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Succinate production positively
correlates with the affinity of the global
transcription factor Cra for its effector FBP
in Escherichia coli

Li-Na Wei', Li-Wen Zhu' and Ya-Jie Tang”

Abstract

Background: Effector binding is important for transcription factors, affecting both the pattern and function of tran-
scriptional regulation to alter cell phenotype. Our previous work suggested that the affinity of the global transcription
factor catabolite repressor/activator (Cra) for its effector fructose-1,6-bisphosphate (FBP) may contribute to succinate
biosynthesis. To support this hypothesis, single-point and three-point mutations were proposed through the semi-
rational design of Cra to improve its affinity for FBP.

Results: For the first time, a positive correlation between succinate production and the affinity of Cra for FBP was
revealed in Escherichia coli. Using the best-fit regression function, a cubic equation was used to examine and describe
the relationship between succinate production and the affinity of Cra for FBP, demonstrating a significant positive
correlation between the two factors (coefficient of determination R? = 0.894, P = 0.000 < 0.01). The optimal mutant
strain was Tang1683, which provided the lowest mutation energy of —4.78 kcal/mol and the highest succinate
concentration of 92.7 g/L, which was 34% higher than that obtained using an empty vector control. The parameters
for the interaction between Cra and DNA showed that Cra bound to the promoter regions of pck and aceB to activate
the corresponding genes. Normally, Cra-regulated operons under positive control are deactivated in the presence of
FBP. Therefore, theoretically, the enhanced affinity of Cra for FBP will inhibit the activation of pck and aceB. However,
the activation of genes involved in CO, fixation and the glyoxylate pathway was further improved by the Cra mutant,
ultimately contributing to succinate biosynthesis.

Conclusions: Enhanced binding of Cra to FBP or active site mutations may eliminate the repressive effect caused by
FBP, thus leading to increased activation of genes associated with succinate biosynthesis in the Cra mutant. This work
demonstrates an important transcriptional regulation strategy in the metabolic engineering of succinate production
and provides useful information for better understanding of the regulatory mechanisms of transcription factors.
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Background
Escherichia coli has been widely engineered for succi-
nate production with high titers through the inactivation
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or overexpression of key genes associated with succi-
nate biosynthesis [1-3]. However, due to the complexity
of the metabolic network, occasionally the desired cell
phenotype may not be obtained through gene manipu-
lation. Global regulation has attracted increasing atten-
tion because of its effective regulation of the expression
of multiple pathway-related genes [4] and required cell
phenotypes [5]. Furthermore, transcriptional engineer-
ing approaches have been regarded as important [6, 7].

© The Author(s) 2016. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,

and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13068-016-0679-7&domain=pdf

Wei et al. Biotechnol Biofuels (2016) 9:264

In prokaryotes, gene expression is controlled by tran-
scription factors (TFs) via their binding to specific DNA
sequences [8]. TFs are important components of gene
regulatory networks and respond to changes in the cel-
lular environment by altering the expression of relevant
genes [9]. Catabolic repressor/activator (Cra), also known
as FruR, is a global TF [10, 11]. It is a dual regulator that
controls the expression of a large number of metabolic
genes that encode enzymes associated with the gluconeo-
genic pathway [12], the Krebs cycle and glyoxylate shunt
[13], the Entner Doudoroff pathway [14], and the glyco-
lytic pathway [15, 16].

As a member of the GalR-Lacl family, Cra comprises
two functional domains: the N-terminal DNA-binding
domain and the C-terminal regulatory domain [17, 18].
The regulatory domain affects the regulatory function of
Cra by altering the affinity of its DNA-binding domains
for DNA upon effector binding [19]. In many TFs, effector
binding has major consequences on the protein structure
and function [20-22]. The effects of Cra on transcription
via binding to the promoter regions of its target genes
can be counteracted by its effectors, including fructose-
1-phosphate (F1P) and fructose-1,6-bisphosphate (FBP)
[15, 19]. In our previous work, a Cra mutant strain
with 22.8% higher succinate production was obtained
through random mutation and screening. Correspond-
ingly, a higher Cra-FBP affinity (K; = 130 £ 37 nM) was
obtained, while the K, value of wild-type Cra with FBP
was 1400 £ 150 nM. It suggested that the enhanced bind-
ing affinity of the Cra mutant for FBP may contribute to
succinate biosynthesis [23]. However, research on how
changes in effector binding affinity modulate DNA-bind-
ing and, therefore, the cell phenotype, is limited.

To further clarify the mechanism of Cra in transcrip-
tional regulation through effector binding and to support
the hypothesis on the relationship between succinate
production and the affinity of Cra for FBP, a strategy to
achieve high binding affinity based on a semi-rational
design was developed. A best-fit approach was then
used to select regression models to best describe the
relationship between succinate production and binding
affinity. Finally, the regulatory effects of the optimal Cra
mutants on genes associated with succinate biosynthe-
sis and properties of the effector-Cra-DNA complexes
were investigated. This work provides useful information
regarding the transcriptional regulation of target product
biosynthesis and represents a powerful approach for the
production of other industrially important chemicals.

Methods

Strains, plasmids, and chemicals

All strains and plasmids used in this study are listed in
Additional file 1. Primers are summarized in Additional
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file 2. During strain construction, the strains were cul-
tured aerobically at 37 °C in Luria broth (5 g/L yeast
extract, 10 g/L tryptone, and 10 g/L NaCl). The E. coli
strain DH5a was used for plasmid construction. E.
coli BL21 cells were used for the expression and puri-
fication of Cra. E. coli AFP111 was kindly provided by
Dr. David P. Clark at Southern Illinois University [24].
The plasmids pTrc99A and pET28a were used as foun-
dation plasmids to prepare constructs and for overex-
pression. rTaq DNA polymerase and primeSTAR HS
DNA polymerase were purchased from Takara (Takara,
Dalian, China). Restriction enzymes and T4 DNA ligase
were obtained from New England Biolabs (Ipswich,
USA), while the Cycle-Pure Kit, the Gel Extraction Kit,
the Bacteria RNA Kit, and the Plasmids Mini Kit were
obtained from Omega (Omega Bio-Tek, Doraville,
USA).

Protein structure validation and active site prediction
Crystal structures were downloaded from the RSCB Pro-
tein Data Bank (PDB) database under the following PDB
ID: 2IKS (effector-free Cra from E. coli). The molecular
models of FBP were prepared and energy-minimized
in the Avogadro 1.0.2 package. Individual chains of Cra
structures were aligned to chain A of the 2IKS structure
using Discovery Studio (DS) 4.0.

Energy minimization of the Cra protein structure was
performed by applying the “prepare protein” protocol of
DS. Binding active sites were predicted using the “define
and edit binding site” protocol of DS.

Molecular docking calculations

The general docking protocol was performed as previ-
ously described [25]. Possible binding models between
Cra and FBP were examined using the CDOCKER pro-
tocol of DS 4.0. The algorithm employs CHARMm force
fields. A site sphere radius of 10 A was set to assign the
binding pocket.

Computer-assisted virtual mutation

Computer-assisted virtual mutation was used to select
mutations to improve the binding affinity of Cra for FBP.
The amino acid residues at the active site were replaced
with 17 common amino acids using the calculate muta-
tion energy/stability module of DS 4.0. Mutation energy
was the only standard used to evaluate the effect of the
mutations on protein stability. The optimal mutants
with the lower mutation energy, representing the higher
binding affinity, were selected. The mutation energy
was calculated as the sum of van der Waals, electro-
static, non-polar, and entropy terms. The single-point
and three-point mutations were generated using overlap
extension PCR.
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Anaerobic bottles culture

The pre-culture and fermentation medium consisted
of the following components (g/L): glucose 40, yeast
extract 10, tryptone 20, K,HPO,-3H,0 0.9, KH,PO, 1.14,
CaCl,- 3H,0 0.25, (NH4),SO, 3.0, MgSO,-7H,0 0.5, and
VB, 1 mg. For the first preculture, fresh colonies were
picked from LB agar plates supplemented with ampicillin
(100 mg/L), chloramphenicol (34 mg/L), and kanamycin
(34 mg/L). Medium (50 mL) was prepared in a 250-mL
flask, and a colony from a plate culture was inoculated
and then incubated for 10 h at 37 °C on a rotary shaker at
180 rpm. For the second pre-culture, 50 mL of medium
was prepared in a 250-mL rotary shaker, inoculated with
200 pL of the first pre-culture broth and incubated for
10 h at 37 °C on a rotary shaker at 180 rpm. For fermen-
tation, 5% (v/v) of the second pre-culture was inoculated
into anaerobic bottles containing 50 mL fermentation
medium. After aerobic growth at 37 °C and shaking at
180 rpm for 4 h, 40 g/L MgCO; was added, and a small
amount of CO, was vented. Cells were then transferred
to anaerobic conditions by rubber plug. Samples were
obtained after 96 h, and three replicates were performed
in parallel.

Fed-batch culture

Details of the preculture medium and preculture condi-
tions have been previously described [26]. Dual-phase
fed-batch fermentation was conducted with 5 L of initial
fermentation medium in a 7.5-L BioFlo 115 fermenter
(New Brunswick Scientific, USA). A 5% (v v™!) inocu-
lums from the second preculture was used. During aer-
obic fermentation, the initial sugar concentration was
35 g/L. The dissolved oxygen (DO, approximately 40%)
was controlled by adjusting the agitation speed and aera-
tion rate. When the residual sugar concentration was
less than 1 g/L, the aerobically grown cells were directly
transferred to anaerobic conditions, and the glucose
concentration was adjusted to 40 g/L by supplying glu-
cose as an 800 g/L solution. A rotation speed of 400 rpm
and 0.1 vvm of external CO, gas were used. The pH was
maintained at 7.0 using 20 g/L MgCO; and 5 M NaOH.
In the subsequent fermentation process, when the resid-
ual sugar concentration fell to less than 10 g/L, glucose
was added to achieve 40 g/L. Cell mass and measure-
ments of the residual sugar and succinate concentrations
were determined as previously reported [26].

Six cultures were carried out simultaneously in stirred-
tank bioreactors containing different engineered strains
under identical experimental conditions; this method
ensured that accurate head-to-head comparisons could
be made. The results presented here were reproducible in
another experiment (data not shown).
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RT-qPCR
E. coli AFP111 cells transformed with plasmids were col-
lected at 10 h (the onset of anaerobic culture) during the
dual-phase fed-batch fermentation, and total RNA was
extracted using a Bacterial RNA Kit (Omega Bio-Tek,
Doraville, USA). Total RNA fragments were reverse-tran-
scribed into cDNA using the PrimeScript” RT Reagent
Kit (Takara, Dalian, China). And 16S rRNA was used as
the endogenous control. All cDNA samples were diluted
to a final concentration of 10 ng/pL. A two-step RT-PCR
kit with SYBR Green was used with a thermal cycler (iCy-
cler, Bio-Rad, USA) for RT-qPCR. Primers were used at
final concentrations of 0.2 uM, and 10 ng of cDNA was
used as a template in each 20 pL reaction. The threshold
cycles for each sample were calculated based on fluores-
cence data using proprietary software (Bio-Rad, USA).

Enzyme activity

To measure enzyme activity, cells were harvested at the
onset of anaerobic culture (10 h) (i.e., at the end of the
aerobic phase) during fermentation via centrifugation
(12,000xg at 4 °C). Cells were resuspended in 50 mM
potassium phosphate buffer (pH 7.4) and disrupted on ice
for 15 min (with a working period of 3 s and a 5-s inter-
val constituting each cycle) at a power output of 200 W
using an ultrasonic disruptor (J92-1I, Xinzhi, Ningbo,
China). Unbroken cells were removed by centrifugation
at 10,000x g for 20 min, and the supernatant was further
centrifuged at 10,000xg for 10 min. The resulting super-
natant was used in the enzyme activity assays. Enzyme
activities were measured using a spectrophotometer
(UV-1100, MAPADA, Shanghai, China).

All protocols used for the enzyme activity assays have
been described in previous studies and were optimized
for the conditions and media used in this study. Phosphof-
ructokinase (PFK) [27], phosphoenolpyruvate carboxylase
(PPC) [28], phosphoenolpyruvate carboxykinase (PCK)
[28], malate dehydrogenase (MDH) [29], fumarase (FUM)
[30], fumarate reductase (FRD) [28], malate synthetase
(MS) [31], isocitrate lyase (ICL) [28], citrate synthetase
(CS) [32], and isocitrate dehydrogenase (ICD) [33] were
measured. The wavelength used to determine NADT,
NADH, NADP™, and NADPH were 340 nm, respectively.
Fumarate and malate formation were recorded at 240
and 578 nm, respectively. One unit (U) of enzyme activ-
ity represents the amount of enzyme required to catalyze
the conversion of 1 umol of substrate per min into specific
products. The total protein concentration in the crude
cell extracts was measured using a BCA Protein Assay
Kit (Beyotime, China). Enzyme assays were performed in
triplicate, and if the discrepancy between the results was
greater than 10%, another pair of assays was performed.
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Cloning, expression, and protein purification

The DNA sequence encoding the Cra protein was ampli-
fied from E. coli AFP111 using the primers Cra-Sacl-
F and Cra-His-HindlIII-R. To aid in the purification of
Cra, a His-tag-encoding fragment was included in the
construct. The resulting PCR product was digested
with Sacl/Hindlll and cloned into the expression vec-
tor pET28a. The resulting plasmid (pET-cra) was trans-
formed into E. coli BL21 cells. For the expression of the
His,-tagged protein, the transformed strain was grown in
LB medium at 37 °C to an ODg, = 1.0. Gene overexpres-
sion was induced by the addition of 1 uM isopropyl-p-D-
thiogalactopyranoside (IPTG) (Biosharp, Seoul, Korea).
Cells were cultured overnight.

The cells were then centrifuged at 4600xg for 15 min,
and the pellets resuspended in phosphate-buffered saline
(PBS) (pH 7.4), after which time the cells were disrupted
on ice using an ultrasonic disruptor (J92-II, Xinzhi,
Ningbo, China). Unbroken cells were removed by centrif-
ugation at 10,000x g for 30 min. Finally, the proteins were
resuspended in 100 mM Tris buffer (pH 6.8) (ANGUS,
USA) containing 10% p-mercaptoethanol (AMRESCO,
USA), and the suspension was stored at —80 °C. For puri-
fication, the native His,-Cra protein was isolated from
the cell lysate supernatant using Ni metal affinity resin
(Clontech, USA) according to the manufacturer’s instruc-
tions. The purified protein was stored in elution buffer at
4 °C until use, as indicated in each case.

Non-radioactive electrophoretic mobility shift assay
(EMSA)

EMSA was performed as previously described [34]. The
18-bp DNA fragment used for EMSA was prepared by
heating a 50 nM mixture of complementary oligonu-
cleotides containing the presumed Cra binding site of
the pck and aceB promoter regions in 1 mL TE buffer at
95 °C for 10 min. The annealed product was maintained
on ice until use. Cra was incubated with the DNA frag-
ment in the presence of 1 mM FBP (Sigma-Aldrich, 98%
purity). Reaction mixtures were incubated for 15 min
at 30 °C and electrophoresed on a non-denaturing 10%
(w/v) polyacrylamide gel. The gels were stained with eth-
idium bromide and visualized using a gel imaging system
(Tanon-1600, China).

Isothermal titration microcalorimetry (ITC)

ITC experiments were performed using a TAM III
instrument (Q Series Thermal Analysis) at 25 °C. Cra was
thoroughly desalted using PD-10 desalting columns (GE,
USA). The protein concentration of the desalted solution
was determined using a BCA protein assay kit. Each ITC
titration involved 10 pL injections of 50 mM FBP into a
15 uM protein solution that was placed into the 1.4-mL
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chamber of the apparatus. AH (reaction enthalpy), K,
(binding constant), and n (reaction stoichiometry) were
determined based on the fitted curves. The changes in
free energy (AG) and entropy (AS) were calculated using
the following equation: AG = —RTInK, = AH — TAS,
where R is the universal molar gas constant and T is the
absolute temperature.

Statistical analyses

The data were analyzed using IBM SPSS 19 (SPSS Inc.,
Chicago, IL). P values less than 0.05 were considered
significant.

Results and discussion

Docking of Cra and FBP to identify the active sites

for improved affinity

To determine whether the enhanced binding affinity of
each Cra mutant for its effector promotes succinate bio-
synthesis, a semi-rational strategy based on computer-
assisted virtual saturation mutagenesis was devised to
enhance the affinity of Cra for FBP. Due to the lack of com-
plete crystal structure information on Cra, the structure
of the regulatory domain (PDB ID: 2IKS) was utilized to
model the effector-binding pocket by computational dock-
ing algorithms. The docked position was compared to the
crystal structure of the regulatory domain by calculating
root mean square deviation (RMSD) values. As shown
in Fig. 1, 4 amino acids that directly interacted with FBP
(Aspl48, Argl49, Argl97, and Arg323) and 16 amino acids
that indirectly interacted with FBP (Asn73, Ser75, Tyr76,
Aspl01, Leul91, Val193, Tyr220, Thr245, Ser246, Phe247,
Ala248, Phe273, Gly274, Asp275, GIn291, and Lys322)
were identified. These amino acids may play a significant
role in the affinity of Cra for FBP. Thus, these 20 amino
acids were selected as possible sites for mutagenesis.

Correlations between succinate production and the affinity
of Cra for FBP

Computer-assisted virtual saturation mutagenesis was
carried out on this group of mutants to determine the
optimal single-point mutants using the mutation energy
as the unique standard to evaluate mutant stability and
affinity. A negative mutation energy indicated that the
mutation would enhance the interaction between Cra
and FBP. Based on the assumption that the lower muta-
tion energy represents the more stable protein struc-
ture and higher binding affinity, 37 single-point mutant
strains were selected from more than 300 virtual mutant
strains (Table 1), including 29 mutant strains (Tangl646-
Tangl1674) with lower mutation energy. To more accu-
rately fit the relationship between affinity and succinate
production, 8 mutation strains (Tangl675-Tangl682)
with higher mutation energy were also selected.



Wei et al. Biotechnol Biofuels (2016) 9:264

Page 5 of 15

Leul91

Argl49 -

Vall93  Agp101

Thr245 ¢
Ala248

—

:

\|

\. .
u.

il Phe273  Asn73

Fig. 1 Crystal structure of Cra (PDB: 2IKS) and the docked model of Cra with FBP
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The effects of single-point Cra mutations on succinate
production are shown in Table 1. To describe the rela-
tionship between succinate production and the affin-
ity of Cra for FBP, a best-fit approach was used to select
regression models—considering linear, logarithmic,
quadratic, cubic, power, and exponential methods. The
cubic regression model was chosen as the best model to
determine the correlation between the binding affinity
and succinate production. As shown in Fig. 2 and Addi-
tional file 3, within the mutation energy range examined,
succinate production increased with increasing muta-
tion energy (coefficient of determination R? = 0.894,
P = 0.000 < 0.01). These results suggested a significant
positive correlation between the two variables within a
certain range.

Because the increased binding affinity caused by sin-
gle-point mutation was limited, three-point mutations
were designed using the Calculate Mutation Energy/
Stability module of DS 4.0 to provide increased affinity
beyond what could be obtained by incorporating a single
mutation. Based on the above results, all 37 single-point
mutation sites were combined to form three-point muta-
tions. The optimal three-point mutants were selected,
in which mutation energy were lower than the low-
est energy in single-point mutation. Finally, 17 optimal
three-point mutant strains were generated (Table 2). Due
to the extension of the affinity range, a fitting analysis

of mutation energy data and succinate production was
conducted using the cubic regression model. As shown
in Fig. 3a, a high correlation between the mutation ener-
gies of the three-point mutants and succinate production
was revealed (coefficient of determination R? = 0.840,
P = 0.000 < 0.01), proving that the affinity of the Cra
mutant closely reflects the level of succinate produc-
tion. Thus, succinate production improves with increased
binding affinity.

Figure 3b shows the succinate production of the 17
three-point mutant strains in a 7.5-L bioreactor. Time
profiles of the fed-batch culture are summarized in Addi-
tional file 4. Increased succinate production was obtained
with Tangl683 (Aspl01Arg/Aspl48Arg/Gly274Arg),
Tangl684 (Aspl48Arg/AlaA248Phe/Gly274Arg), and
Tang 1688 (Asn73Tyr/Aspl48Arg/Gly274Arg). The lev-
els were 34, 30, and 28% higher, respectively, than that
obtained with empty vector control Tang1509. These 3
optimal mutant strains were selected for further analysis.

Structural basis for the improved affinity

To investigate the mechanism responsible for the
improved affinity, the structures of the wild-type Cra
and the optimal three-point mutants were compared. As
shown in Fig. 4a, three hydrogen bonds and five electro-
static interactions were observed in the wild-type Cra
model. The Cra mutations in Tangl683 resulted in four
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Table 1 The characteristic of single-point mutations, mutation energy, and succinate production

Strain Residue Mutated to Mutation energy (kcal/mol) Effect Succinate production (g/L)
Tang1646 Asp148 Arg —3.15 Stabilizing 338
Tang1647 Gly274 Arg —3.04 Stabilizing 332
Tang1648 Asp101 Arg —2.84 Stabilizing 36.7
Tang1649 Ser75 Lys —2.60 Stabilizing 350
Tang1650 Tyr220 Lys —240 Stabilizing 327
Tang1651 Asp148 Lys —234 Stabilizing 348
Tang1652 Leu191 Lys —2.04 Stabilizing 342
Tang1653 Asn73 Tyr —1.92 Stabilizing 322
Tang1654 Ser246 Lys —1.90 Stabilizing 321
Tang1655 Phe273 Lys —1.58 Stabilizing 316
Tang1656 Tyr76 Arg —1.51 Stabilizing 316
Tang1657 Asp275 Glu —1.50 Stabilizing 325
Tang1658 GIn291 Arg —132 Stabilizing 322
Tang1659 Ala248 Lys —1.22 Stabilizing 339
Tang1660 Arg323 Lys —1.06 Stabilizing 31.7
Tang1661 Asn73 Arg —1.05 Stabilizing 326
Tang1662 Ser75 Arg —1.04 Stabilizing 313
Tang1663 Thr245 Ser —1.04 Stabilizing 30.6
Tang1664 Asp275 GIn —1.02 Stabilizing 305
Tang1665 Asn73 Phe —0.84 Stabilizing 31.8
Tang1666 Lys322 Asp —0.84 Stabilizing 327
Tang1667 Phe247 Pro —0.81 Stabilizing 324
Tang1668 Thr74 Lys —0.75 Stabilizing 320
Tang1669 Ala248 Phe —0.72 Stabilizing 305
Tang1670 Arg149 Lys —0.67 Stabilizing 314
Tang1671 Asp148 Glu —0.40 Destabilizing 331
Tang1672 Tyr220 Pro —0.22 Destabilizing 320
Tang1673 Tyr220 Leu —0.20 Destabilizing 290
Tang1674 Arg197 Lys —0.04 Destabilizing 304
Tang1675 Phe247 Glu 038 Destabilizing 313
Tang1676 Tyr76 Asp 0.95 Destabilizing 30.1
Tang1677 Phe247 Arg 1.08 Destabilizing 293
Tang1678 Ser75 Glu 1.65 Destabilizing 270
Tang1679 Arg149 Phe 1.65 Destabilizing 298
Tang1680 Arg149 His 2.24 Destabilizing 27.2
Tang1681 GIn291 Met 2.54 Destabilizing 257
Tang1682 GIn291 Trp 357 Destabilizing 243

additional hydrogen bonds involving amino acids Asp101
and Argl97 and two additional electrostatic interactions
(Fig. 4b). The Cra mutations in Tang1684 resulted in seven
additional hydrogen bonds, while two additional hydrogen
bonds and four additional electrostatic interactions were
observed in the Cra mutant Tangl1688 (Fig. 4c, d). The
additional interaction forces may have led to closer bind-
ing between Cra and FBP. The energy changes in the Cra-
FBP binding complexes were 4.78, 4.29, and 3.89 kJ/mol in
Tang1683, Tang1684, and Tang1688, respectively (Table 2).

To determine whether the affinities of the Cra mutants
for FBP were enhanced, the interaction parameters of
the Cra protein with FBP were examined by ITC. As
shown in Fig. 5a, the binding of wild-type Cra to FBP
was an exothermic process (AH = —27.4 + 1.3 MJ/mol,
AS = —54.8 £+ 0.8 kJ/mol, AG = —16.8 + 1.4 kJ/mol).
Subsequent calculations allowed us to determine a Cra-
FBP dissociation constant (K;) of 1360 & 6.2 nM, reflect-
ing an interaction between FBP and wild-type Cra. The
results shown in Fig. 5b indicate that the binding of
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Fig. 2 Correlation between succinate production by single-point

mutant strains and the affinity of the Cra mutants for FBP

EBP to the Cra mutant (Tangl683) was enthalpy-driven
(AH = —10.2 4+ 0.7 MJ/mol) and produced a total free
energy change (AG = —18.8 = 1.2 kJ/mol). Favora-
ble (negative) enthalpy changes can be attributed to
hydrogen bonding or a van der Waals force interaction
between FBP and amino acids at the effector-binding
site. Further calculations revealed a high protein-effector
affinity (K, = 154.2 & 4.3 nM). The interaction results for
the Tang1684 Cra mutant with FBP were similar to those
of Tang1683 (Fig. 5¢). The interaction was both enthalpy-
driven (AH = —21.0 £ 1.3 MJ/mol) and entropy-driven
(AS = 54.7 £+ 2.3 kJ/mol), producing a total free energy

Table 2 The characteristic of three-point mutations, mutation
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change (AG = —16.3 £ 0.7 kJ/mol). Moreover, the pro-
tein-effector affinity was high (K; = 728.3 + 3.8 nM).
The interaction results for the Tangl688 Cra mutant
with FBP are shown in Fig. 5d. The interaction was
enthalpy-driven (AH = —16.3 + 0.8 MJ/mol), produc-
ing a total free energy change (AG = —23.4 + 0.4 kJ/
mol). A high protein-effector affinity was also observed
(K; = 809.1 &+ 4.6 nM), indicating that the mutation
enhanced the affinity of Cra for FBP and suggesting that
the improved succinate production by the Cra mutant
is likely associated with the improved affinity of Cra for
FBP.

The expression levels of genes and activities of enzymes
involved in succinate biosynthesis are affected by Cra
mutations

To explore the effects of Cra mutations on succinate
biosynthesis, first, the mRNA transcripts from 11 genes
involved in succinate biosynthesis were analyzed using
semi-quantitative RT-qPCR. The activities of 10 enzymes
were then measured during the fermentation period. The
11 genes, including pfkB (encoding phosphofructokinase,
PFK), ppc (encoding phosphoenolpyruvate carboxylase,
PPC), pck (encoding phosphoenolpyruvate carboxykin-
ase, PCK), mdh (encoding malate dehydrogenase, MDH),
fumB (encoding fumarase, FRD), frdA (encoding fuma-
rate reductase, FUM), gltA (encoding citrate synthetase,
CS), icd (encoding isocitrate dehydrogenase, ICDH),
aceA (encoding isocitrate lyase, ICL), aceB (encoding
malate synthetase, MS), and ic/lR (encoding IcIR tran-
scriptional repressor), and 10 corresponding enzymes

energy, and succinate production

Strain Mutated to Mutation energy (kcal/mol) Succinate production (g/L)
Tang1683 Asp101Arg + Asp148Arg + Gly274Arg —4.78 92.7
Tang1684 Asp148Arg + Ala248Phe + Gly274Arg —4.29 90.0
Tang1685 Asp148Arg 4 Tyr220Lys + Gly274Arg —4.19 79.1
Tang1686 Asp101Arg + Asp148Arg + Ser246Lys —4.03 79.3
Tang1687 Asp148Arg 4 Gly274Arg + Asp275GIn —3.99 794
Tang1688 Asn73Tyr + Asp148Arg + Gly274Arg —3.89 88.3
Tang1689 Ser75Lys 4+ Ala248Phe + Gly274Arg —3.75 775
Tang1690 Asp148Arg 4 Thr245Ser + Gly274Arg —3.68 789
Tang1691 Asp148Arg + Ser246Lys + Gly274Arg —3.63 73.7
Tang1692 Ser75Lys + Ser246Llys + Gly274Arg —345 75.0
Tang1693 Asp148Arg + Ser246lys 4+ Phe247Pro —3.36 735
Tang1694 Asp148Arg + Phe273Lys + Gly274Arg —3.36 736
Tang1695 Asp148Arg + Tyr220Lys + Ser246Lys —333 69.8
Tang1696 Asp148Arg + Phe247Pro + Gly274Arg —3.22 703
Tang1697 Asp148Arg + Ser246Lys + Ala248Phe —3.18 703
Tang1698 Ser75Lys + Phe273Lys 4 Gly274Arg —3.17 70.1
Tang1699 Ser75Lys + Gly274Arg + Asp275GIn —3.16 69.8
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were selected based on their association with succinate
biosynthesis.

As shown in Fig. 6a, RT-qPCR revealed that pck and
aceB were significantly up-regulated in Tangl683,
Tangl684, and Tangl688. Cra acts as an activator of
genes involved in the glyoxylate shunt [13] and pck
involved in phosphoenolpyruvate (PEP) carboxylation
[16]. After mutating Cra, this activation was enhanced,
confirming that the glyoxylate shunt and PEP carboxy-
lation are important pathways for succinate biosyn-
thesis [26, 35]. These obvious positive transcriptional
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influences may promote the biosynthesis of succinate. It
should be noted that ppc was up-regulated in Tang1688
and that aceA was down-regulated in Tangl683 and
Tangl688, although previous studies have demon-
strated that Cra inhibits ppc and activates aceA [13, 36].
These results suggest that Cra mutations may partially
change its regulatory mode and effects. Mutations in
Asn73 and Aspl01 were particularly important for the
regulatory function of Cra. However, after mutation,
the expression levels of 27 genes involved in the gly-
colytic pathway, the sugar phosphotransferase system,
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malate dehydrogenase, FUM fumarate, FRD fumarate reductase, CS citrate synthase, ICDH isocitrate dehydrogenase, /CL isocitrate lyase, MS malate
synthetase. Experiments were conducted in triplicate, and the error bars represent the standard deviation
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and propionate catabolism, among other areas, which
should be repressed by Cra, were still down-regulated
(data not shown). The expression levels of genes involved
in the reductive branch (mdh, fumB, and frdA) of the
TCA cycle were partially up-regulated in Tang1683 and
Tangl688. This result may be due to the interaction
between Cra and other transcription factors, such as
cyclic AMP receptor protein (CRP). In a previous report,
Cra positively controlled the expression of the crp gene
[37], while mdh and fumB were activated by CRP [38].

As shown in Fig. 6b, PFK activity was the highest in
Tang1534. This result indicates that PFK is activated by
Cra overexpression but not by its mutation. After mutat-
ing Cra, the activity of PPC decreased, while PCK activity
significantly increased. The patterns of PCK activity were
similar to those observed by expressing the correspond-
ing genes, suggesting that PCK is the main enzyme cata-
lyzing PEP carboxylation in the Cra mutants and that the
obvious enhancement of gene expression and PCK activ-
ity may promote succinate biosynthesis. Active PEP car-
boxylation may increase the concentration of oxaloacetate
(OAA), which could activate enzymes involved in the
reductive TCA cycle as substrates. The activities of FUM,
FRD, and CS were all improved after mutation. However,
the activity of ICDH, which catalyzes the conversion of
isocitrate to o-ketoglutarate, decreased after mutation,
suggesting that the intermediate isocitrate is shunted by
other branches such as the glyoxylate pathway. This infer-
ence was proven by the enhanced ICL activity. MS activ-
ity was the highest in the Cra mutant (Tangl1684). The
enhanced activities of enzymes in the glyoxylate pathway
may thus promote succinate biosynthesis.

In summary, most genes and enzymes involved in PEP
carboxylation, the glyoxylate pathway, and the reductive
TCA cycle were activated due to the mutation of Cra
either directly or indirectly, in particular pck and aceB.
This activation may explain why succinate production
was significantly improved after mutation. These pheno-
types are similar to those reported in other global regula-
tory reports [4]. When E. coli NZN111 cells were grown
aerobically on acetate, succinic acid production was
greatly improved without further genetic modifications.
Additionally, the activities of ICL, MDH, and PCK were
greatly enhanced, suggesting that global regulation could
be an effective approach by which to enhance succinate
production.
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Enhanced DNA binding by Cra mutation
To verify that the activation of pck and aceB was directly
caused by Cra mutation, a non-radioactive EMSA was
conducted to demonstrate the binding of DNA to Cra.
As shown in Fig. 7a, when Cra was present in the reac-
tion alone, increasing amounts of Cra enhanced binding.
To more clearly describe the changes in binding, a gray-
scale analysis was performed (Fig. 7b). The band inten-
sity increased with increasing Cra concentrations, and
the amount of free DNA decreased with decreasing Cra
concentrations. Compared with wild-type Cra, the bind-
ing of the pck promoter sequence to the Cra mutants
was enhanced. When Cra was present with FBD, there
was no significant change in the interaction between
wild-type Cra and pckp (Fig. 7c). The binding of pckp to
the Cra mutants was further enhanced in the presence
of FBP, particularly in Tangl683 (Fig. 7d). As shown in
Fig. 7e, the binding of pckp (Tang 1534) to Cra with FBP
was an endothermic process (AH = —27.4 + 1.3 MJ/
mol, AS = —91.8 & 1.4 kJ/mol, AG = —16.8 &+ 0.5 kJ/
mol). The K, values of pckp binding to Cra in Tang1534,
Tang1683, Tangl1683, and Tangl688 were 1123.6 £ 4.2,
90.9 £ 0.6, 133.3 £ 1.3, and 171.0 £ 1.6 nM, respectively,
despite previous reports suggesting that Cra-regulated
operons under positive control would be deactivated in
the presence of FBP [15, 19]. Therefore, theoretically, the
enhanced interaction between Cra and FBP would inhibit
the activation of pck. However, after Cra mutation, the
activation of genes involved in CO, fixation was further
improved with enhanced binding affinity (Fig. 6a). This
result indicates that FBP is invalid and can be explained
by two possibilities: first, when the affinity of Cra for FBP
increased, the close interaction affected the regulatory
function of FBP, thereby eliminating the inhibitory effect
of FBP on Cra, and the elimination effect was enhanced
with increased binding affinity; second, mutation of the
active sites may have led to changes in the structure of
the binding cavities, so that FBP could not perform its
normal regulatory functions by binding to Cra. In this
situation, when the binding affinity of the Cra mutants
for FBP was enhanced, the positive effect of Cra on the
expression of genes (such as pck) was further strength-
ened, ultimately contributing to succinate biosynthesis.
The binding of aceB promoter sequences to Cra was
similar to that of pckp. This set of data clearly demon-
strates that compared to wild-type Cra, the binding
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affinity of aceBp to the Cra mutants was enhanced in
the presence of FBP (Fig. 8c, d). However, when FBP
was absent, the enhanced interaction was accompa-
nied by the increased protein concentrations of the Cra
mutants (Fig. 8a, b). The K values of aceBp binding to
Cra with FBP in Tangl534, Tangl683, Tangl683, and
Tangl688 were 1102.2 + 4.7, 271.8 + 1.3, 340.1 + 1.8,
and 410.0 &+ 2.6 nM, respectively (Fig. 8e). The contacts
between aceBp and Cra led to a lower affinity bind-
ing interaction than that between pckp and Cra. This

weakened interaction was consistent with the decreased
level of gene expression.

Conclusions

To support the hypothesis regarding the relationship
between succinate biosynthesis and the binding affin-
ity of Cra for FBP, several saturation mutations aimed
at improving binding affinity were generated through
the semi-rational design of the Cra protein. As the most
appropriate model, cubic regression was used to describe
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the relationship, and a positive correlation between the
binding affinity of Cra for FBP and succinate produc-
tion was demonstrated for the first time. The highest
succinate production of 92.7 g/L was obtained using
the optimal mutant strain (Tangl1683) with the highest
binding affinity. The inhibitory effect caused by FBP was
eliminated, likely because of the enhanced binding affin-
ity between Cra and FBP or by mutations at active sites.
Most genes and enzymes involved in PEP carboxylation,
the glyoxylate pathway, and the reductive TCA cycle
were activated upon mutation of Cra, either directly or
indirectly, especially pck and aceB, ultimately contribut-
ing to succinate biosynthesis.
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