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Abstract

Background: Itaconic acid, an unsaturated C5 dicarbonic acid, has significant market demand and prospects. It has
numerous biological functions, such as anti-cancer, anti-inflammatory, and anti-oxidative in medicine, and is an essen-
tial renewable platform chemical in industry. However, the development of industrial itaconic acid production by
Aspergillus terreus, the current standard production strain, is hampered by the unavoidable drawbacks of that species.
Developing a highly efficient cell factory is essential for the sustainable and green production of itaconic acid.

Results: This study employed combinatorial engineering strategies to construct Escherichia coli cells to produce
itaconic acid efficiently. Two essential genes (cis-aconitate decarboxylase (CAD) encoding gene cadA and aconitase
(ACO) encoding gene acn) employed various genetic constructs and plasmid combinations to create 12 recombina-
tion E. coli strains to be screened. Among them, E. coli BL-CAC exhibited the highest titer with citrate as substrate,
and the induction and reaction conditions were further systematically optimized. Subsequently, employing enzyme
evolution to optimize rate-limiting enzyme CAD and synthesizing protein scaffolds to co-localize ACO and CAD were
used to improve itaconic acid biosynthesis efficiency. Under the optimized reaction conditions combined with the
feeding control strategy, itaconic acid titer reached 398.07 mM (51.79 g/L) of engineered E. coli BL-CAR470E-DS/A-CS
cells as a catalyst with the highest specific production of 9.42 g/gpcy, among heterologous hosts at 48 h.

Conclusions: The excellent catalytic performance per unit biomass shows the potential for high-efficiency produc-
tion of itaconic acid and effective reduction of catalytic cell consumption. This study indicates that it is necessary to
continuously explore engineering strategies to develop high-performance cell factories to break through the existing
bottleneck and achieve the economical commercial production of itaconic acid.
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Background

Itaconic acid, an unsaturated C5 dicarbonic acid,
is an essential renewable platform chemical in the
industry [1-3]. As a potential substitute for some
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petrochemical-based monomers, it has been widely
used to produce of polymers and materials, such as pol-
yesters, synthetic latex, fiber, resins, plastic, and methyl
methacrylate [3—5]. Its biological functions have recently
drawn increasing attention in anti-microbial, anti-viral,
anti-cancer, anti-inflammatory, anti-oxidative, and nutri-
tion regulation [6—8]. With the increasing total market
demand annually, there is a great need to develop an effi-
cient method to produce itaconic acid.

The chemical process was the first reported method
of synthesizing itaconic acid [9]. Still, itaconic acid’s low
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yields and high costs limited its commercial practice and
large-scale expansion [5, 9, 10]. Biosynthesis is a suitable
choice and has been applied to the industrial production
of itaconic acid by fermentation of Aspergillus terreus.
After years of systematic optimization, itaconic acid pro-
duced by A. terreus fermentation has increased from the
initially reported 27 g/L to 160 g/L with a productivity
of 1.0 g/(L-h) [7, 11, 12]. However, it is hindered by the
significant gap between the actual level and the expected
theoretical maximum titer of 240 g/L due to the limita-
tions of physiological properties of A. terreus, such as
poor growth, high sugar consumption, sensitivity to the
oxygen supply, long duration of fermentation, uncontrol-
lable byproducts [5, 13, 14]. Thus, many efforts focus on
developing other organisms and strategies for producing
itaconic acid. Some native strains, like Ustilago maydis,
Pseudozyma, Candida, et al. [15-17], and engineered
strains, like Saccharomyces cerevisiae, Escherichia coli,
Corynebacterium glutamicum, et al. [13, 18, 19], have
been developed to produce itaconic acid. However, their
production capacities of itaconic acid by fermentation
are still lower than A. terreus [5].

Compared with fermentation, a whole-cell catalytic
system was developed to convert citric acid to itaconic
acid and showed advantages in producing itaconic acid,
including low cost, short process time, easy prepara-
tion, and rapid conversion [5, 20]. Recently, Kim et al.
first developed a whole-cell system based on the engi-
neered E. coli expressing aconitase (ACO) and cis-aco-
nitate decarboxylase (CAD), which produced itaconic
acid of 319.8 mM (41.6 g/L) from 500 mM citrate with
64.0% conversion [20]. Developing a high-performance
cell factory as a biocatalyst is the key solution to solving
the problem of the low production efficiency of itaconic
acid. Some scientists have engineered other microorgan-
isms as the hosts, including Shewanella livingstonensis
Acl0 and Halomonas bluephagenesis TDO01, and taken
other facilitation measures, such as heat treatment and
metabolic engineering [5, 21]. It is worth noting that the
systematic engineering of strains by metabolic engineer-
ing strategies can efficiently improve biocatalyst perfor-
mance [22]. Some strategies and techniques have been
successfully used to construct industrially competitive
strains, such as gene expression modulation, enzyme
evolution, and protein assembly [22, 23]. However, the
studies on meticulous and systematic strategies of the
engineering strain for itaconic acid production are few in
comparison to those on other chemicals. It is necessary
to explore more optimization strategies, such as protein
engineering and substrate channeling, to improve cellular
catalytic efficiency for itaconic acid production.

Here, the biosynthesis pathway of itaconic acid was
constructed in E. coli cells and was enhanced using a
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variety of genetic constructs and plasmid combinations.
Adopting varied copy number plasmids to modulate gene
expression levels, employing enzyme evolution to opti-
mize rate-limiting enzyme CAD, and synthesizing pro-
tein scaffolds to co-localize pathway enzymes (ACO and
CAD) were used to develop high-performance recombi-
nant E. coli cells to improve itaconic acid biosynthesis. In
addition, reaction conditions were optimized and com-
bined with regulatory strategies that resulted in a high
titer of itaconic acid with a smaller amount of recombi-
nant E. coli.

Results and discussion

Construction of E. coli cells for itaconic acid production

via different genetic strategies

To construct the E. coli cells as biocatalysts for itaconic
acid production, acn from C. glutamicum and cadA
of A. terreus were co-expressed in E. coli strain BL21
(DE3). For heterologous gene expression, various fac-
tors, such as plasmid copy number, promoter strength,
and gene construct (such as the number, source, or order
of genes), can lead to differential expression of multiple
genes and affect the production of recombinant proteins
and products [23-25]. Koffas et al. have reconstructed
the synthesis pathway of catechins in E. coli cells con-
taining different gene constructs through screening the
source of genes and modulation of gene number on a
single plasmid resulting in a significant difference in the
biosynthesis capability of catechins [23]. The control of
gene expression is critical for the efficiency of multistep
metabolic engineering. This study used a series of double
cistronic vectors with varying copy numbers from 10 to
100 to reconstruct the itaconic acid synthesis pathway in
E. coli cells to adjust acn and cadA expression levels.

To obtain stable and efficient whole-cell biocatalysts,
twelve recombinant E. coli strains were constructed
according to the genetic strategies based on various
genetic constructs and plasmid combinations (Fig. 1).
By evaluating the effects of acn and cadA co-expression
in one or two plasmids, the highest itaconic acid titer
of 83.84 mM was produced by E. coli BL-CAC contain-
ing pCDF-acn-cadA at 12 h when 100 mM of citrate was
used as substrate (Fig. 1). However, the strain E. coli BL-
CCA containing pCDF-cadA-acn showed deficient ita-
conic acid production. Distinct yield gaps in itaconic acid
caused by gene insertion into different multiple cloning
sites (MCS) suggested differential expression of acn and
cadA under different genetic strategies. Meanwhile, the
BL-CC2/AA1 and BL-CC2/EA1 as whole-cell biocata-
lysts produced higher itaconic acid than the BL-CC1/
AA1 and BL-CC1/EA]1, respectively. These results indi-
cated that the construction form of acn in MCS1 and
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Fig. 1 Schematic diagram and itaconic acid titer of recombinant strains with different genetic strategies

cadA in MCS2 in a plasmid was suitable for itaconic acid
production.

The apparent differences in itaconic acid produc-
tion between the strains BL-CA1/AC2, BL-CA1/EC2,
BL-CA1/RC2, BL-CC2/AA1, BL-CC2/EA1, and BL-CC2/
RA1 indicated that gene copy number significantly
affected the efficiency of the constructed itaconic acid
synthesis pathway. Kim et al. reported that boosting the
copy number of cadA could improve citrate conversion,
while other recent studies showed that the expression of
ACO played a crucial role in itaconic acid synthesis [5,
20]. Our study constructed pRSF-acn-cadA further to
increase the copy number of cadA and acn. However, BL-
RAC did not exhibit a further improvement in itaconic
acid titer over BL-CAC as expected. It might be due to no
further increase in the expression of ACO and CAD. In
conclusion, these data indicated that E. coli BL-CAC con-
taining pCDF-acn-cadA was superior for itaconic acid
production and was selected for further study.

Optimization of itaconic acid production by whole-cell
biocatalysis

Induction and reaction conditions are the critical
factors for the activity of biocatalysts and catalytic

efficiency, affecting itaconic acid production. Under
the control of the T7 promoter, acn and cadA expres-
sions were generally induced by IPTG. The induction
efficiencies generally related to the soluble expression
of heterologous proteins might be regulated by IPTG
concentration, incubation temperature, and incuba-
tion ODy, Thus, the effects of different induction tem-
peratures (18 °C, 25 °C, and 30 °C), IPTG concentration
from 0.1 to 1 mM, and different incubation ODg, (0.4,
0.6, and 0.8) were investigated. As observed on SDS-
PAGE (Additional file 1: Figure S1), CAD and ACO
were primarily expressed as insoluble inclusion bodies
at 25 °C and 30 °C, which was consistent with previous
reports [20]. However, the formation of inclusion bod-
ies was significantly reduced at induction temperatures
of 18 °C, so the lower temperature was beneficial for the
soluble production of ACO and CAD (Additional file 1:
Figure S1). By comparing the titers of itaconic acid,
the optimal IPTG concentration was 0.25 mM, and
the induction time was an ODg, of 0.6 (Fig. 2a, b). A
lower expression level at low temperature and inducer
concentration might result in a slower translation rate,
which favors proper folding to decrease the formation
of inclusion bodies [26, 27].
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Furthermore, reaction pH, temperature, Tween 80
concentration, and substrate concentration were inves-
tigated to optimize the catalytic efficiency of E. coli BL-
CAC. Various pH (4.0 to 8.5) and reaction temperatures
(25-40 °C) were used for the assessment of itaconic acid
production, which peaked at pH 5.5 and 35 °C, respec-
tively (Fig. 2c, d). To improve the transport of substrate
and product, the surfactant Tween 80 was supplemented
to increase cell membrane permeability. As shown in
Fig. 2e, relative itaconic acid titer increased with the
increasing Tween 80 from 0 to 0.5% and decreased after
0.5%. Finally, substrate concentration was optimized to
obtain a high level of itaconic acid production (Fig. 2f).
High yields could be achieved when the citrate concen-
tration was in the range of 100 to 300 mM. Among them,
the itaconic acid titer was the highest at the citrate con-
centration of 300 mM, indicating that 300 mM citrate
was acceptable for itaconic acid production.

Under the optimal induction condition, the recombi-
nant E. coli BL-CAC was cultivated and used as the bio-
catalyst to exhibit the highest catalytic efficiency in the
optimized reaction system. As the results illustrated in
Fig. 2g, itaconic acid titer was accumulated to 159.27 mM
at 96 h. Production of itaconic acid and the consumption
of citrate increased rapidly in the first 12 h, with the high-
est yield (mol/mol) of 90.47% at 9 h, and then tended to
be slow, with the molar yield dropping below 80% after
48 h. In the meantime, accumulations of the intermedi-
ate cis-aconitate and its isomer, trans-aconitate, were
detected. During the two-step reaction, trans-aconitate
isomerized from cis-aconitate was not catalyzed by CAD,
resulting in low conversion efficiency. Therefore, further
efforts are still needed to improve production.

Engineering the rate-limiting enzyme CAD

Accumulations of the intermediates suggested that CAD
was a rate-limiting enzyme for itaconic acid production
[20, 28]. Meanwhile, we found that the CAD activity
decreased markedly (almost 0) at pH 5.0, consistent with
previous reports [29]. The input of the substrate citric
acid led to the decrease of reaction pH, resulting in the
inhibition or even inactivation of CAD. A large amount
of alkali needed to add initially, increasing the cost and
post-processing. To improve the acid resistance and cata-
lytic activity of CAD, eight mutation sites were screened
and designed as H20E, K259E, H281E, R323E, H326E,
K433D, R440E, and R470E through the multiple sequence
alignments and Weblogo analysis of CAD (Additional
file 1: Figure S2, Table S3). As shown in Fig. 3a, four
dominant single-point mutants, H20E, R323E, H326E,
and R470E, improved the catalytic efficiency of CAD in
the whole-cell reaction with cis-aconitate as the substrate
at pH 5.0, and the optimal mutant was determined to
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be R470E. Further co-catalyzed with the former enzyme
ACOQO, the mutant strain BL-CAR470E was constructed,
and itaconic acid titers increased by 41.3% and 14.7% at
pH 5.0 and pH 5.5 at 24 h, respectively (Fig. 3b, c). The
results suggested that mutant R470E effectively improved
the acid resistance and catalytic activity of CAD. How-
ever, there was a big gap between the catalytic titer of ita-
conic acid under the acidic condition (pH 5.0) and that
under the optimal condition (pH 5.5), which indicated
that further optimization was needed. Through molecu-
lar simulation, it was speculated that amino acid R470
and catalytic key amino acid H111 are in the same chan-
nel. The mutation of R470 to E470 caused the nearby spa-
tial structure of the H111 site to shift and change, and the
substrate channel’s shape was directly affected, thereby
positively affecting the catalytic activity of CAD.

Construction of scaffold-based protein complex in vivo

to improve itaconic acid production

Substrate channeling engineered by direct fusion, syn-
thetic protein scaffold, or bacterial microcompartment
is an effective strategy to enhance metabolic fluxes
[22]. Synthetic protein scaffold can colocalize multiple
enzymes into a multi-enzyme complex via orthogonal
interaction domains [30]. The scaffold-based protein
complex brings enzymes in spatial proximity to facilitate
substrate channeling between active sites, which short-
ens intermediates’ transit times and prevents intermedi-
ates’ loss and instability [31]. In order to relieve the loss
of cis-aconitate and improve the synthesis efficiency of
itaconic acid, the two-enzyme (ACO and CAD) complex
was assembled in vivo using the synthetic protein scaf-
fold based on two interaction pairs Cohesin II-Dockerin
II and SpyCatcher-SpyTag. The scaffoldin was composed
of Cohesin II and SpyCatcher, which controlled the stoi-
chiometry of two enzymes. ACO and CAD were fused
with Dockerin II and SpyTag, which recruited ACO and
CAD to the scaffoldin by specific interaction between
the Cohesin II and Dockerin II, SpyCatcher and SpyTag
(Fig. 4a). We first tested whether two interaction pairs
Cohesin II-Dockerin II and SpyCatcher-SpyTag can
achieve enzyme assembly. The indistinguishable itaconic
acid titer of BL-CA-DII-C-ST and BL-CAC suggested
that ACO-Dockerin II and CAD-SpyTag retained all cata-
lytic activity compared to the unfused proteins (Addi-
tional file 1: Figure S3). SDS-PAGE analysis showed that
ACO-Dockerin II, CAD-SpyTag, and the Cohesin II-Spy-
Catcher scaffoldin were expressed and purified normally.
The native PAGE analysis exhibited a new high-molec-
ular-weight band in the mixture (Additional file 1: Fig-
ure S4). These results indicated that the expression and
structure of ACO-Dockerin II and CAD-SpyTag were not



Feng et al. Microbial Cell Factories (2022) 21:275 Page 6 of 10
30
(a) (b)
150 |
25 |
= o 20F
2 =
E 100} £
= =
g g 15 F
= 2
2 ol g 10p
5k
—=— BL-CAC
—e— BL-CAR470E
0 0 L L L L L L L L
CK H20E K259E H281E R323E H326E K433D R440E R470E 0 3 P 9 12 15 18 21 2% 27
Time (h)
(©)  wf
150 |
S ol
T 120
=
2
PR
=
=)
<9
<
= 60 }
30 F
—=— BL-CAC
—e— BL-CAR470E
0 L Il L L L L L L
0 3 6 9 2 15 18 21 24 27
Time (h)
Fig. 3 The itaconic acid production of CAD mutants obtained by site-directed mutagenesis a. E. coli BL-CC is used as a control check (CK);
Comparison of itaconic acid titer between recombinant £. coli BL-CAC and BL-CAR470E at pH 5.0 b and pH 5.5 ¢
(®) — c 1
TR aen = docnt “‘qmﬂA o spytag oo | contt p={ spycatcher = Al )
ol MR M e e < et = e = e —
. ~
| ACO —DDockcrin I Cohesin I~ SpyCatcher X <ol ={_spveatcher =_spycatcher_ | spycatcher Jm A 1:3 }
: m . oo : TN conti = spycatcher = E1:1 ]
1 1 ~
| |CAD —/\SpyTag Scaffoldin . T =i - e Bi2 }
| e e e e e e e e e e ———— 1 -~ )
- TN contt = spycatcher H Spycatcher i spycatcher jm E1:3 }
2 g [ et e = k1 3
= | contt p={_spycatcher ={ spycatcher = R1:2 i+
@/\,m e o o ri spycatcher -{ spycatcher | spycatcher b R 1:3 i . o ‘
0 50 100 150
Itaconic acid (mM)
Fig. 4 Schematic illustration on enzyme assembly a; The effect of various scaffoldins on itaconic acid production b. The free-scaffold strain E. coli
BL-CAC was used as a control strain C

compromised, and then the scaffoldin could bind ACO

and CAD to form the two-enzyme complex.
Subsequently, the fusion enzymes expression plas-

mid and scaffoldin plasmid were simultaneously

transformed into E. coli BL21 (DE3) to investigate
the effect of synthetic protein scaffold complex on
itaconic acid production. It is a property of synthetic
protein scaffolds to control enzyme stoichiometry and
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thus regulate the enzyme levels for the target prod-
ucts [31]. To optimize the production of itaconic acid,
the number of SpyCatcher in scaffoldin was changed
to regulate CAD level, and the expression of fusion
pathway enzymes and scaffoldin was coordinated
by varying copy numbers of the scaffoldin-encoding
gene (Fig. 4b). Itaconic acid titer was higher in strains
BL-CAC-DS/A-CS (15.37%) and BL-CAC-DS/R-CS
(12.89%) containing the scaffold domains ratio of 1:1
compared with the scaffold-free strain, indicating that
the two-enzyme complex formed by protein scaffold
binding ACO and CAD could improve the production
of itaconic acid. However, a further additional ratio
of the CAD-binding domain did not increase itaconic
acid production as expected. Moreover, the expression
level of the scaffoldin resulted in a significantly differ-
ent titer, which indicated an optimal combination in
the protein scaffold complex for maximizing the path-
way efficiency of itaconic acid production, including
the ratio between the two pathway enzymes and their
ratio to the scaffoldin [32, 33].
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Fed-batch strategy for itaconic acid production

with recombinant E. coli BL-CAR470E-DS/A-CS cells

Based on the above results, the recombinant strain BL-
CAR470E-DS/A-CS was constructed to investigate the
effect of mutant CAD combined with protein assembly
on itaconic acid production. E. coli BL-CAR470E-DS/A-
CS synthesized 172.56 mM (22.45 g/L) of itaconic acid at
12 h, and the maximum productivity reached 2.66 g/L/h,
which was 43.94% higher than that of the starting strain
BL-CAC (Fig. 5a). The intermittent feeding and pH con-
trol strategy further improved the itaconic acid titer to
398.07 mM (51.79 g/L) with a productivity of 1.08 g/L/h
and a yield of 82.68% using 20 ODy cells as the catalyst
at 48 h (Fig. 5b). The specific production of itaconic acid
was 9.42 g/gpcw)

Compared with the previous whole-cell catalytic pro-
duction of itaconic acid, the results on the titer, produc-
tivity, specific production, biomass, and reaction time are
summarized in Table 1. Using a large biocatalyst relative
to the low substrate often leads to good catalytic results,
such as high productivity or yield. For example, Kim
et al. used 87 g/L cells in a whole-cell reaction to obtain
41.6 g/L with the highest productivity of 2.19 g/L/h [20],
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Table 1 Itaconic acid production of the engineered strains by whole-cell biocatalysis

Strain Itaconicacid  Productivity Specific production of Biomass in reaction Time (h) Reference
titer (g/L) (g/L/h) itaconic acid (9/9 pcw))

E. coli JY001 41.60 219 048 87 g/L 19 20

S. livingstonensis Ac10 6.82 0.27 0.19 359/L 25 21

H. bluephagenesis TDZI-08 63.60 1.12 6.77 9.39 g/L? (30 ODgy0) 54 5

E. coli BL-CAR470E-DS/A-CS 51.79 1.08 942 5.50 g/L* (20 ODgy) 48 This study

2The dry cell weights (DCW) of H. bluephagenesis and E. coli were determined by converting the ODy, with the coefficients of 0.313 g (pcy per (L-ODgq) and

0.275 gpcw) Per (L-ODg), respectively [35, 36]
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while Luo et al. used 50 mM citric acid in a whole-cell
reaction with 35 g/L catalytic cells to get the highest
yield of 110.69% [21]. We also found that using the low
substrate concentration of 100 mM could achieve a high
yield and conversion (greater than 90%). Increasing sub-
strate concentration is necessary for industrial produc-
tion but often inhibits the biocatalytic activity of cells [5].
A large number of catalysts undoubtedly increased the
investments. Therefore, it is required to develop high-
performance cell factories with high catalytic capacity
per unit biomass. We employed combinatorial engineer-
ing strategies to construct E. coli BL-CAR470E-DS/A-CS
cells for the efficient production of itaconic acid. The titer
and the specific production of itaconic acid in this study
were significantly increased compared with the previ-
ously engineered E. coli JY001 by Kim et al. [20]. Among
whole-cell catalysis in heterologous cells, the specific
production of itaconic acid in our study was the high-
est. The itaconic acid titer was higher than most others
reported but lower than that reported by Zhang et al. [5],
which might be the lower amount of biocatalyst input
and unoptimized feeding control process. The highest
specific production of itaconic acid among heterologous
hosts indicated that the engineered E. coli BL-CAR470E-
DS/A-CS had an excellent catalytic performance for ita-
conic acid production.

Conclusions

For highly efficient biosynthesis of itaconic acid, the
recombinant itaconic acid biosynthesis pathway was con-
structed in E. coli according to different genetic strate-
gies, with E. coli BL-CAC showing the highest activity.
Then employing enzyme evolution to optimize rate-lim-
iting enzyme CAD and synthesizing protein scaffolds to
co-localize ACO and CAD were used to improve itaconic
acid biosynthesis efficiency. Under the optimized reac-
tion conditions combined with a feeding control strategy,
itaconic acid titer reached 398.07 mM (51.79 g/L) using
20 ODyg, cells of engineered E. coli BL-CAR470E-DS/A-
CS as a catalyst with the highest specific production
among heterologous hosts at 48 h.

Methods

Bacterial strains and plasmid construction

All strains and plasmids used in this study are listed in
Additional file 1: Table S1. Target genes acn and cadA
were amplified by Polymerase Chain Reaction (PCR)
using the respective primers listed in Additional file 1:
Table S2 for plasmid construction. The genome of
C. glutamicum and synthetic codon-optimized cadA
of A. terreus were used as the respective template of
acn and cadA. After the extraction and digestion with
restriction sites, amplified products were cloned into
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pACYCDuet-1, pCDFDuet-1, pETDuet-1, and pRSE-
Duet-1 according to the genetic strategies (Fig. 1), respec-
tively. Using the primers in Additional file 1: Table S2, a
megaprimer PCR was conducted for the mutations [34].
The single-site mutagenic megaprimers were amplified in
the first stage of PCR. Then the whole plasmids contain-
ing the mutation site were amplified using pCDFduet-
cadA2 as the template and megaprimers in the second
stage of PCR, purified after Dpnl treatment, and trans-
formed into E. coli Trans1-T1. In order to construct the
synthetic scaffold, genes encoding Cohesin II, Dockerin
II, SpyTag, and SpyCatcher were synthesized, and plas-
mids, such as pCDFduet-acn-cadA and pRSFduet-1,
were linearized by PCR using the respective prim-
ers listed in Additional file 1: Table S2. The G4S linker
(GGGGSGGGGS) and HXF linker (GSGGSGVD) intro-
duced by designing primers were used for connecting the
enzymes to their corresponding Dockerin II and SpyTag.
The 6*His was designed to insert at the N-terminus of
the ACO, CAD, and Cohesin II-SpyCatcher for protein
purification. The linearized plasmids and corresponding
target fragments were mixed according to the ClonEx-
press II One Step Cloning Kit (Vazyme, Nanjing, CA) to
obtain the recombination plasmids pCDFduet-acn-Dock-
erin II-cadA-SpyTag, pRSFduet-Cohesin II-SpyCatcher.
Then recombinant plasmids pRSFduet-Cohesin II-Spy-
Catcher x2 and pRSFduet-Cohesin II-SpyCatcher x 3
were obtained by further increasing the amount of Spy-
cather using the pRSFduet-Cohesin II-SpyCatcher as a
template as above. The gene fragments of Cohesin II-Spy-
Catcher, Cohesin II-SpyCatcher x 2, and Cohesin II-Spy-
Catcher x 3 were digested with Nco I and Hind III from
pRSFduet-Cohesin  II-SpyCatcher, pRSFduet-Cohesin
II-SpyCatcher x 2, pRSFduet-Cohesin II-SpyCatcher x 3
and ligated to pACYCduet-1, or pETduet-1. The plas-
mid of pCDFduet-acn-Dockerin II-R470E-SpyTag was
obtained by replacing the CAD fragment with R470E
fragment to investigate the effect of mutant CAD com-
bined with protein assembly on the itaconic acid produc-
tion. The recombination plasmids were transformed into
E. coli BL21 (DE3) to obtain the respective recombinant
E. coli strains (Additional file 1:Table S1).

Culture conditions

After overnight activation, all strains were inoculated
into Luria—Bertani (LB) medium, and appropriate anti-
biotics, including spectinomycin (50 pg/mL), ampicillin
(50 pg/mL), kanamycin (50 pg/mL), or chloramphenicol
(34 pg/mL) were added whenever necessary. To improve
the activity of biocatalysts, the induction conditions
were optimized. E. coli strains were cultured to the opti-
cal density (ODg,) of 0.4-0.8 at 37 °C with shaking at
200 rpm and induced under 18 °C, 25 °C, or 30 °C with
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the addition of 0.1-1.0 mmol/L isopropyl-beta-D-thi-
ogalactopyranoside (IPTG). The cells were harvested by
centrifugation for 15 min at 4500 rpm and 4 °C for subse-
quent experiments.

Gel electrophoresis analysis

The cell pellets were re-suspended in 50 mM phosphate-
buffered saline (PBS) buffer (pH 7.0). After 10 min soni-
cation, the supernatant and precipitation were separated
by centrifuging at 12,000 rpm for 10 min at 4 °C, and
analyzed using sodium dodecyl sulfate—polyacrylamide
gel electrophoresis (SDS-PAGE). In order to analyze the
two-enzyme complex and the synthetic protein scaffold,
the recombinant fusion proteins in the supernatant were
purified using a fast protein liquid chromatography (GE
AKTA Pure 150; General Electric Co., IA, USA) equipped
with His Trap" EF column, which was equilibrated with
50 mM imidazole buffer (50 mM phosphate buffer,
500 mM NaCl, 50 mM imidazole, pH 7.0) and eluted
by using 500 mM imidazole buffer (50 mM phosphate
buffer, 500 mM NaCl, 500 mM imidazole, pH 7.0). The
purified proteins were concentrated, washed with 50 mM
PBS buffer (pH 7.0) to remove imidazole, and verified by
native polyacrylamide gel electrophoresis prepared in the
absence of SDS and [-mercaptoethanol.

Biocatalytic reaction for itaconic acid production

The biocatalytic reaction system for itaconic acid produc-
tion was composed of 20 ODyg, of the respective recom-
binant E. coli cells, 100-700 mM of citrate in 50 mM PBS
buffer. To improve the itaconic acid production, Tween
80 in the range of 0-0.7% was added to the reaction sys-
tem incubated at 20 °C, 25 °C, 30 °C, 35 °C, and 40 °C
under the different reaction pH ranging from pH 4.0 to
8.5. Reaction samples were taken regularly for high-per-
formance liquid chromatograph (HPLC) analysis.

HPLC analysis

Reaction samples were analyzed using a HPLC (Agi-
lent 1290; Agilent Technologies, Santa Clara, CA, USA),
which was equipped with an HPX-87H column (300-
7.8 mm, Bio-Rad, Hercules, CA, USA). HPLC was oper-
ated with an ultraviolet spectrophotometric detector to
detect a 215 nm signal at 60 °C. 8 mM of sulfuric acid was
used as the mobile phase at a flow rate of 0.6 mL/min.
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