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Abstract For making a complex synthetic gene network
function as designed, the parameters in the network have to
be extensively tuned. In this study, a simple and general ap-
proach to rapidly tune gene networks in Escherichia coli was
developed, which uses the hypermutable simple sequence re-
peats embedded in the spacer region between the ribosome
binding site and the initiation codon. It was found that the
change of sequence length and compositions of the repeated
base pairs in 5'UTR contributes together to the changeable
expression levels of the target gene. The mechanism of this
phenomenon is that the transcriptional process makes greater
impact on the expression level when compared to the transla-
tional process, which is utilized to successfully predict sample
gene expression levels over a 50-fold range. The utility of the
approach to regulate heterologous ecaAd and pepc gene expres-
sion in the engineered E. coli for improving succinic acid yield
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and production has also been demonstrated. When the expres-
sion level of ecad gene was 3.53-fold of the control and the
expression level of pepc gene was 1.06-fold of the control, the
highest yield of succinic acid and productivity were achieved,
which was 0.87 g g ' and 2.01 g L' h™", respectively.

Keywords Gene regulation - RNA polymerase holoenzyme -
RBS - Transcriptionallevel - Translational level - Succinicacid

Introduction

Synthetic biology has emerged as a new branch of life sci-
ences in the twenty-first century (Tong et al. 2001; Benner and
Sismour 2005). The great success of constructing artificial life
and producing antimalarial drug artemisinin (Gibson et al.
2010; Ro et al. 2006; Paddon and Keasling 2014) has aroused
more and more attention on synthetic biology. Recently, the
studies of synthetic biology have made great progress in the
fields of medicine, e.g., the synthesis of antibiotic, antibody,
and new treatments (Yeh et al. 2009; Langer and Tirrell 2004;
Leitao and Engutia 2014), biological energy source, e.g., the
alcohol and hydrocarbon production (Hawkins et al. 2013;
Yang et al. 2012; Bi et al. 2013; Rabinovitch-Deere et al.
2013; Lee et al. 2012; Keasling 2010), bio-based chemicals,
e.g., the production of succinic acid and fatty acids by
engineered bacteria (Liu et al. 2013; Wang et al. 2014a; Ye
and Bhatia 2012) and other industrial circles, environmental
protection, and agricultural production (Mossman et al. 2007;
Mayfield 2013). While the focus of the synthetic biology in
the above fields is to construct artificial gene regulatory net-
works in biological systems (Feist and Palsson 2008), accord-
ingly, metabolic network reconstructions have significantly
expanded over the past two decades.
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For the appropriate gene regulation is critical to the imple-
mentation of designed multigene networks, it is very impor-
tant to control the expression levels of the individual gene to
operate genetic networks at the desired levels and to achieve
the idealized dynamic ranges, particularly when regulating
toxic genes or those that may interfere with the host back-
ground (Callura et al. 2010; Zhang et al. 2012; Beato 1989;
Lu et al. 2009). However, the reliable and predicable gene
regulation presents unique challenges as genetic parts such
as promoter (Alper et al. 2005; Cox et al. 2007; Lescot et al.
2002), ribosome binding site (RBS) (Barrick et al. 1994; Chen
et al. 1994; Zelcbuch et al. 2013; Levin-Karp et al. 2013;
Oliver et al. 2014; Mutalik et al. 2012; Salis et al. 2009), and
RNA (Sakai et al. 2014; Laetitia and Martin 2006) often be-
have unexpectedly when they are used in novel designs. A
gene regulation system that has been predicted analytically
to perform well may perform poorly in practice.
Furthermore, even a gene regulation system can be made to
work well in a particular strain or environment, there is no
guarantee that the same gene regulation system will work well
if it is ported to a new strain or environment (Fischbach and
Voigt 2010).

The key part in metabolic engineering is the gene regula-
tion by genetic tools, in which, the metabolic networks and
gene regulation can be optimized or directly modified to en-
hance metabolite production or synthesize novel compounds
by using metabolic processes (Zhu et al. 2013; Dong et al.
2012; Bailey 1991). One way to improve the performance of
a gene network is to introduce focused variability into the
design and generate a library with the same genetic
components. Egbert and Klavins (2012) have introduced a
tuning mechanism for gene regulation in Escherichia coli, in
which the expression of a gene was altered by introducing the
5'UTR spacer region between RBS and initiation codon with
the high mutation rate and strong bias for insertion/deletion
mutations inherent to simple sequence repeats (Vellanoweth
and Rabinowitz 1992). The library of regulation sequences is
called rbSSR library sequences. However, the selection of the
appropriate gene expression level was not explicitly addressed
in the study due to its complexity. Moreover, they only tested
the target gene expression on protein level and chose the ex-
pected gene expression level by microscopy assays. In this
study, rbSSR libraries for eca4 and pepc genes have been built
and the target gene expression is extensively investigated on
both the protein level and mRNA level. Comparing the differ-
ent rbSSR sequences with the homologous mRNA content
and final gene expression level embodied by enzyme activi-
ties, a fine-tuning system for gene expression was established.

Moreover, the quantitative regulation system for the gene
expression based on the rbSSR library was used for succinic
acid production by E .coli. Succinic acid is regarded as one of
the top 12 chemical building blocks from biomass by the US
Department of Energy (Werpy and Petersen 2004). The
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conventional production of succinic acid is petrochemical-
based, while the bio-based succinic acid has not yet become
competitive due to the higher production costs (McKinlay
et al. 2007) and relatively lower yield and inefficient produc-
tivity (Liu et al. 2008; Balzer et al. 2013). Gene overexpres-
sion is considered to be an effective strategy to improve the
bio-based succinic acid production by enhancing enzymatic
activities and constructing a new pathway, e.g., the phospho-
enolpyruvate carboxylase (PEPC), malic enzyme (MaeB), and
pyruvate carboxylase (PYC) overexpression (Zhang et al.
2009; Eiteman and Miller 1995; Thakker et al. 2011; Wang
et al. 2014b; Liang et al. 2011).

During the production of succinic acid by using E. coli, the
catalyzed carboxylation of phosphoenolpyruvate (PEP) to ox-
aloacetate (OAA) by PEP carboxylase (PEPC) is considered
as the most important step (Kai et al. 2003), in which, 1 mol
CO, is assimilated to form the first C4 metabolites OAA
(Clark 1989). It has been reported that the overexpression of
ecaA gene (encoding for carbonic anhydrase) and pepc gene
(encoding for PEPC) in E. coli can improve the efficiency of
this reaction (Wang et al. 2009; Liu et al. 2013). The overex-
pression of ecad gene can lead to the accumulation of HCO®~
as the substrate for PEPC and debilitate the leakage of CO, in
the cytoplasm, while the overexpression of pepc gene can
accelerate the carboxylation of phosphoenolpyruvate (PEP)
to oxaloacetate (OAA) (Liu et al. 2008). In our preliminary
experiments, we investigated the co-expression of these two
genes, but the inhibition of cell growth and reduction of
succinic acid production were found. Therefore, a new meth-
od is necessary to ensure these target genes to express at a
desirable level and function positively as expected. For
achieving this objective, the rbSSR library was built and used
to tune the desirable expression level of ecad gene and pepc
genes with the aim to improve the production of succinic acid
in this study. The content of eca4 mRNA and pepc mRNA as
well as the enzyme activities of carbonic anhydrase (CA) and
PEPC were analyzed, and a quantitative model was developed
for helping to choose the appropriate gene expression level.
We believed that this is the first study to demonstrate that
rbSSR can be used to fine-tune metabolic pathways in
engineered strains for the production of bulk chemicals.

Materials and methods
Strains, plasmids, and primers

The strains, plasmids, and primers used for polymerase chain
reaction (PCR) amplification in this study were showed in
Table S1. E. coli DC1515 [pfli4::Cam IdhA::Tn 10
ptsG400::Kan in W1485] was kindly provided by Prof.
Clark, Southern Illinois University.
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Construction of artificial regulatory rbSSR library
Construction of eight parent plasmids

To understand the effects of expression control with tbSSR 1i-
brary, four tbSSR spacer motifs: (A)s, (AT)g, (AC)g, and (C);4
were experimentally examined to test their effects on the expres-
sion of target genes of ecad and pepc. For each motif is corre-
sponding to one gene, a parent plasmid was constructed with a
trc promoter. The backbone for the parent plasmids was gener-
ated from a pTrchisB plasmid by digestion with endonucleases
BamHI and Hindlll, followed by gel extraction and purification.
Eight fragments (four ecad gene fragments and four pepc gene
fragments) were amplified from Anabaena sp. PCC 7120 geno-
mic DNA using primers tbSSR-ecaA-upl and rbSSR-ecaA-
down, rbSSR-ecaA-up2 and rbSSR-ecaA-down, rbSSR-ecaA-
up3 and rbSSR-ecaA-down, rbSSR-ecaA-up4 and rbSSR-
ecaA-down; tbSSR-pepc-upl and rbSSR-pepc-down, rbSSR-
pepc-up2 and tbSSR-pepc-down, thSSR-pepc-up3 and rtbSSR-
pepc-down, tbSSR-pepc-up4 and tbSSR-pepc-down, respective-
ly (Table S1). Then, the eight products were isolated and purified.
The backbone and eight products were joined respectively using
T4 ligase to obtain the eight parent plasmids: pTrc-ecaAl
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CDS of ecaA

Backbone for parent plasmids:
pTrchisB plasmid by digestion
with endonucleases BamHI and
Hindlll

SUTR | ATATATATATATATAT YUTR

S'UTR CCCCCCCCOCCCCCCC | ATG=<NNNNN-== | 3'UTR
The backbone and 8 products were
joined respectively to give the 8 parent
plasmids

Parent plasmids

Getting 8 parents plasmids
b

Fig. 1 Construction of the ecad and pepc gene with tbSSR library
sequences. a The simple sequence repeats ((A)g, (AC)g, (AT)g, (C)16)
are embedded in the region between ribosome binding site and the
initiation codon of the ecad and pepc gene; b getting the eight parent
plasmids: backbone (pTrchisB plasmid by digestion with BamHI and
Hindlll) and eight products were joined, respectively, using T4 ligase to

containing (A);¢ sequence in tbSSR region, pTrc-ecaA2 contain-
ing (AT)g sequence in rbSSR region, pTrc-ecaA3 containing
(AC)g sequence in tbSSR region, pTrc-ecaA4 containing (C);¢
sequence in rbSSR region; pTrc-pepcl containing (A);¢ se-
quence in tbSSR region, pTrc-pepc2 containing (AT)g sequence
in rbSSR region, pTrc-pepc3 containing (AC)g sequence in
bSSR region, pTrc-pepcd containing (C),6 sequence in tbSSR
region. All the engineering plasmids were verified by DNA se-
quencing at Shanghai Sangon Biological Engineering
Technology & Service Co., Ltd.

Generation of rbSSR library

Due to the inherent instability of repeats, PCR—even with a high
fidelity polymerase—results in insertions and deletions of thSSR
sequence repeat units with a strong bias for deletion. The gener-
ation of tbSSR library via PCR was illustrated in Fig. 1. Spacer
variation for the rbSSR library was generated by PCR with 2x
Taq PCR Green mix (Dingguo) using the eight parent plasmids
as the templates, respectively. tbSSR-ecaA-up and rbSSR-ecaA-
down were used as primers when pTrc-ecaAl, pTrc-ecaA2,
pTrc-ecaA3, and pTrc-ecaA4 were used as the templates;
bSSR-pepc-up and rbSSR-pepc-down were used as primers

Parent plasmid as template
- NNNNNN-- BERESEN  NNNNNNNNNNNNNNNN | ATGNNN

Via PCR l(A)u; (AC)4;(AT)g; (C),6 sequences mutated

3'UTR

[NNNNNNNeeerreseesseeenes " RBS NNNN [AGaas NNNNN-seeeeees |

Getting the fragments which the sequence
between RBS and initiation mutated

NN SR TG NN
B sk ATG NN
SR
AN sy e
SR
wssR

Backbone and mutated fragments were joined
to give the plasmids containing target gene with
rbSSR sequences

d

obtain the eight parent plasmids; ¢ the simple sequence repeats ((A)e,
(AC)g, (AT)s, (C)16) mutated for the rbSSR library were generated by
PCR using the eight parent plasmids as templates, respectively; d
Backbone and mutated fragments were joined by T4 ligase to obtain the
plasmids containing target gene with rbSSR library sequences
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when pTre-pepcl, pTre-pepc2, pTrc-pepc3, and pTrc-pepcd
were used as the templates (Table S1). PCR amplicons were
purified by the gel extraction. The backbone and rbSSR
amplicons were joined using T4 ligase and introduced directly
into E. coli DC1515. The engineered E. coli strains containing
the plasmids which express ecad gene with thSSR region were
named as KCA1 library, and the engineered E. coli containing
the plasmids which express pepc gene with tbSSR region were
named as KPC1 library. All the fragments in the plasmids were
verified by DNA sequencing at Shanghai Sangon Biological
Engineering Technology & Service Co., Ltd.

Growth and fermentation conditions

For the tbSSR library construction, all E. coli strains were cul-
tured in Luria-Bertani (LB) medium at 37 °C including tryptone,
10 g L™"; yeast extract, 5 g L™ '; and NaCl, 10 g L. Antibiotics
were included as necessary at a concentration of 50 pug mL ™
ampicillin. The colonies that contain the recombinant plasmids
were selected from LB plates containing the appropriate antibi-
otic(s). For the succinic acid production, the colonies which
contain recombinant plasmids were selected from LB plates
containing the appropriate antibiotic(s). Antibiotics were includ-
ed as necessary at the following concentrations: 50 ug mL™
ampicillin, 50 pg mL ™" kanamycin, 10 pug mL™" tetracycline,
and 30 pg mL ™' chloramphenicol. The fermentation medium
contains tryptone, 20 g L™'; yeast extract, 10 g L™'; MgSO,-
7H,0, 0.3 g L™'; Na,HPO,- 12H,0, 0.45 g L™'; NaH,PO,-
2H,0, 6 g L'; (NH4),S04-7H,0, 3 g L™'; CaCl,, 0.2 g L™".
After being inoculated into 5> 100 mm tubes containing 3 mL
LB, the colonies were grown at 37 °C and 220 rpm overnight.
Two hundred microliters seed inoculum from an overnight
5-mL culture was added to a 100-mL flask containing 20 mL
of LB medium with the appropriate antibiotic(s) to facilitate the
aerobic growth. When ODg reached 1.0, the culture (1 mL)
was inoculated into a 50-mL sealed serum tube, which contained
20 mL fermentation medium supplemented with MgCOs, the
appropriate antibiotic(s), 0.3 mM isopropyl-3-D-thiogalactopy-
ranoside (IPTG), and approximately 20 g L™' glucose. The ini-
tial pH of the medium was controlled to be 7.0. The tubes were
sealed airtight for not allowing gas exchange with the outside
atmosphere. Since the headspace of the tube was not replaced
with CO,, this setup allows the cells to grow faster in the pres-
ence of oxygen and, therefore, was preferred in the fermentation
experiments because it can help generating biomass before the
anaerobic fermentation occurs. The cultures were grown in a
rotary shaker at 37 °C and 180 rpm for 48 h.

mRNA analysis and enzyme assays
Messenger RNA analysis was performed by reverse transcrip-

tion polymerase chain reaction (RT-PCR) and real-time PCR.
Total RNA was isolated using an E.Z.N.A Total RNA Kit I
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(Omega), 10 pg total RNA was reversely transcribed with re-
verse transcriptase (Vazyme) to obtain the cDNA. The real-time
PCR was performed in an iCycler (Bio-Rad) monitoring double-
stranded DNA assayed continuously with SYBR-Green
(Invitrogen). The fragments of the target genes and ampicillin
gene in the diluted cDNA were amplified in a PCR with
AmpliTaq Gold by the primer sets: CA-RT-up, CA-RT-down,
PC-RT-up, PC-RT-down and AMP-RT-up, AMP-RT-down
(Table S1). The Ct value of the target gene was compared to that
of the amp gene which contained in the pTrchisB plasmid to test
the expression of the target genes on the transcriptional level.
To analyze the enzyme activities, cell extracts of the E. coli
strains were prepared by washing the cell pellets with an appro-
priate buffer (50 mmol L™ Tris-HCI (pH=8.0), 1.0 mmol L™
EDTA, 1.0 mmol L™' EGTA, 0.05 %v/v NP40 and
0.1 mmol L' DTT) and disrupting the suspended cells by son-
icating at 100 W for 10 min at 30 s intervals on ice. Cell debris
was removed by centrifugation at 10,000g for 10 min at 4 °C.
The supernatant was further centrifuged at 10,000g at 4 °C for
20 min, and the resulting supernatant was used for the enzyme
activity assay. CA activity was expressed in Wilbur-Anderson
(Wibur and Anderson 1948) units per milligram of protein and
was calculated using the formula of CA activity=[(¢,/t—1)* 10]/
mg protein, where £, and ¢ represent the time required for the pH
to change from 8.0 to 7.0 in the buffer control and cell extracts,
respectively. The PEP carboxylase (PEPC) activity was assayed
by monitoring the decrease in absorbance of NADH at 340 nm
using malate dehydrogenase as the coupling enzyme according
to the Kodaki’s method (Kodaki et al. 1985). One milliliter
reaction mixture for PEPC analysis is consisted of
50 mmol L™' HEPES (pH=7.3), 5.0 mmol L™' PEP,
10 mmol L™ MgCl,, 5.0 mmol L ' NaHCOs, 4 units of malate
dehydrogenase, 0.2 mmol L' NADH, and 25 pL cell extract.
The extinction coefficient for NADH at 340 nm was
6.22 mmol L' cm™". 1 U of PEPC activity was defined as the
activity of oxidizing 1 pmol L' NADH min ™" at 30 °C.

Analytical methods

Glucose consumption and product (succinic acid, lactate, for-
mate, acetate, and ethanol) formation during the fermentation
were analyzed by using HPLC equipped with a Bio-Rad
Aminex HPX-87H ion-exchange column (7.8 by 300 mm)
and HP1200 chromatography working station system with
UV absorbance and refractive index detectors. The samples
of anaerobic culture were removed anoxically and centrifuged
at 10,000 rpm for 10 min. The supernatants were then diluted
with 10 volumes of 5 mM H,SO, to be used as the HPLC
samples. During each measurement, the column was eluted
isocratically at a rate of 0.6 mL min ' with 5 mM H,SO,
under 55 °C. The approximate retention time were glucose,
8.9 min; succinic acid, 11.5 min; lactic acid, 12.5 min; formic
acid, 13.65 min; acetic acid, 14.86 min; and ethanol, 21.4 min.
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Calculation of succinic acid yields

In this study, each measurement was repeated for three times,
and the average values of the data were reported with the error

the fermentation volume (L) x the maximum succinate concentration (g L™)

bars of the standard deviation. The succinic acid yields were
calculated from the maximum succinic acid concentration, the
total amount of sugar consumed during the fermentation, and
the final volume of the fermentation according to Eq. 1.

Succinic acid yield ( g g'l) =

the total amount of sugar added (g)

Results

Construction of parent plasmids containing the ecaA4 gene
and artificial regulatory engineered E. coli library

Four parent plasmids (pTrc-ecaAl, pTrc-ecaA2, pTrc-ecaA3,
pTrc-ecaA4), containing the ecad gene from Anabaena sp.
PCC 7120 under the control of the trc promoter, were con-
structed. Gel electrophoresis of the BamHI and HindIIl
digested samples was implemented to identify the positive
clone. The approximately 900 bp DNA fragments digested
by BamHI and HindIIl were the same length of ecad as ex-
pected. The four rbSSR spacer motifs were (A)s, (AC)g,
(AT)g, and (C)¢, respectively.

By taking advantage of the inherent instability of repeats
during replication, especially in PCR, a plasmid library was
generated by amplifying a region of each parent plasmid
flanking the rbSSR sequence and reinserting the mutated frag-
ments into a plasmid backbone. The resulting plasmids con-
stituted the artificial regulatory pTrc-ecaA plasmid libraries.

The reinsertion fragments in the resulting plasmids were
verified, and the results showed that the rbSSR sequences
were mutated in two aspects: changed in length; mutated in
base. For instance, the (A);, was mutated into (A);3 or (A);s;
(A)¢ was also mutated into AAACAATAAAAGAAAA,
AAGAACAATTAAAGAA in some clones. Similar muta-
tions have been found in the other three parent plasmids, the
rbSSR sequence of them are (AT)g, (AC)g, and (C)ys,
respectively.

Subsequently, the artificial regulatory plasmids were intro-
duced into DC1515 to obtain the engineered E. coli library
KCAL.

Effect of different sequences of rbSSR on the expression
of ecaA gene on transcriptional level

A total of 320 colonies were selected from the engineered
E. coli libraries KCA1. All the recombinant plasmids in the
320 colonies were sequenced at Shanghai Sangon Biological
Engineering Technology & Service Co., Ltd. The effect of
different sequences of tbSSR on the expression of ecad gene

on transcriptional level will be introduced in the following two
aspects: different lengths and different bases of tbSSR on the
expression of ecad gene on transcriptional level.

Effect of rbSSR length on the expression of ecad gene
on transcriptional level

A previous study (Egbert and Klavins 2012) has reported that
the gene expression level decreases with an increase in rbSSR
length. In this study, four groups of colonies have been
screened from the 320 colonies, in which the rbSSR se-
quences in the recombinant plasmids are (A),, (AC),, (AT),,
and (C),,, respectively (n: repeats of either a single or a pair of
nucleotides). The ecad gene expression on the transcriptional
level was tested by the real-time quantitative PCR. As showed
in Fig. 2a, the transcriptional level of ecad gene in the four
groups of colonies was not totally same as that deduced ac-
cording to Egbert’s report. With motif (A),, (AC),, and (AT),,
in the approximately 6- to 8-bp range, the transcriptional level
of ecad gene increases with an increase in rbSSR length;
while when the tbSSR length is out of the range, the transcrip-
tional level of ecad gene decreases with an increase in rbSSR
length. Moreover, for the rbSSR sequences of (A), and (AT),,
the best tbSSR length corresponding to the highest transcrip-
tional level is 6; for the rbSSR sequence of (AC),, the best
rbSSR length is 8. However, for the tbSSR sequence of (C),,
the transcription of ecad gene maintains at a low level with the
change of the rbSSR length.

Effect of different base in rbSSR on the expression of eca4
gene on transcriptional level

Although the four groups of colonies screened from the 320
colonies revealed similar effects on the expression of ecad
gene on the transcriptional level, the best tbSSR length corre-
sponding to the highest transcriptional level was different for
different colonies. It is hypothesized that the compositions of
base pairs in the tbSSR sequences of ecad could affect the
expression of ecad gene. In order to testify the hypothesis, the
other five groups of colonies were screened from the 320
colonies. Each group of colonies have the same rbSSR length
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< 8 pTrc-pepc3, pTrc-pepcd) and to obtain the engineered
Z E. coli library KPC1 containing 320 colonies.
% 7 - n Four groups of colonies were screened from the 320 colo-
S 6F A (AT, nies, the tbSSR spacer in the recombinant plasmids contained
3 5 i in the colonies is (A),, (AC),, (AT),, (C),, respectively. The
E I pepc gene expression on the transcriptional level was tested by
o 4r using the real-time quantitative PCR; as expected, similar re-
_‘:_-3' 3 i sults were obtained as the expression of gene ecad (Fig. 3a).
’?-;_ - When the rbSSR sequence is (A),,, (AC),, and (AT),, respec-
g 2 i tively, the best tbSSR length attributed to the highest transcrip-
T | tional level is 5, 6, and 5. For the rbSSR sequence of (C),,, a
e lower transcriptional level of pepc gene was obtained. The
00 18 Dbest tbSSR lengths for the four motifs corresponding to the

Length of rbSSR
a

Fold amplification of ecaA mRNA

0 2 4 6 8 10 12 14 16 18
Number of A,T base in rbSSR

b

Fig. 2 Effect of different rbSSR sequences on ecad transcription
(mRNA amplification). a Effect of different rbSSR sequence lengths on
ecad transcription (mRNA amplification); b effect of different base in
rbSSR on ecaA transcription (MRNA amplification)

of4,7,10, 13, and 16, respectively, but their rbSSR bases are
random. The rbSSR bases of the colonies were sequenced, and
the coresponding ecad gene expression on the transcriptional
level was tested by the real-time quantitative PCR. The results
in Fig. 2b showed that the difference of the rbSSR contents of
A, T affects the expression of eca4 gene on the transcriptional
level. For the tbSSR with a same length, a higher transcrip-
tional level of ecad gene can be achieved with a higher con-
tent of A, T bases.

Effect of the rbSSR libraries on the expression of pepc
gene on the transcriptional level

The effect of artificial tbSSR library on the expression of pepc

has also been tested. The same method was employed to con-
struct the four parent plasmids (pTrc-pepcl, pTrc-pepc2,
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highest transcriptional level of pepc are different, but they
exhibit the same characteristic. When the rbSSR length is
within the approximately 5- to 6-bp range, the transcriptional
level of pepc genes increases with an increase in tbSSR

—=—(A),
e (AC)n
—A—(AT),
—v—(0),

Fold amplification of pepc mRNA
w
T

2
1 -
0
0
Length of rbSSR
a
4.0

Fold amplification of pepcmRNA

ooLb— 0 vy
o 1 2 3 4 5 6 7 8 9 10

Number of A,T base in rbSSR

b

Fig.3 Effect of different rbSSR sequences on pepc transcription (nRNA
amplification). a Effect of different tbSSR sequence lengths on pepc
transcription (MRNA amplification); b effect of different base in tbSSR
on pepc transcription (mMRNA amplification)
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length. While the rbSSR length is out of the range, the tran-
scriptional level of pepc gene decreases with an increase in
rbSSR length.

In order to examine the effect of the A, T contents on the
expression of pepc gene on the transcriptional level, two
groups of colonies with the same rbSSR length of 12 and 15
were screened from the 320 colonies. The pepc gene expres-
sion on transcriptional level was tested by the real-time quan-
titative PCR, and the results were showed in Fig. 3b. Similar
to the results of the ecad gene, the transcriptional level of pepc
gene increases with an increase in the content of A, T bases.

Effect of rbSSR sequence on the expression of the two
genes on the translation level

In vivo, the gene expression was controlled at the two aspects:
the transcriptional level and the translational level. Although
the mRNA level in the cell can be tuned through the rbSSR
library, the protein level may not be correspondingly regulat-
ed, i.e., the excessive mRNAs may not express excessive pro-
teins. In order to verify whether the rbSSR library can regulate
the gene expression simultaneously at both the transcriptional
and translational level, eight colonies were randomly picked
and grown in LB medium for enzyme assays. The tbSSR
sequences in the eight colonies were sequenced, and the fold
amplification of eca4 mRNA amplification was tested by
using the real-time quantitative PCR, the gene expression
strength on the translational level was tested by using enzyme
assays and the results were showed in Table 1. With the var-
iation of rbSSR sequences, the fold amplification of ecad
mRNA changes correspondingly, resulting in the different

activities of the target enzyme. However, the activity of the
target enzyme is almost proportional to the fold amplification
of ecaA mRNA, a linear relationship could be built between
the fold amplification of the enzyme activity as showed in
Eq. 2 (for ecad gene, R*=0.9977) and Eq. 3 (for pepc gene,
R*=0.9964).

CA activity (U mg ' protein)
= 0.863 x the fold amplification ofecaAmRNA + 0.0276
(2)
PEPC activity (U mg_lprotein)
= 0.6 x the fold amplification ofpepcmRNA + 0.2386
(3)

Constructing a fine-tuning system for the gene expression

By comparing the different rbSSR sequences with the homol-
ogous mMRNA and the final gene expression level embodied
by enzyme activities, a fine-tuning system for the gene expres-
sion could be established. The expression levels of sample
gene can be controlled within the range of 0- to 50-folds by
the rtbSSR library predicted by the RBS calculator computer
programs (Salis et al. 2009; http://salis.psu.edu/software).
However, the aim of this study is to improve the succinic
acid production, which only needs to regulate the two genes
within a small range (0- to 7-folds). Eight groups of
experimental dates within this range were compared with the
computational predictions by the RBS calculator computer
programs (Table 1), which verified that the experimental data
match well with the computational results.

Table 1  Effect of different tbSSR sequences on ecad and pepc transcription (nRNA amplification) and translation (enzyme activity)
The rbSSR sequence ecad pepc
Fold amplification CA activity Fold amplification Fold amplification PEPC activity Fold amplification
of ecad mRNA™® (Umg™") of CAP® of pepc mMRNA*® (Umg™") of PEPC%¢
GCCG 0.89+0.03 0.78+0.02 0.74 0.91+0.03 0.77+0.02 0.82
CATC 1.90+0.11 1.68+0.09 1.96 1.71+0.09 1.24+0.05 1.64
CCACCTC 2.63+0.13 2.29+0.14 2.46 1.66+0.11 1.21+£0.06 1.53
ACACATA 5.07+0.17 4.43+0.28 4.98 2.12+0.14 1.55+0.11 2.24
cceecececcece 0.61+0.02 0.49+0.02 0.53 0.42+0.02 0.50+0.02 0.39
CCTATTATCT 1.65+0.09 1.52+0.15 1.62 0.59+0.02 0.61+0.03 1.57
ACACACACAT 2.01+0.10 1.72+0.17 2.37 0.81+0.04 0.72+0.02 2.12
ATATATATAT 2.35+0.11 1.96+0.19 2.64 0.90+0.04 0.78+0.04 1.11

#The fold amplification of ecad mRNA

® The fold amplification of the CA enzyme predicted by the RBS calculator program

¢ The fold amplification of pepc mRNA

9The fold amplification of the PEPC enzyme predicted by the RBS calculator program
¢ The basic value 1.0 is obtained from the control strain, which has the original rbSSR sequences (GAA) between the RBS sites and the ATG initiation of

the target gene
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Optimization of the eca4 and pepc individual gene
expression for improving the succinic acid production

The succinic acid production with individual ecad, pepc gene
expression under the control of rbSSR library was explored.
The relationship of the expression level of ecad gene, pepc
gene, and the succinic acid production, productivity can be
seen in Table 2. When the expression level of ecad gene
was 3.53-folds of the unmodified ecad gene, the productivity
of succinic acid was the highest (1.84 g L' h™"), and the yield
of succinic acid reached to 0.82 g g '. When the expression
level of ecad gene was 4.33-folds of the unmodified ecad
gene, the yield of succinic acid was 0.84 g ¢!, but the pro-
ductivity of succinic acid was relative lower. So, the best ex-
pression level of ecad gene for succinic acid production by the
engineered E. coli was 3.53-folds of the control. In Table 2, it
was also found that the best expression level of pepc gene for
succinic acid production by the engineered E. coli was 2.89-
folds of the control. The yields of succinic acid and produc-
tivity were 0.86 g g ' and 1.89 g L' h™", respectively.

Optimization of the eca4 and pepc gene co-expression
for improving the succinic acid production

Co-expression of the two genes by using the artificial regula-
tory rbSSR library was also studied to improve the succinic
acid production. As shown in Table 3, when the expression
level of ecaA gene is 3.53-fold of the unmodified ecad gene
and the expression level of pepc gene is 1.06-folds of the
unmodified pepc gene, the yields of succinic acid and produc-
tivity reached the optimum values, which was 0.87 g g ' and
2.01 gL " h!, respectively.

Discussion

A preeminent engineered E. coli need some extrinsic key
genes to be co-expressed in cells on an appropriate level,
which can be fulfilled by using synthetic gene networks; how-
ever, the establishment of engineering reliable and predictable
synthetic gene networks presents unique challenges because
genetic parts such as promoters, RBS, and protein coding
regions often behave unexpectedly when being used in novel
designs (Cox et al. 2007; Mutalik et al. 2012; Sueel
et al. 2007). The experiments described in this study
suggested that it requires substantial tuning for a com-
plex gene network to function as expected. It seems that
the construction of the rbSSR library using sequence
repeats is a reliable method for this purpose due to the
instability of repeats during PCR replication. Accordingly, a
very simple construct embedded in the spacer region between
the RBS and initiation codon, which is called rbSSR, was used
to tune gene networks for succinic acid production. The
resulting tbSSR sequences demonstrated that our experimen-
tal scheme is feasible (Fig. 1). An rbSSR library and the
engineered E. coli library LKCA1 and LKPC1 were obtained

successfully.
In order to test whether the rbSSR library can regulate the

target gene expression on the desired levels, the effect of the
rbSSR sequences on the expression of ecad gene was inves-
tigated (Fig. 2). The results indicated that an appropriate
length of the tbSSR sequences is necessary for the ecad gene
transcription. Less efficient transcription, and then lower
mRNA content, can be induced when the length is too long
or too short. Moreover, a higher content of the A, T bases in
the rbSSR sequences could result in a higher transcriptional

Table 2 Succinic acid yield and productivity of E. coli strains expressing ecad or pepc tbSSR constructs with different transcription level
amplifications

Fold amplification CA activity PEPC activity Y P Fold amplification CA activity PEPC Y P

of ecad mRNA™ (Umg') (Umgh of pepc MRNAP®  (Umg ")  activity

0 ND 0.23+0.01 0.60+0.05 1.47+0.09 0 ND 0.23+£0.01 0.60+0.02 1.47+0.04
1.01£0.03 0.92+0.03  0.46+0.02 0.71+£0.08 1.63£0.11 0.49+0.02 ND 0.67+£0.03 0.68+0.03 1.71£0.05
2.12+0.06 1.87+0.07 0.51+0.03 0.78+0.07 1.72+0.09 1.06=0.04 ND 0.92+0.03 0.74+0.03 1.82+0.09
3.53+0.09 2.98+0.18  0.49+0.02 0.82+0.11 1.84+0.14 2.26+0.09 ND 1.65+£0.08 0.81+0.04 1.91+0.11
4.33+0.11 3.68+0.13  0.47+0.02 0.84+0.09 1.76+0.16 2.89+0.14 ND 2.04+0.13 0.86+0.04 1.89+0.09
5.37+0.13 5.02+0.14  0.50+0.03 0.79+0.08 1.50+0.13 3.31+0.14 ND 2.33+0.12 0.84+0.03 1.74+0.12
6.02+0.16 5.33+0.13  0.47+0.03 0.59+£0.03 1.34+0.09 3.78+0.15 ND 2.59+0.14 0.76+0.04 1.52+0.09
7.21+£0.21 6.31+£0.16  0.51+0.04 0.45+0.03 1.23+0.12 5.27+0.17 ND 3.48+0.15 0.54+0.03 1.32+0.07
7.42+0.23 6.42+0.18  0.48+0.03 0.42+£0.02 1.20+0.11 5.42+0.16 ND 3.57+0.14 0.52+0.02 1.26+0.06

Y represents the yield of succinic acid (g g glucose); P represents the productivity of succinic acid (gL' h™")
ND not detected

*The fold amplification of ecad mRNA

° The fold amplification of pepc mRNA

¢ The basic value 1.0 is obtained from the control strain, which has the original rbSSR sequences (GAA) between the RBS sites and the ATG initiation of
the target gene
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cell, the intercept of Eq. 3 is 0.2386, indicating that if the pepc
gene was not overexpressed in the host cell, the PEPC activity
is about 0.2386 U mg .

Some studies (Egbert and Klavins 2012; Sakai et al. 2014;
Orom et al. 2008) have reported that the 5'UTR can affect the
gene expression at the translational level. One of the most
recognized mechanism is the riboregulator theory (Sakai
et al. 2014). Riboregulator is composed of two RNA mole-
cules: cis-repressed mRNA (crRNA) and trans-activating non-
coding SRNA (taRNA). The crRNA contains a sequence com-
plementary to the RBS and forms a hairpin structure in its 5
UTR to prevent the ribosomal binding, thereby repressing
expression. If the taRNA hybridizes with the crRNA through
a linear-loop interaction that exposes the RBS by dissociating
from the crRNA hairpin structure, posttranscriptional expres-
sion of the target gene could be activated. The results shown in
Table 1 are not contradictory to this theory. Although the
different sequences in 5’'UTR may affect the bonding degree
between crRNA and RBS, 5'UTR is divided into two parts by
RBS: an upstream 5'UTR and a downstream 5'UTR. The
crRNA lies in the upstream of 5'UTR, whereas the tbSSR
sequences lies in the downstream of 5S'UTR. So, the different
rbSSR sequences might have little effect on gene expression
on the translational level.

This study demonstrated that the gene expression regulated
by the tbSSR sequences is mainly on the transcriptional level
but not the translational level, which is an important theoret-
ical basis to guide the construction of genetic tools for meta-
bolic engineering. The mechanism of this phenomenon will be
explored in our further study. Fine-tuning eca4 and pepc ex-
pression by rbSSR library in E. coli mutant was carried out
with the aim to improve the succinic acid production. At ap-
propriate gene co-expression levels, which is 3.53-folds for
ecaA, 1.06-folds for pepc, the yields of succinic acid and pro-
ductivity reach the optimum values, 0.87 g g ' and
2.01 g L' h", respectively. The catalyzed carboxylation of
phosphoenolpyruvate (PEP) to oxaloacetate (OAA) by PEP
carboxylase (PEPC) is considered as the most important reac-
tion in the succinic acid production by using E. coli, in which,
1 mol CO, is assimilated in this step to form the first C4
metabolites OAA. This step can be enhanced by the better
utilization of the PEP pool. In fact, the active substrate for
PEPC is not CO,, but the chemically less reactive bicarbonate
anion HCO5 (Kai et al. 2003). Compared with CO,, a non-
polar micro-molecular, HCO; is hard to permeate the cell
membrane. Furthermore, the hydration/dehydration reaction
speed between CO, and HCO; is relatively slow (Badger
and Price 2003; Kozliak et al. 1995; Price and Badger
1989). So, there might not be sufficient HCO; ™ spontaneously
made in vivo to meet the biosynthetic needs, the supply of
HCO; was improved in vivo for the succinic acid production
by overexpressing a heterogeneous CA encoded by cyanobac-
terium Anabaena sp. 7120 ecaAd gene. Increased PEPC

@ Springer

activity by expressing pepc gene could enhance the carboxyl-
ation of PEP to oxaloacetate (OAA). OAA was sequentially
reduced to malate and eventually converted to succinic acid by
overexpressing pepc in wild E. coli (Millard et al. 1996; Wang
etal. 2010). Furthermore, more energy and nutrients would be
used if ecad gene or pepc gene was expressed at a higher
level, resulting in a metabolic burden that interfered with the
cell need for basic maintenance and propagation and reduced
the succinic acid production. Therefore, when the two genes
were co-expressed, the optimization of the two gene expres-
sion levels is necessary for saving nutrition and energy cost
while maintaining an appropriate enzymatic activity. Fine-
tuning metabolic pathways by using the rbSSR library
employed in this study could be extended to the production
of other biochemicals.
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