyl-CoA lyase (Ccl), itaconyl-CoA
hydratase (Ich), and itaconyl-CoA transferase (Ict) from Yersinia pseu-
dotuberculosis (Yp), Pseudomonas aeruginosa (Pa) and Burkholderia xen-
ovorans (Bx) were cloned and overexpressed in E. coli along with a few
other homologues identified by protein blast and bioprospecting. Ict
from Salmonella enterica serovar typhimurium was selected as an alter-
native candidate based on its similar pathogenicity and the 76% protein
identity with YpIct. Malyl-CoA lyase from Rhodobacter capsulatus
(RcCcl), which naturally catalyzes the reversible condensation of
glyoxylate and acetyl-CoA or propionyl-CoA (Meister et al., 2005), was
also tested for its potential unspecific activity towards pyruvate. Based
on the thermodynamics calculation of each reaction using the eQuili-
brator (Flamholz et al., 2012), the overall Gibbs free energy change of
the itaconate catabolic pathway is very close to neutral with no natural
push in the synthesis direction (Fig. 1). Even when all three enzymes are
functioning effectively, itaconate formation might be challenging to
observe intracellularly without a kinetic trap, especially under strong
competition of pyruvate and acetyl-CoA by other essential reactions.
Detoxification of itaconate using this pathway was reported to be
extremely efficient where high level of itaconate can be degraded with
just a catalytic amount of CoA ester (Sasikaran et al., 2014). In the case
of YpIct which displays relaxed CoA ester specificity, itaconate can be
effectively activated by acetyl-CoA, propionyl-CoA, and butyryl-CoA in
addition to the natural co-substrate succinyl-CoA (Sasikaran et al.,
2014). The ability to use acetyl-CoA, the end product of itaconate
detoxification, as the CoA donor for next round of itaconate activation
circumvents the need of fresh succinyl-CoA supply and further
strengthens pathway efficiency in the degradation direction.

To assess the possibility of itaconate production via the degradation
enzymes, in vitro biosynthesis of itaconate using purified enzymes was
first performed to ensure functional expression of each enzyme and
allow saturating concentration of the precursors pyruvate and acetyl-
CoA. Different combinations of the bioprospected enzyme homologues
were then sequentially checked based on their itaconate formation ef-
ficiency. As shown on Fig. 2A, the highest accumulation of itaconate in
vitro was achieved by YpCcl, PaIch, and YpIct, reaching nearly 10 mg/L
in 30 min. Other homologue combinations led to 10–80% lower level of
itaconate formation with RcCcl performing the worst, suggesting its low
substrate preference towards pyruvate. Next, to further examine the
potential of accumulating itaconate based on the intracellular concen-
tration of pyruvate and acetyl-CoA, we cloned the best performing en-
zymes into an operon (PaIch-YpCcl-YpIct, plasmid pSW41) and
attempted itaconate synthesis in vivo by overexpressing this catabolic
pathway in the fermentation deleted strain JCL299 (ΔldhA ΔadhE
ΔfrdBC Δpta). Elimination of fermentative reactions was consistently
shown to improve biochemical productions derived from pyruvate and/
or acetyl-CoA such as isobutanol (Atsumi et al., 2008b), 1-butanol (Shen
et al., 2011), and 2,3-butanediol (Liang and Shen, 2017). In our case, use
of JCL299 allowed approximately four-fold higher level of itaconate
formation (~8 mg/L) compared to the titer achieved using wild type E.
coli. As one can see from Fig. 2, similar level of itaconate production was
observed in vitro and in vivo with addition of succinate as the essential
co-substrate for the itaconyl-CoA transferase. This observation indicates
the sufficiency of intracellular pyruvate and acetyl-CoA concentration to
direct carbon flux into itaconate via the highly reversible pathway. The
low accumulation of itaconate, however, in both the in vivo and in vitro
cases appeared to have originated from the pathway reversibility and a
lack of driving force. Design of a synthetic push to further drive carbon
flux into the target itaconate is thus pursued next.

2.2. Screening of thioesterases to drive itaconate production

In previous studies, accumulation of NADH (Shen et al., 2011) and
pathway rewiring with ATP dependent reactions (Lan and Liao, 2012)
have successfully channeled carbon flux towards 1-butanol production
via the highly reversible β-oxidation pathway. However, the itaconate

Fig. 2. Assessment of itaconate performance via its catabolic enzymes. (A) In vitro verification and comparison of different enzyme candidates found in the itaconate
degradation pathway. Purified enzymes were used in various combinations for in vitro itaconate synthesis. Enzyme sources were abbreviated and color coded as show
in the table below. (B) In vivo production of itaconate using YpCcl, PaIch, and YpIct. Strain JCL299 (ΔldhA ΔadhE ΔfrdBC Δpta) was transformed with plasmid pSW41
and allowed to produce for 48 h with or without supplementation of succinate. Error bars represent standard deviation of three duplicates. PA, Pseudomonas aer-
uginosa; YP, Yersinia pseudotuberculosis; BX, Burkholderia xenovorans; ST, Salmonella enterica serovar typhimurium; RC, Rhodobacter capsulatus; Ccl, citramalyl-CoA lyase;
Ich, itaconyl-CoA hydratase; Ict, itaconyl-CoA transferase. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version
of this article.)
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degradation pathway does not exhibit any cofactor or redox dependency
nor nutrition auxotrophic characteristics that can be directly imple-
mented as driving force. Since metabolic pathways found in nature such
as fatty acid biosynthesis are often driven by the acyl transfer potential,
substitution of CoA transferase with thioesterase should provide an
effective kinetic trap to irreversibly push carbon into itaconate. Since no
thioesterase has been specifically characterized for itaconyl-CoA activ-
ity, here we bioprospected for endogenous thioesterases in E. coli for
their ease of expression and potential substrate promiscuity. Elimination
of native thioesterase is often reported to be necessary to minimize
unspecific hydrolysis of CoA intermediates into acid byproducts (Shen
et al., 2017). In addition to the ones involved in fatty acid biosynthesis,
E. coli possesses a wide range of thioesterases with unclear physiological
function. A total of 17 enzymes (FadM, YdiI, YciA, YbgC, YbfF, YpfH,
TesA, TesB, YbaC, YjfP, BioH, YbdB, FrsA, PaaI, PaaY, YeiG, YqiA) an-
notated or reported with thioesterase activity was selected (Shen et al.,
2017) along with (3S)-malyl-CoA thioesterase (Mcl2) from Rhodobacter
sphaeroides for its potential activity towards itaconyl-CoA (Erb et al.,
2010). Strain JCL299 harboring plasmids pIA1 (PLlac01:PaIch-YpCcl)
and the different thioesterases overexpressed from pBR302 backbone
was cultivated under microaerobic condition, and the resulting itaco-
nate formation was compared. As shown on Fig. 3A, nearly all thio-
esterase candidates demonstrated certain degree of hydrolytic activity
towards itaconyl-CoA as reflected by the 10–40 mg/L of itaconate
secretion in 24 h. YpIct overexpressed from a similar backbone system as
the thioesterases was used here as a negative control for comparison.

The thioesterases which delivered higher level of itaconate (>15mg/
L) were identified to be YciA, YbgC, YjfP and PaaI. It is interesting to
note that three of the enzymes except YjfP belong to the type II thio-
esterase class which was demonstrated to exhibit broad substrate ac-
tivity. Of the two highest itaconate producing thioesterases, YciA was
reported to possess a wide spectrum of substrate promiscuity ranging
from short-chain (such as acetyl-CoA, isobutyryl-CoA) and long chain
(such as n-decanoyl-CoA, oleoyl-CoA) aliphatic acyl-CoA to phenyl acyl-
CoA substrates (Zhuang et al., 2008). On the other hand, PaaI found in
the phenylacetate degradation pathway is generally considered to hy-
drolyze phenylacetyl-CoA and its mono- and di-hydroxy ring analogues,
rather than aliphatic acyl-CoA thioesters (Song et al., 2006). To further
confirm the superior performance of PaaI, itaconate productions using
thioesterase PaaI and YciA were repeated under optimized cultivation
condition and pH adjustment, with the CoA transferase YpIct as control
comparison (Fig. 3B). It is noted that the redox neutral property of the
reversed itaconate degradation pathway puts oxygen demand at a
challenging position. Lower supply of oxygen is typically ideal to
maintain higher pool of acetyl-CoA and pyruvate in the fermentation

deleted strain (JCL299). However, the need to recycle reducing power in
JCL299 makes respiration essential. As shown on Fig. 4, preliminary
assessment of ideal aeration level by varying cultivation vessel and
liquid volume indicated that microaerobicity (20 mL culture in 125 mL
non-baffled screw cap flask) enabled the best itaconate production. On
the other hand, oxygen supply on the extreme ends (fully aerated in
baffled flasks or minimal aeration in sealed tubes) resulted in signifi-
cantly lower accumulation of itaconate. At last, implementation of the
optimal aeration and pH adjustment greatly elevated itaconate forma-
tion to 150 mg/L in 48 h using PaaI (Fig. 3B), which was about four and
15 fold higher than the amount achieved by YciA and the transferase
YpIct respectively.

2.3. Kinetic analysis of thioesterase PaaI for the CoA intermediates in the
itaconate pathway

As reported in prior studies, many type II thioesterases possess un-
specific activity toward a wide range of acyl-CoA substrates. Since the
itaconate degradation pathway involves three different acyl-CoA in-
termediates, namely acetyl-CoA, (S)-citramalyl-CoA, and itaconyl-CoA,
we set out to characterize the thioesterase activity of our positive
candidate PaaI towards each of the CoA substrates. Due to the un-
availability of (S)-citramalyl-CoA and itaconyl-CoA commercially, we
first pursued the in vitro preparation of these two CoA compounds by the
itaconate degradation reactions. As shown by the HPLC chromatograms
(Fig. 5), incubation of itaconate and acetyl-CoA with the CoA transferase
YpIct or in combination with the hydratase PaIch resulted in the for-
mation of distinct new peaks using the C18 column. Acetyl-CoA was
used here as the CoA donor for its comparable efficiency as succinyl-CoA
partnering with YpIct (Sasikaran et al., 2014). When only YpIct was
present, the new peak around 15.5 min gradually enlarged while the
acetyl-CoA peak shrunk with similar aspect ratio as time progressed
from 0 to 30 min. Subsequent addition of PaIch after observation of the
15.5 min peak led to appearance of the 7.6 min peak with drop of the
15.5 min peak area. Based on the respective reaction sequence and peak
behavior, we then identified the 15.5 min peak as itaconyl-CoA and the
7.6 min peak as (S)-citramalyl-CoA. The (S)-citramalyl-CoA peak was
further confirmed by incubation of the citramalyl-CoA lyase YpCcl with
pyruvate and acetyl-CoA, which resulted in the gradual appearance of
the 7.6 min peak with consumption of acetyl-CoA.

With successful preparation and identification of the CoA in-
termediates, we proceeded with kinetic assay of the thioesterase PaaI.
Contrary to the general observation of broad substrate range associated
with type II thioesterases, PaaI displayed relatively low activity towards
itaconyl-CoA (0.17 U/mg, U: μmol/min) and even lower activity

Fig. 3. Screening of thioesterase to drive itaconate biosynthesis. (A) Strain JCL299 (ΔldhA ΔadhE ΔfrdBC Δpta) was co-transformed with plasmids pIA1 and pSW32
(harbouring YpIct as negative control), or pIA1 and ASKA plasmids containing the corresponding thioesterase genes. Samples were taken after 24 h of cultivation. (B)
Confirmation and comparison of the two best positive thioesterases on itaconate production at 48 h using optimized cultivation condition (glucose feeding and pH
adjustment every 12 h, see Methods). Same transformed strains as (A) were used. Error bars represent standard deviation of three duplicates.

R.S. Wang et al.



Metabolic Engineering Communications 19 (2024) e00246

5

towards acetyl-CoA (0.015 U/mg) compared to the level reported for its
most active hydroxyphenylacetyl-CoA substrates (Song et al., 2006). In
addition, no activity was detected towards the pathway intermediate
(S)-citramalyl-CoA, which was also reflected by no accumulation of
citramalate in the itaconate production broth. Based on our kinetics
analysis, the (S)-citramalyl-CoA lyase YpCcl demonstrated suboptimal
but higher activity towards acetyl-CoA compared to the level observed
in PaaI (Table 1). This skewed preference of PaaI towards itaconyl-CoA

over the other CoA intermediates in the pathway helpedminimize loss of
key precursors to unspecific hydrolysis and contributed significantly to
the superior performance of PaaI in itaconate production. E. coli PaaI is
hypothesized to have evolved from the same superfamily with the
Arthrobacter 4-hydroxyphenacyl-CoA thioesterase. Structural and ac-
tivity analysis (Song et al., 2006) revealed that it is functionally unre-
lated to the benzoate-based metabolic pathways and exhibits
undetectable to minimal activity towards benzoyl-CoA and aliphatic
acyl-CoA thioesters respectively. It is noted that extremely low activity
towards C2 to C6 saturated aliphatic thioesters such as acetyl-CoA,
butyryl-CoA, and hexanoyl-CoA was also observed from the Arthro-
bacter PaaI homologue (Song et al., 2006), along with
methylmalonyl-CoA which structurally resembles itaconyl-CoA in terms
of its carboxylated and methylated feature. Our finding of the relatively
decent itaconyl-CoA activity from the E. coli PaaI thioesterase adds to the
insight of its substrate spectrum. Itaconate production via this
CoA-bound pathway should benefit greatly from the specificity of PaaI
given that itaconyl-CoA activity can be elevated without lifting the
limited activity towards the other CoA intermediates.

To attempt at improving E. coli PaaI activity towards the short chain
unsaturated itaconyl-CoA, we survey the literature for potential protein
design ideas. As shown previously by studies on PaaI structure and
mechanism (Song et al., 2006), mutations of active site residues D16 and
H52 modified E. coli PaaI activity towards various hydroxylated
phenylacetyl-CoA, suggesting the key role of D16 and H52 in substrate
binding and the thioesterase activity. Based on this observation, we
performed saturated mutagenesis of D16 and H52 individually with the
hope to identify PaaI mutants capable of delivering higher itaconate
production efficiency. Unfortunately, as indicated by Supplementary
Fig. 2, none of the PaaI variants led to better itaconate formation
compared to the level achieved by the wild type PaaI; instead approxi-
mately three-fold lower itaconate titer was resulted by the mutations. It
is possible that D16 and H52 surrounding the catalytic center contribute
more in the overall thioester hydrolytic activity rather than substrate
specificity. Considering the low structural similarity between

Fig. 4. Preliminary assessment of ideal aeration level by varying cultivation vessel and liquid volume. Left panel shows the cultivation set-up with method labels (1)
to (7), corresponding to the x-axis on the graph. For detailed procedure, see Methods. Strain JCL299 (ΔldhA ΔadhE ΔfrdBC Δpta) transformed with plasmids pIA1 and
pASKA-paaI was used here. Samples were taken after 24 h of incubation. Error bars represent standard deviation of three duplicates.

Fig. 5. HPLC preparation and analysis of the CoA thioesters. (A) Itaconate and
acetyl-CoA were incubated with YpIct for 30 min to form itaconyl-CoA. (B)
Following itaconyl-CoA formation by reaction shown in (A), PaIch was added to
the reaction mixture for 30 min to convert itaconyl-CoA into (S)-citramalyl-
CoA. Incubation of acetyl-CoA and itaconate with YpIct and PaIch simulta-
neously resulted in equally high conversion of acetyl-CoA to (S)-citramalyl-CoA
as the sequential reactions shown here and was chosen as the final synthesis
method. (C) Incubation of thioesterase PaaI with itaconyl-CoA prepared from
the reaction shown in (A).

Table 1
Kinetic assay of E. coli PaaI and YpCcl towards different acyl-CoA substrates. 1U
= 1 μmol/min.

Enzyme Substrate Specific activity (U/mg)

PaaI Acetyl-CoA 0.015 ± 0.006
(S)-Citramalyl-CoA ND
Itaconyl-CoA 0.17 ± 0.02

YpCcl Acetyl-CoA + Pyruvate 0.06 ± 0.02

ND: Not detected.

R.S. Wang et al.
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itaconyl-CoA and phenylacetyl-CoA (and the close itaconate titer
demonstrated by each variant), single mutation in the catalytic center
may not be sufficient to create significant change in the active site for
such a distant substrate alteration. Further analysis of PaaI binding
pocket and random mutagenesis will be pursued in the future to unlock
additional key residues for activity enhancement towards itaconyl-CoA.

2.4. Acetate recycle and minimization

During the optimization of itaconate production, significant secre-
tion of acetate was observed (>10 g/L), suggesting insufficiency of the
reversed degradation pathway to sequester the high flux of pyruvate and
acetyl-CoA. Similar amount of pyruvate was also noted in the production
media. As mentioned previously, microaerobic cultivation was used
here for itaconate biosynthesis to allow accumulation of precursors and
NADH oxidation via respiration in the fermentation deleted strain
JCL299. Examination of the (S)-citramalyl-CoA lyase (YpCcl) catalyzing
the reversible condensation of pyruvate and acetyl-CoA revealed its
relatively low activity (0.06 U/mg, Table 1) compared to the other
endogenous competing reactions. The suboptimal reaction rate in the
condensation direction thus might have contributed to the overflow of
acetate. Limited supply of oxygen might further push the ATP-producing
acetate formation which cannot be eradicated with just pta deletion.

Initially, elimination of citrate synthase (gltA) responsible for the
entrance of TCA cycle was performed to conserve acetyl-CoA in the
attempt to boost the condensation rate by YpCcl. However, itaconate
level stayed the same. Since acetate excretion is commonly observed in
E. coli fermentation due to metabolic overflow (De Mey et al., 2007), the
most viable approach is to recycle the acetate back to acetyl-CoA. This
should also help convert back any acetyl-CoA that was lost to acetate due
to unspecific thioesterase activity present in the cell. Indeed,

overexpression of the acetyl-CoA synthetase (Acs) led to a 30% increase
in itaconate production; however, similar secretion level of acetate was
observed. Further survey of literature (Clomburg et al., 2012) suggested
that the highly-efficient promiscuous activity of the native thioesterase
YciA towards acetyl-CoA often contributes to the accumulation of ace-
tate. As shown by Fig. 6A, deletion of the endogenous YciA not only
reduced acetate formation but also further enhanced itaconate produc-
tion by 15% compared to the level achieved in strain JCL299. It is
interesting to note that YciA was the second best candidate that led to
better itaconate formation compared to the other endogenous thio-
esterases screened. The high activity of YciA towards acetyl-CoA can be
a big disadvantage for the synthesis of itaconate using this CoA-bound
pathway. It is thus essential to keep in mind that low preference for
acetyl-CoA and the other CoA intermediates must be maintained while
engineering thioesterases for better itaconyl-CoA activity.

2.5. Future prospects of the reversed itaconate degradation pathway

With the preliminary metabolic pathway tuning finished, we pro-
ceeded with condition optimization. From a series of aeration, pH,
intermittent glucose feeding, and cell density testing (for detailed con-
dition, see Methods), we achieved an itaconate titer of 1 g/L in 120 h,
which is nearly 100-fold increase compared to the initial level obtained
using the CoA transferase. Even though current production rate is still
suboptimal, here we successfully demonstrated the effectiveness of
installing a thermodynamic trap for setting the pathway direction.
Relative to the irreversible thioester hydrolysis in the last step, the first
two reactions may now become the limitation for the itaconate forma-
tion rate. Preliminary bottleneck analysis using in vitro assay of YpCcl
coupled to PaIch showed that higher itaconyl-CoA and (S)-citramalyl-
CoA synthesis rates were detected only when concentration of YpCcl

Fig. 6. Improving itaconate production by recycling acetate and minimizing acetate formation. (A) Different optimization strategies and their resulting itaconate
formation at 96 h. Strain JCL299 (ΔldhA ΔadhE ΔfrdBC Δpta) was used as the base strain, of which additional gene knock-outs are indicated by “Δ” in the table
below. Cells transformed with the respective plasmids are labeled with “✓”. Operon structure is shown next to the name of each plasmid. (B) Long term itaconate
production using high cell density. Time indicates the time since cell concentration and resuspension into fresh medium. Error bars represent standard deviation of
three duplicates.
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increased and not affected by PaIch level (Supplementary Fig. 3).
Overall, these observations suggest that in addition to PaaI activity
optimization towards itaconyl-CoA, enhancing Ccl expression may also
help boost the itaconate production efficiency in future study. Alterna-
tively, reaction rewiring such as substituting the citramalyl-CoA lyase
with citramalate synthase to synthesize citramalate as the pathway in-
termediate instead of citramalyl-CoA is another potential approach to
further enhance itaconate forming efficiency given that a suitable
dehydratase can be identified.

3. Conclusion

This work describes the design of a novel itaconate producing system
driven by thioester hydrolysis, which has yet been reported in prior
studies. By identifying the phenylacetyl-CoA thioesterase with itaconyl-
CoA hydrolysis activity, we successfully rewired the itaconate detoxifi-
cation pathway for itaconate biosynthesis. Compared to the natural
fungal route via the TCA cycle, the proposed itaconate pathway exhibits
the same maximum theoretical yield from glucose and identical redox
balance. However, one additional mole of ATP is generated for every
mole of itaconate synthesized from glucose using the reversed degra-
dation pathway, which can be a beneficial trait during microbial
biosynthesis. Although the present itaconate titer and yield are far below
the traditional production level, the abundance of pyruvate and acetyl-
CoA and decent expression of bacterial enzymes should grant the pro-
posed pathway good potential for development in other unique hosts
such as cyanobacteria or methanotrophs. Currently, the synthetic itac-
onate pathway appears to be mostly limited by the inefficient hydrolysis
of itaconyl-CoA. Engineering thioesterases for better itaconyl-CoA ac-
tivity while maintaining high specificity will thus be the next essential
step to further improve itaconate production using this pathway.

4. Materials and Methods

4.1. Reagents and chemicals

All chemicals and reagents were purchased from Thermo Scientific
(Pittsburgh, PA) or Sigma-Aldrich (Saint Louis, MO) unless otherwise
specified. Taq DNA ligase, Phusion High-Fidelity DNA polymerase, and
T5 exonuclease were obtained from New England Biolabs (Ipswich,
MA). Oligonucleotides were purchased from IDT (San Diego, CA). KOD
DNA polymerase was purchased from EMD Chemicals (San Diego, CA).

4.2. Bacteria strains and DNA manipulation

Escherichia coli BW25113 was designated as the wild type (Datsenko
and Wanner, 2000). XL-1 Blue (Stratagene, La Jolla, CA) was used to
propagate all plasmids. Construction of strain JCL16 (BW25113 with
lacIq provided on F’) and JCL299 was described in previous study
(Atsumi et al., 2008a). All plasmids were created by the Gibson
isothermal DNA assembly method (Gibson et al., 2009) using purified
PCR fragments. A list of plasmids used is shown on Table 2. Except for
the case of E. coli thioesterases which were obtained from the ASKA (A
complete Set of E. coli K12 ORF Archive) plasmid library (Kitagawa
et al., 2005), genes encoding for the Ict, Ich, Ccl, and thioesterase ho-
mologues were amplified from the corresponding genomic DNA pur-
chased commercially: Pseudomonas aeruginosa (ATCC 47085D), Yersinia
pseudotuberculosis (DSM 8992), Burkholderia xenovorans LB400 (DSM
17367), Salmonella enterica subsp. enterica (DSM17058), Rhodobacter
capsulatus (ATCC BAA-309), and Rhodobacter sphaeroides (DSM 5864).
PaaI* D16 and H52 saturated variants were created using primers con-
taining the mutated DNA sequence.

4.3. Cultivation medium and procedure for itaconate production

For all of the in vivo itaconate production and screening experiments,

single colonies were picked from LB (Luria Broth) plates and inoculated
into 2 mL of LB medium contained in test tubes with the appropriate
antibiotics (kanamycin 50 μg/mL, spectinomycin 50 μg/mL and chlor-
amphenicol 50 μg/mL). On the next day, the overnight culture grown at
37 ◦C was inoculated 1% (v/v) into 20 mL of terrific broth (TB) (12 g
tryptone, 24 g yeast extract, 2.31 g KH2PO4, 12.54 g K2HPO4, 4 mL
glycerol per liter of water) supplemented with 20 g/L of glucose and
appropriate antibiotics in 125 mL screwed-cap flasks (PYREX 4985-125)
unless otherwise noted. The culture was allowed to grow at 37 ◦C in a
rotary shaker (250 rpm) to an OD600 of 0.4–0.6 then induced with 0.1
mM IPTG and switched to 30 ◦C. Samples were taken and centrifuged to
retrieve the supernatant throughout the production period. For itaco-
nate productions using YpIct, 5 g/L of succinate was fed at the time of
induction unless otherwise noted.

Identical medium and cultivation condition as described above were
used in all of the figures except for the modifications outlined below. For
Figs. 2B, 250 mL baffled flask (PYREX 4444-250) was used for the
production cultivation. For Fig. 4, the inoculated cultures (1% v/v by
overnight) were first grown in the 500 mL baffled flasks (PYREX 4444-
500) at 37 ◦C in a rotary shaker (250 rpm) to an OD600 of 0.4–0.6. Once
reaching exponential phase, the cultures were induced with 0.1 mM
IPTG and switched to 30 ◦C. After 4 h of induction at 30 ◦C, the induced
cultures were then aliquoted to the different cultivation vessels as
indicated on the figure for further itaconate production. The specific
vessel product numbers are as follows: vessel 1 is PYREX 250 mL Delong
Shaker Erlenmeyer Flask with Baffles (4444-250) with KIMBLE KIM-
KAP Polypropylene Cap (73660-38); vessel 2, 3, 4 are PYREX 250/

Table 2
Strains and plasmids used in this study.

Strain Genotype Reference

BW25113 rrnBT14 ΔlacZWJ16 hsdR514 ΔaraBADAH33

ΔrhaBADLD78

Datsenko and
Wanner (2000)

XL-1 Blue recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1
lac [F′ proAB lacIqZΔM15 Tn10 (TetR)]

Stratagene

JCL 16 BW25113/F’ [traD36, proAB+, lacIqZΔM15
(Tetr)]

Atsumi et al.
(2008a)

JCL 299 JCL 16 ΔldhA ΔadhE ΔfrdBC Δpta Atsumi et al.
(2008a)

JCY 298 JCL299 ΔgltA This study
JCY 299 JCL299 ΔyciA This study
JCY 399 JCL299 ΔyciA ΔgltA This study

Plasmid Genotype Reference

pSW26 PT5:: His6X-PaIch; pUC ori; KanR This study
pSW27 PT5:: His6X-PaIct; pUC ori; KanR This study
pSW28 PT5:: His6X-PaCcl; pUC ori; KanR This study
pSW29 PT5:: His6X-BxIch; pUC ori; KanR This study
pSW30 PT5:: His6X-BxCcl; pUC ori; KanR This study
pSW31 PT5:: His6X-StIct; pUC ori; KanR This study
pSW32 PT5:: His6X-YpIct; pUC ori; KanR This study
pSW33 PT5:: His6X-YpIch; pUC ori; KanR This study
pSW34 PT5:: His6X-YpCcl; pUC ori; KanR This study
pSW39 PT5:: His6X-RcCcl; pUC ori; KanR This study
pSW41 PLlacO1:: PaIch-YpCcl-YpIct; ColE1 ori; AmpR This study
pIA1 PLlacO1:: PaIch-YpCcl; p15A ori; SpecR This study
pIA16 PT5:: RsMcl2; pUC ori; KanR This study
pIA26 PLlacO1:: PaIch-YpCcl-acs; p15A ori; SpecR This study
pASKA-TEa PT5-lac:: His6X-TEa; pBR322 ori; CMR This study
pASKA-

paaI* b
PT5-lac:: His6X-paaI* b; pBR322 ori; CMR This study

Abbreviations indicate source of the genes: Pa, Pseudomonas aeruginosa; Bx,
Burkholderia xenovorans; St, Salmonella enterica serovar typhimurium; Yp, Yersinia
pseudotuberculosis; Rc, Rhodobacter capsulatus; Rs, Rhodobacter sphaeroides.
Genes with no source abbreviation are derived from Escherichia coli.
a TE represents 17 different E. coli genes individually harbored on the ASKA

library plasmids (shown as follows): fadM, ydiI, yciA, ybgC, ybfF, ypfH, tesA, tesB,
ybaC, yjfP, bioH, ybdB, frsA, paaI, paaY, yeiG, yqiA.
b PaaI* D16 and H52 saturated mutants were cloned onto the same backbone

as wild type.
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125 mL Narrow Mouth Erlenmeyer Flask with Phenolic Screw Cap
(4985-250/125); vessel 5, 6, 7 are BD Vacutainer Serum Tubes (BD
367820). In the case of Figs. 3B and 6, glucose was fed to the production
culture every 12 h (8 g/L for the first 24 h, then 5 g/L afterwards) with
adjustment of culture pH to 7.2 using 10M NaOH or 5M KOH:NH4OH
(1:2, v/v, Fig. 6B). For long-term production on Fig. 6B using concen-
trated cells, the inoculated cultures were first grown at 37 ◦C to expo-
nential phase then induced for 4 h at 30 ◦C using the same vessel and
condition as described for Fig. 4. Next, the induced cells were spun down
and resuspended with 20 mL fresh TB 2% glucose medium to an initial
OD600 of about 8, then allowed to produce in 125 mL screwed-cap flasks
(PYREX 4985-125) for the next few days at 30 ◦C and 200 rpm.

4.4. Protein purification

Protein purification was performed using the His-Spin Protein Mini-
prep Purification kit from Zymo Research (Irvine, CA). Overnight cul-
ture of the XL-1 strains harboring the target enzyme was used to inoc-
ulate 20 mL of fresh LB with appropriate antibiotics. The culture was
incubated at 37 ◦C then induced with 0.1 mM IPTG once reaching
exponential phase. The induced culture was switched to 30 ◦C for pro-
tein expression. After 18–24 h, the culture was harvested by centrifu-
gation and the resulting pellet was resuspended with 1 mL of His binding
buffer suppled in the kit. The resuspended culture was mixed with 1 mL
of 0.1 mm glass beads (Biospec) and homogenized using
MiniBeadBeater-16, model 607 (Biospec). The soluble fraction was
collected by centrifugation at 4 ◦C. The supernatant was run through the
His-binding column, washed and eluted with buffer according to the
Zymo protocol. The purified protein was mixed with glycerol for storage
at − 80 ◦C. The protein concentration was determined using Bradford
reagent with BSA as standards.

4.5. In vitro itaconate production using purified enzymes

The reaction mixture contained 100 mM pyruvate, 2.5 mM acetyl-
CoA, 100 mM succinate, 5 mM DTT, 5 mM MgCl2, and 0.5 μM of each
purified enzyme in the 0.1 M MOPS-KOH buffer (pH 7.0). Reactions
were terminated at various time points by adding 1MHCl. Protein debris
was removed by centrifugation then 10M NaOH was added to neutralize
the samples to pH 7 for HPLC analysis.

4.6. Preparation of CoA intermediates

Due to the unavailability of commercial itaconyl-CoA and (S)-cit-
ramalyl-CoA, enzymatic synthesis of these two CoA intermediates was
performed using purified YpIct and PaIch. To synthesize itaconyl-CoA
(reaction A), the reaction mixture contained 1 or 2 mM acetyl-CoA,
10 mM itaconate and 0.025 g/L YpIct in 0.1 M MOPS-KOH buffer (pH
7). After incubation at 30 ◦C for 30 min (or various time points as shown
on Fig. 5), the reaction was terminated by adding 10M HCl to pH around
1. Protein debris was removed by centrifugation at 4 ◦C followed by pH
neutralization to 7 using 10M NaOH. To synthesize (S)-citramalyl-CoA
(reaction B), reaction A mentioned above after termination and
neutralization was further mixed with 0.025 g/L of PaIch to convert
itaconyl-CoA into (S)-citramalyl-CoA. It was later noticed that the
preparation of (S)-citramalyl-CoA was equally well achieved by adding
YpIct and PaIch simultaneously to reaction A and was chosen as the final
preparation method. The reactions were terminated and neutralized
using same procedure as mentioned above. The resulting samples were
run through Nanosep columns (Pall Life Sciences) then analyzed using
HPLC for the different CoA intermediates. Chromatogram peaks corre-
sponding to itaconyl-CoA and (S)-citramalyl-CoA were identified by
examining their respective increase and/or decrease in peak area as the
target reaction proceeded. Concentration of the synthesized itaconyl-
CoA was estimated using the acetyl-CoA absorbance/concentration
standard curve and the respective decrease of the acetyl-CoA peak in

reaction A. Similarly, concentration of the synthesized (S)-citramalyl-
CoA was estimated using the itaconyl-CoA standard curve and the
respective decrease of the itaconyl-CoA peak in reaction B. It is noted
that certain degree of spontaneous dissociation of CoA from itaconyl-
CoA and acetyl-CoA was observed and was subtracted during the
calculation of itaconyl-CoA standard curve and kinetic assay of PaaI.

4.7. Kinetics assay

E. coli PaaI activity towards different CoA intermediates was assayed
using HPLC by monitoring the decrease of the respective acyl-CoA peak.
The reaction A or B mixture obtained from itaconyl-CoA or (S)-cit-
ramalyl-CoA preparation was mixed with 0.1 M KCl and purified PaaI
(0.02–0.04 g/L). The initial acyl-CoA substrate concentration were as
follows: 1 mM acetyl-CoA (commercial), 0.5 mM itaconyl-CoA (esti-
mated from preparation), or 0.8 mM (S)-citramalyl-CoA (estimated from
preparation). The reaction was initiated with the addition of PaaI and
allowed to proceed at 30 ◦C. At various time points, the reaction was
terminated by adding 10M HCl to pH around 1. Protein debris was
removed by centrifugation at 4 ◦C followed by pH neutralization to 7
using 10M NaOH. The resulting samples were analyzed using HPLC.

YpCcl activity towards pyruvate and acetyl-CoA was also assayed
using HPLC by monitoring the decrease of the acetyl-CoA peak. The
reaction mixture contained 10 mM pyruvate, 1 mM acetyl-CoA and
purified YpCcl (0.025 g/L) in 0.1 M MOPS-KOH buffer (pH 7). The re-
action was terminated and analyzed using the same procedure as
described above.

4.8. Quantification of metabolites

The amount of itaconate, glucose, and other organic acids were
quantified using an Agilent 1260 HPLC equipped with an auto-sampler
and an Agilent Hi-Plex H column (5 mM H2SO4, 0.6 mL/min, column
temperature at 50 ◦C). Glucose was measured with refractive index
detector while organic acids were detected using a photodiode array
detector at 210 nm. For the identification and analysis of free CoA and
CoA esters, Shimadzu Prominence-i LC-2030C 3D Plus HPLC equipped
with a GL Sciences C18 column (50 mM KH2PO4 at pH 5.3 and methanol
(9:1, v/v), 1 mL/min, column temperature at 40 ◦C) was used. Detection
was performed at 259 nm and concentrations were determined by
extrapolation from standard curves.

4.9. Limiting step assay using YpCcl and PaIch

The reaction mixture contained 100 mM pyruvate, 2 mM acetyl-CoA,
5 mM DTT, and 5 mMMgCl2 in 0.1 MMOPS-KOH (pH 7). Purified YpCcl
and PaIch were added at 1 or 3 μM as indicated by the ratio “1” or “3”.
The reaction was allowed to proceed at 30 ◦C for 30 min then terminated
using the same procedure as described under kinetics assay. Samples
were analyzed by HPLC for the resulting itaconyl-CoA and (S)-cit-
ramalyl-CoA concentrations.
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