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Abstract

Microbial tolerance to organic solvents is critical for efficient production of biofuels. In
this study, n-butanol tolerance of Escherichia coli IM109 was improved by overexpress-
ing of genes encoding stress-responsive small RNA-regulator, RNA chaperone, and
molecular chaperone. Gene rpoS, coding for sigma S subunit of RNA polymerase, was
the most efficient in improving n-butanol tolerance of E. coli. The highest ODg( and the
specific growth rate of IM109/pQE80L-rpoS reached 1.692 and 0.144 h! respectively at
1.0% (v/v) n-butanol. Double and triple expression of molecular chaperones rpoS, secB,
and groS were conducted and optimized. Recombinant strains JM109/pQE80L-secB-
rpoS and IM109/pQES8OL-groS-secB-rpoS exhibited the highest n-butanol tolerance, with
specific growth rates of 0.164 and 0.165 h™!, respectively. Membrane integrity, potentials,
and cell morphology analyses demonstrated the high viability of IM109/pQES8OL-groS-
secB-rpoS. This study provides guidance on employing various molecular chaperones for
enhancing the tolerance of E. coli against n-butanol.
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Introduction

Biofuels are promising alternatives for traditional fossil fuels [1]. Especially,
biobutanol (n-butanol), a clear and neutral C4 primary alcohol with low viscous,
has many attractive features as a biofuel. In addition, biobutanol could be more
compatible with the traditional fossil fuels than ethanol, etc. [2, 3]. Escherichia coli

Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12010-020-
03417-4) contains supplementary material, which is available to authorized users.

< Ye Ni
yni@jiangnan.edu.cn

The Key Laboratory of Industrial Biotechnology, Ministry of Education, School of Biotechnology,
Jiangnan University, Wuxi, Jiangsu 214122, China

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s12010-020-03417-4&domain=pdf
http://orcid.org/0000-0003-4887-7517
https://doi.org/10.1007/s12010-020-03417-4
https://doi.org/10.1007/s12010-020-03417-4
mailto:yni@jiangnan.edu.cn

Applied Biochemistry and Biotechnology

is generally accepted as a platform microorganism for producing valuable biofuels [4,
5]. Enormous efforts have been committed to design and develop novel pathways,
circuits, modules, and synthetic genes for enhanced productivity [6—8]. Nevertheless,
severe toxicity of the biofuel products (such as ethanol, n-butanol) is one serious
limitation for the application of E. coli in biofuels production. It was reported that the
growth of E. coli could be significantly influenced under merely 1.0% (v/v) n-butanol
[9]. To achieve the production of biobutanol at high titers, process engineering and
host engineering are two alternative and effective strategies. Process engineering, such
as membrane separation, adsorption gas, and extraction of newly produced n-butanol
is passive method to alleviate n-butanol toxicity [10, 11]. However, host engineering
is an active strategy to improve n-butanol tolerance [12]. Thus, it is of great
importance to develop solvent-tolerant host strains for the production of titer-
dependent biofuels.

To resist the toxicity of organic solvents, microorganisms have evolved various
patterns [12, 13]. Some bacteria could respond to organic solvents by altering the
membrane architecture [14, 15], such as the ratio of saturated to unsaturated fatty
acids [16, 17], phospholipid head groups [12, 14, 17-19], and isomerization of cis to
trans unsaturated fatty acids [15, 16]. Also, intruded organic solvents could be
discharged from the cells by microbial efflux pumps of resistance-nodulation-cell
division (RND) family to avoid the above-mentioned damages [20], which is known
as the most efficient mechanism in Gram-negative bacteria [12, 17]. RND transporters
are proton-driven efflux systems, mainly consisted of three proteins: intimal transport-
er, membrane fusion protein, and outer membrane channel protein [21, 22]. RND
transporters permit cells to expulse organic solvents via two possible pathways: from
cytoplasm to external medium or from periplasm to external medium [23]. Addition-
ally, molecular chaperones, such as GroES, GroL, GrpE, and DnaK, have also been
proved to be crucial for organic solvent tolerance (OST) of microorganisms through
refolding the misfolded proteins denatured by organic solvents (e.g., ethanol, n-
butanol, xylene, or toluene) in the cytoplasm and periplasm [13, 24].

In our previous study, a random mutagenesis library of ropD was constructed, and E. coli
strains harboring variants capable of tolerating 2% (v/v) n-butanol and 69% (v/v) cyclohexane
were obtained. Besides, a series of functional genes (such as yibT, yghW) relating to butanol
tolerance in E. coli were identified by DNA microarray analyses [21, 25]. Furthermore,
molecular chaperones SecB and its variant SecBrjga were proved to significantly enhance
the tolerance of E. coli against n-butanol, in which hydrophobic interaction between SecB and
its cargo proteins is critical [26].

Small regulatory RNAs (sRNAs) play crucial roles in microbes [27, 28] through
repressing or activating the expression of a great part of genes under environmental
stresses [29-31]. Similarly, the small heat shock proteins (sHSPs) are ubiquitous
stress-responsive proteins that are capable of protecting cells against high temperature,
starvation, organic solvents, etc. [32—37]. The sRNA regulator gene rpoS has been
reported to manipulate at least 500 genes related to various stress responses in E. coli
[33]. However, roles of sRNA (such as RpoS) in microbial OST have been rarely
investigated. Here, molecular chaperones involved in manipulating folding of sRNAs
and proteins were explored for their potentials in enhancing tolerance of E. coli
against organic solvents.
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Material and Methods
Strains and Medium

Strains and plasmids used in this study are listed in Table 1. Primers used in this study are
shown in Table S1. All E. coli strains were cultivated in Luria-Bertani (LB) medium at 37 °C
and 120 rpm in flasks with threaded caps. n-Butanol was of analytical grade and purchased
from Sinopharm Ltd.

Construction of Recombinant Plasmids for Expression of Single Gene

sRNA genes or molecular chaperone genes including secB (EcsecB), rpoS, asr, cspC, cspD,
grpE, proQ, hfg, fur, and nusB were amplified from E. coli IM109 with KOD polymerase
(Toyobo co. Ltd., Japan) and primers in Table S1. PCR procedures were set as follows: initial
denaturation at 94 °C for 2 min, 30 cycles of denaturation at 98 °C for 10 s, annealing at 55 °C
for 30 s, and extension at 68 °C with time depending on the length of each gene at 0.5 kb min~
1, and final extension at 68 °C for 10 min. The resultant PCR product was purified and ligated
into pQE8OL double digested with BamH 1 and Sal 1 by CloneExpress Il (Vazyme Biotech.,
Nanjing).

Table 1 Strains and plasmids used in this study.

Strains and plasmids Description Source
E. coli IM109(DE3) E. coli IM109 with a DE3 prophage carrying T7 polymerase QIAGEN
expression cassette
pQESOL empty expression vector QIAGEN
pQEBOL-secB POESOL carrying secB gene from E. coli IM109 Xu et al. [26]
pQESOL-EtsecB secB gene from Erwinia tasmaniensis This study
pQESOL-EssecB secB gene from Enterobacter sp. 638 This study
pQESOL-PasecB secB gene from Pseudomonas atlantica This study
pQESOL-asr asr gene from E. coli IM109 This study
pQESOL-cspD cspD gene from E. coli IM109 This study
PQESOL-Afg hfq gene from E. coli IM109 This study
pQESOL-fur fur gene from E. coli IM109 This study
pQE8OL-nusB nusB gene from E. coli IM109 This study
pQESOL-proQ proQ gene from E. coli IM109 This study
pQESOL-rpoS rpoS gene from E. coli IM109 This study
pQESOL-cspC espC gene from E. coli IM109 This study
pQESOL-grpE grpE gene from E. coli IM109 This study
pQE8OL-secB-rpoS POESOL carrying secB and rpoS genes This study
pQEBOL-rpoS-secB coexpression of rpoS and secB This study
pQESOL-groS-secB coexpression of groS and secB This study
pQE8OL-secB-groS coexpression of secB and groS This study
pQESOL-groS-secB-rpoS coexpression of groS, secB, and rpoS This study
pQESOL-groS-rpoS-secB coexpression of groS, rpoS, and secB This study
pQEBOL-rpoS-secB-groS coexpression of 7poS, secB, and groS This study
PQESOL-rpoS-groS-secB coexpression of 7poS, groS, and secB This study
PQESOL-secB-rpoS-groS coexpression of secB, rpoS, and groS This study
pQESOL-secB-groS-rpoS coexpression of secB, groS, and rpoS This study
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Construction of pQE80L-secB Expression Vectors

The secB genes were amplified from Erwinia tasmaniensis Et1/99 (EtsecB), Enterobacter sp.
638 (EssecB), and Pseudomonas atlantica T6C (PasecB) and double digested with BamH 1
and Sal 1. Afterwards, secB genes were ligated into expressing plasmid pQE8SOL double-
digested with the same restricted endonucleases.

Construction of Recombinant Plasmids for Coexpression

The groS and rpoS genes together with the promoter sequence were excised from recombinant
plasmids pQE80L-groS and pQE8OL-rpoS using Xho 1 and Hind III. Moreover, plasmid
PQES8OL-secB was linearized with Sal/ 1 and Hind 1II. Since Xho I and Sal 1 are a pair of
isocaudamers, fragments of groS and rpoS could be ligated into linearized pQE80L-secB by T,
DNA ligase.

SecB, groS, and rpoS together with promoter element and homologous arm sequences were
amplified from the corresponding pQE80L-secB, pQE80L-groS, and pQE80L-7poS. Further-
more, all the three fragments were ligated into pQE80L digested with BamH 1 and Hind 111 by
ClonExpress Multis (Vazyme Ltd., Nanjing).

Expression and Analysis of Recombinant Proteins

Recombinant plasmids were transformed into E. coli IM109(DE3) and verified by sequencing.
Positive strains were picked up and inoculated into LB medium and cultivated at 37 °C and
120 rpm until ODg reached 0.6. Then, 0.2 mM isopropyl [3-p-1-thiogalactopyranoside
(IPTG) was supplemented and further cultivated at 30 °C and 120 rpm for inducing the
expression of recombinant proteins. Cell pellets were harvested by centrifugation at 8000 rpm
and 4 °C for 10 min and resuspended in 10 mL PBS (pH 7.0, 100 mM), subjected to sonication
disruption at 150 W for 10 min. Afterwards, 1 mL of sample was withdrawn, and supernatant
and precipitant were obtained by centrifugation at 12,000 rpm for 5 min. Appropriate amounts
of supernatant and precipitant were mixed with 5 ulL 5 x SDS-PAGE loading buffer and
heated at 100 °C for 10 min. Expression result of each chaperone was verified by SDS-PAGE.

Determination Tolerance Toward n-Butanol

Recombinant strains were cultivated in 30 mL LB medium supplemented with 50 pg mL!
kanamycin overnight at 37 °C and 120 rpm. About 1.0 mL overnight culture was transferred
into 100 mL fresh LB medium (50 pg mL-! kan) and incubated at 37 °C and 120 rpm until
ODyg reached 0.5, followed by 0.2 mM IPTG was added and induced at 30 °C and 120 rpm.
Furthermore, when ODg reached 0.75~0.80, 1.0% (v/v) n-butanol was supplemented for all
strains and cultivated at 30 °C and 120 rpm. The ODyg, of each strain was monitored over a
period of 10 h. To measure the growth kinetic of different strains, different concentrations of n-
butanol were added when ODg reached 0.75~0.80. In this study, ODgyy of each strain
reached 0.75~0.80 within 3 h, and the ODgq value was defined as the starting value. Specific
growth rate (1) of E. coli strain in the initial 4 h was calculated according to Eq. (1) [26]. All
the experiments were performed for at least three times. Data represents mean + standard
deviation of three independent biological experiments. Significant difference analysis was
evaluated by ¢ test with P value < 0.05 as significant difference.
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Measure of Membrane Potential and Membrane Permeability

The excitation and emission wavelengths of rhodamine 123 (Rh123) are 507 and 529 nm,
respectively. Rh123 was prepared with ultrapure water (2.5 mg mL-!) and stored in the
dark. Three-milliliter cultures were withdrawn every 1 h, followed by addition of 18 puL of
prepared Rh123 solution, shaking at 180 rpm and 37 °C for 30 min in a water bath shaker.
Samples were collected by centrifugation at 8000 rpm and 4 °C for 10 min and washed
twice with 10 mM PBS. Fluorescence intensity was measured by fluorescence spectro-
photometer F-7000.

The excitation and emission wavelength of 3,6-diacetoxyfluoran (FDA) is 488 and 530 nm,
respectively. FDA was prepared into a 2-mg mL-! solution with acetone. Three-mililiter
sample was taken every 1 h, followed by addition of 450 uL of FDA solution. Samples were
thoroughly mixed at room temperature for 5 min in the dark. Then the fluorescence intensity
was immediately measured with fluorescence spectrophotometer F-7000.

Cell Morphology Observation Assay

Recombinant E. coli IM109(DE3) harboring pQE80L and pQES8O0L-groS-secB-rpoS was
cultured in 30 mL LB medium overnight at 37 °C and 180 rpm with 50 pg mL-! kanamycin.
About 1.0% (v/v) of the overnight culture was further inoculated in 100 mL LB fresh medium
and cultured at 37 °C and 200 rpm with 50 pg mL~! kanamycin until the ODgg, reached 0.5;
0.2 mM IPTG was added to all of the recombinant strains to initiate induction at 30 °C. After
ODygqo reached 0.75~0.80, 1.0% (v/v) n-butanol was supplemented and control strain was
prepared without addition of n-butanol. All the strains were cultivated for 10 h with shaking at
200 rpm. Cells were collected and washed with physiologic saline for four times. And the
samples were diluted for cell morphology observation using Hitachi-H7650 transmission
electron microscopy (Japan) at x 12,000 magnification. The average cellular sizes of E. coli
strains were measured on the electron microscope from about 100 cells.

Results and Discussion
Mining for Homologous Proteins of SecB

Previously, secB gene from E. coli IM109, encoding translocator protein, was identified
to be capable of enhancing n-butanol tolerance of E. coli [26]. Herein, several SecB
homologous proteins with > 70% identities, including EtSecB from Erwinia tasmaniensis
Et1/99, EsSecB from Enterobacter sp. 638, and PaSecB from Pseudomonas atlantica
T6C, were identified and heterogeneously overexpressed in E. coli JIM109(DE3) as
indicated by SDS-PAGE analysis (Fig. S1). The growth profiles of recombinant and
control strains (harboring empty plasmid pQE80L) were monitored in LB medium
supplemented with 1.0% (v/v) n-butanol. As shown in Fig. 1, the growth of all
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Fig. 1 Growth profiles of E. coli IM109(DE3) strains overexpressing secB homologous genes from different
microbes. EcsecB (a), EtsecB (b), PasecB (c¢), and EssecB (d) in the presence of 1% (v/v) n-butanol. Control was
performed with E. coli harboring empty pQESOL (grey cycle). All strains were cultured in LB medium and
induced with 0.2 mM IPTG at 30 °C. Error bars indicate standard deviations of at least three independent
replicates

recombinant strains carrying secB was better than that of the control. The highest ODgqg
and specific growth rate (1) of SecB, EtSecB, EsSecB, and PaSecB strains were 1.676
and 0.138 h!, 1.463 and 0.097 h!, 1.204 and 0.109 h'!, and 1.350 and 0.108 h!,
respectively. Under the same conditions, the highest ODgoy and p of control strain were
only 1.004 and 0.073 h!. Recombinant strain with secB from E. coli displayed the best
performance considering the highest ODgoy and p, which were 1.67- and 1.89-fold of
those of control strain. As a result, secB from E. coli was selected for coexpression with
other potential molecular chaperones.

Mining for Molecular Chaperones Modulating Small RNA and Proteins

To explore potential molecular chaperones involved in environmental stress response, nine
small RNA-regulated genes, RNA chaperone genes and molecular chaperone genes (rpoS, hfq,
fur, asr, nusB, cspC, cspD, grpE, and proQ) were overexpressed in E. coli JIM109(DE3) and
evaluated by SDS-PAGE (Fig. S2). All strains were cultivated in LB medium supplemented
with 1.0% (v/v) n-butanol in sealed flasks at 180 rpm and 30 °C. Growth profiles were
determined as shown in Fig. 2. The highest ODgg and v of rpoS, asr, cspC, cspD, grpE,
proQ, hfq, fur, and nusB were 1.692 and 0.144 h!, 1.138 and 0.077 h™!, 1.00 and 0.064 h!,
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Fig. 2 Growth profiles of E. coli strains harboring various molecular chaperones in the presence of 1% (v/v) n-
butanol. Control was performed with E. coli harboring blank pQE8OL (grey cycle). All experiments were
performed for at least three times

1.078 and 0.045 h~!, 1.034 and 0.057 h~!, 1.302 and 0.108 h~!, 0.957 and 0.054 h~!, 0.804 and
0.017 h'!, and 1.252 and 0.087 h!, respectively. In comparison with the control, overexpres-
sion of asr, cspC, cspD, and grpE did not influence the growth of E. coli, hfg and fur were
deleterious to growth, whereas rpoS, proQ, and nusB were favorable for the growth. Especially
rpoS, coding for RNA polymerase sigma S subunit, displayed the highest p, 1.97-fold of
control strain. Genes proQ and nusB codes for RNA molecular chaperone and transcription
antitermination factor. To the best of our knowledge, this was the first report of 7poS, proQ,
and nusB in improving the tolerance of E. coli toward n-butanol. It was reported that some
specific SRNAs could stimulate the translation of rpoS and assist bacteria to adapt to various
surrounding changes, such as nutrient starvation, variations in temperature, osmolarity, or pH
[33]. Additionally, GroS is a small subunit of GroESL and was reported to be effective in
enhancing n-butanol tolerance of E. coli [34, 35]. Therefore, groS gene is also a good choice
for improving the tolerance to n-butanol in E. coli. Consequently, RpoS and GroS were chosen
to further coexpress with SecB to investigate the synergistic effects.
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Effect of Double Expression of groS, rpoS, and secB on n-Butanol Tolerance of E. coli

Coexpression of groS and rpoS with secB was conducted by construction of recombinant
strains harboring pQE80L-groS-secB, pQE8OL-rpoS-secB, pQESOL-secB-rpoS, and pQESOL-
secB-groS in different orders. SDS-PAGE analysis revealed secB, groS, and rpoS were all
successfully expressed. Then, growth curves of four strains under n-butanol stress were
monitored and shown in Fig. 3. Coexpression of two genes could lead to a better growth than
strains expressing single gene. Under 1.0% (v/v) n-butanol, a longer and faster exponential
growth phase was observed for JIM109/secB-groS and IM109/secB-rpoS. The p values of
IM109/secB-groS and IM109/secB-rpoS were 0.148 and 0.164 h™!, which were 2.03- and
2.23-fold of the control strain with blank pQE8SOL (Fig. 3a, ¢) and also slightly higher than
those of single expression strains. Strains JM109/groS-secB and IM109/rpoS-secB showed no
obvious improvement on n-butanol tolerance when compared with JIM109 expressing secB
alone (Fig. 3b, d). The p values of IM109/groS-secB and JIM109/rpoS-secB were 0.142 and
0.143 h'!, lower than those of JIM109/secB-groS, and JM109/secB-rpoS. It can also be
concluded that alteration in the orders of RpoS, GroS, and SecB would affect n-butanol
tolerance. The above results suggest that double expression of secB, rpoS, and groS could
synergistically enhance n-butanol tolerance and prolong the exponential growth phase of
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Fig. 3 Growth profiles of E. coli strains with double expression of molecular chaperones in the presence of 1%
(v/v) n-butanol. a IM109/secB-groS, b IM109/groS-secB, ¢ IM109/secB-rpoS, and d IM109/rpoS-secB. Nega-
tive and positive controls were performed with E. coli harboring empty pQE80L (grey cycle) and pQE8OL-secB
(grey triangle). All experiments were performed for at least three times
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recombinant E. coli. In fact, the n-butanol tolerance of E. coli strain overexpressing proQ or
nusB with secB was also investigated; however, all of them showed lower tolerance than
expression of secB alone.

Considering its better performance, the growth profiles of JIM109/secB-rpoS at different
butanol concentrations were explored. The o values of IM109/secB-rpoS at 0.8% (v/v) and
1.2% (v/v) n-butanol were 0.200 and 0.083 h-! respectively, whereas the 1 values of control
strain were 0.128 and —0.035 h™! under the same conditions. It can be seen that IM109/secB-
rpoS could tolerate 1.2% n-butanol, at which the control strain could not grow. The specific
growth rate of IM109/secB-rpoS at 0.8% n-butanol was 1.56-fold of control strain.

Effect of Triple Expression of groS, rpoS, and secB on n-Butanol Tolerance of E. coli

To explore the effect of triple expression of molecular chaperones on n-butanol tolerance of
E. coli, groS, rpoS, and secB were inserted into one plasmid in different orders, including
IM109/groS-secB-rpoS, IM109/secB-groS-rpoS, IM109/groS-rpoS-secB, JM109/rpoS-secB-
groS, JIM109/secB-rpoS-groS, and JIM109/rpoS-groS-secB. The growth profiles of triple
expression strains are shown in Fig. 4. All the recombinant strains expressing three molecular
chaperones were higher than SecB recombinant strain, except for IM109/rpoS-secB-groS with
similar growth profiles. Strain JM109/groS-secB-rpoS displayed the highest specific growth
rate of 0.165 h-1, followed by JIM109/secB-groS-rpoS with specific growth rate of 0.160 h-!
and JIM109/groS-rpoS-secB of 0.157 h-1. Furthermore, JM109/groS-secB-rpoS and JM109/
secB-groS-rpoS were subjected to tolerance analysis at different n-butanol concentrations
(Table 2). Under 0.8% n-butanol, the specific growth rates of JIM109/groS-secB-rpoS and

(¢) 2

8 10 0 2 4 6 8 10

0 2 4 6
Time /h Time /h

@) 2

ODgoo

0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time /h Time /h Time /h
Fig. 4 Growth profiles of E. coli strains with triple expression of molecular chaperones in the presence of 1% (v/
v) n-butanol. a IM109/rpoS-secB-groS, b IM109/groS-secB-rpoS, ¢ IM109/groS-rpoS-secB, d JM109/secB-
groS-rpoS, e JM109/secB-rpoS-groS, and f IM109/rpoS-groS-secB. Negative and positive controls were per-
formed with E. coli harboring empty pQE80L (grey cycle) and pQE80L-secB (grey triangle). All experiments

were performed for at least three times
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Table 2 Specific growth rates of E. coli IM109 strains coexpressed with molecular chaperones under different n-
butanol concentration

Specific growth rate (h-1)

0.8% n-butanol 1.0% n-butanol 1.2% n-butanol
Control 0.128 + 0.003 0.073 + 0.002 —0.035 +0.003
SecB-RpoS 0.200 + 0.004 0.164 + 0.003 0.083 + 0.002
SecB-GroS-RpoS 0.188 + 0.003 0.160 + 0.003 0.057 + 0.003
GroS-SecB-RpoS 0.215 + 0.005 0.165 + 0.003 0.078 £ 0.002

IM109/secB-groS-rpoS were 0.215 and 0.188 h™!, respectively. Strain IM109/groS-secB-rpoS
was highly n-butanol tolerant, with specific growth rate of 1.68- and 1.07-fold of WT and
double expressing strain JM109/pQE80L-secB-rpoS, respectively. At 1.2% n-butanol, the
specific growth rates of IM109/groS-secB-rpoS and JM109/secB-groS-rpoS were 0.078 and
0.057 h'l, slightly lower than that of JM109/secB-rpoS. Considering that the specific growth
rates of IM109/secB-rpoS and IM109/groS-secB-rpoS were similar and higher than those of
IM109/rpoS and IM109/secB, there is a good synergistic effect between secB and rpoS.

SDS-PAGE analysis revealed that alteration the order of 7poS, groS, and secB in plasmid
resulted in different expression levels of them (Fig. S3). Firstly, the expression levels of all
three genes decreased to some extent compared with single expression. Secondly, in JIM109/
PQES8OL-groS-secB-rpoS and IM109/pQESOL-secB-groS-rpoS, the expression levels of secB
and rpoS were relative higher than other triple coexpression strains, consistent with their
higher n-butanol tolerance. With regard to other triple coexpression strains, the expression
levels of rpoS, grosS, and secB were similar. SDS-PAGE analysis result could provide evidence
for the varied n-butanol tolerances of triple coexpression strains. However, this correlation
cannot be overestimated considering only the static state at the end of cultivation were
collected for SDS-PAGE analysis, while the n-butanol stress is dynamic.

As generally accepted, secB and groS are genes coding for molecular chaperones, which
play important roles in protein transmembrane transportation by recognizing and binding with
the transporter to facilitate the entire protein transporting process [36, 37]. In addition, SecB
can assist in refolding proteins denatured by heating or environmental stress. RpoS is a general
stress sigma factor which interacts with core RNA polymerase (RNAP) and controls the
expression of specific but large sets of genes in E. coli. Various stresses including acid stress,
starvation and high osmotic pressure could lead to the induction of specific SRNAs, which
might stimulate RpoS translation or induction of small-protein anti-adaptors that stabilize the
proteins [35-39]. Actually, RpoS is strictly regulated at all levels, but primarily at the
translational and post-translational levels [33]. Herein, coexpression of groS, rpoS, and secB
takes full advantage of the important roles of molecular chaperones and sSRNAs in responding
to environmental stress and enhancing the tolerance of E. coli against n-butanol.

Changes in Membrane Potential and Permeability
Rh123, a cationic lipophilic fluorescent dye, can pass through cell membrane. Due to the
different potentials inside and outside of the cell membrane, Rh123 is capable of specifically

adsorbing to the inner membrane of the cell. A decrease in fluorescence intensity of Rh123
indicates a decrease in membrane potential [40, 41]. As a result, the degree of damage to the
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cell membrane could be reflected by measuring the changes of fluorescence intensity of
Rh123. As shown in Fig. 5a, under 1.0% (v/v) n-butanol, the ratio of fluorescence intensity
of IM109/pQE8OL-groS-secB-rpoS has increased by 18.4% after 5 h of induced cultivation,
which was lower than that of control strain (26.7%). From the view of overall profiles, strain
harboring three molecular chaperones exhibited higher ratio of fluorescence intensity and
lower fluctuation of fluorescence intensity than control strain. Less fluctuation in cell mem-
brane potential indicates that the cell membrane of coexpressed strain is less damaged.
Consequently, the integrity and viability of strain JM109/pQE80L-groS-secB-rpoS is higher.

Compound 3,6-diacetoxyfluoran (FDA) cannot emit fluorescence. However, it can be
degraded by intracellular esterases to produce fluorescence. FDA could be maintained in
living cells due to its special polarity. If the cell membrane is damaged by organic solvents, the
permeability is increased and the fluorescence is leaked from cytoplasm, resulting in the
reducing of FDA fluorescence intensity [40, 41]. Therefore, the fluorescence intensity of
FDA can reflect cell membrane integrity and permeability. As shown in Fig. 5b, the fluores-
cence intensity of both strains decreased upon addition of 1.0% (v/v) n-butanol. After
incubation for 6 h, the fluorescence intensity of the coexpressed strain decreased to 86.9%,
indicating that the cell membrane permeability was increased by 13.1. Under the same
condition, the fluorescence intensity of control strain decreased to 72.2%. Thus, cell membrane
permeability of the control was higher than that of the coexpressed strain, suggesting the cell
membrane fluidity of coexpressed strain is relatively lower. In summary, the above results
showed that coexpression of groS, rpoS, and secB could help maintain the integrity of the cell
membrane and improve z-butanol tolerance of microorganisms.

Effect of n-Butanol on Cell Morphology

Our previous study showed that the presence of organic solvents could change the
morphology of cells, and the decrease of specific surface area would lead to improved
organic solvent tolerance [21]. As shown in Fig. 6a, b, in the absence of n-butanol, JM109/
groS-secB-rpoS cells exhibited similar morphology with the control, and the cell length
and width were 3.43+0.45 um x2.26+0.21 pum and 3.22+£0.32 um x2.13£0.17 um,
respectively. In the presence of 1.0% (v/v) n-butanol, both IM109/pQE8OL and JM109/
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Fig. 5 Effect of n-butanol on the cell membrane potential (a) and permeability (b) of JM109/groS-secB-rpoS
(red cycle) and JM109/pQE8OL. All experiments were performed in triplicate, and the error bars indicate
standard deviations
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Fig. 6 Effect of n-butanol on cell morphology of E. coli IM109 at x 12,000 magnification. a JM109/pQE80L
without n-butanol. b IM109/groS-secB-rpoS without n-butanol. ¢ JIM109/pQES8OL with n-butanol. d JM109/
groS-secB-rpoS with n-butanol

groS-secB-rpoS cells became longer than that of without n-butanol. As shown in Fig. 6c¢,
d, IM109/groS-secB-rpoS cells were 2-fold longer than those the control strain, while their
width was similar. It has been reported that elongated cells were more compatible with
organic solvents [21]. As a result, coexpression of molecular chaperones was favorable for
improving the tolerance of E. coli toward n-butanol.

Conclusions

In summary, molecular chaperone RpoS encoded by rpoS was identified with high efficiency
in enhancing butanol tolerance of E. coli. Coexpression of secB, groS, and rpoS was
investigated to further improve the n-butanol resistance of E. coli. Recombinant strains
IM109/secB-rpoS and JIM109/groS-secB-rpoS exhibited the highest tolerance. The specific
growth rates of two strains were 0.164 and 0.165 h™! in 1.0% n-butanol, much higher than
0.073 h™! of control strain. All the double and triple expression strains could grow at 1.2% n-
butanol, which could significantly inhibit the growth of E. coli. Compared with the control,
IM109/groS-secB-rpoS also displayed higher integrity and viability, and became longer in
cellular morphology. There is good synergistic effect between SecB and RpoS. This study
provides evidence for the role of RpoS and offers guidance for employing molecular chaper-
ones to improve n-butanol tolerance of E. coli.

Acknowledgments We are grateful to the National Key Research and Development Program
(2018YFA0901700), the National Natural Science Foundation of China (21776112), Natural Science Foundation
of Jiangsu Province (BK20171135), the national first-class discipline program of Light Industry Technology and

@ Springer



Applied Biochemistry and Biotechnology

Engineering (LITE2018-07), the Program of Introducing Talents of Discipline to Universities (111-2-06), and
Top-notch Academic Programs Project of Jiangsu Higher Education Institutions for the financial support of this
research.

Compliance with ethical standards

Conflict of Interest The authors declare that they have no competing interests.

References

17.

18.

. Mariano, A. P., Tomasella, R. C., Martino, C. D., Maciel, R., Seleghim, M. H. R., & Contiero, J. (2016).

Aerobic biodegradation of butanol and gasoline blends. Biomass and Bioenergy, 33, 1175-1181.

. Jeon, J. M, Song, H. S., Lee, D. G., Hong, J. W., Hong, Y. G., Moon, Y. M., Bhatia, S. K., Yoon, J. J.,

Kim, W., & Yang, Y. H. (2018). Butyrate-based n-butanol production from an engineered Shewanella
oneidensis MR-1. Bioprocess and Biosystems Engineering, 41, 1195-1204.

. Chin, W. C., Lin, K. H., Liu, C. C., & Kenji, T. (2017). Improved n-butanol production via co-expression of

membrane-targeted tilapia metallothionein and the clostridial metabolic pathway in Escherichia coli. BMC
Biotechnology, 17, 36.

. Chen, X., Zhou, L., Kangming, T., Kumar, A., & Wang, Z. (2013). Metabolic engineering of Escherichia

coli: a sustainable industrial platform for bio-based chemical production. Biotechnology Advances, 31,
1200-1223.

. Cano-Garrido, O., Sanchez-Chardi, A., Pares, S., Giro, 1., Tatkiewicz, W. L., Ferrer-Miralles, N., Ratera, 1.,

Natalello, A., Cubarsi, R., Veciana, J., Bach, A., Villaverde, A., Aris, A., & Garcia-Fruitos, E. (2016).
Functional protein-based nanomaterial produced in microorganisms recognized as safe: a new platform for
biotechnology. Acta Biomaterialia, 43, 230-239.

. Cho, C., & Lee, S. Y. (2017). Efficient gene knockdown in Clostridium acetobutylicum by synthetic small

regulatory RNAs. Biotechnology and Bioengineering, 114, 374-383.

. Liu, S., Wu, Y., Wang, T., Zhang, C., & Xing, X. (2017). Maltose utilization as a novel selection strategy

for continuous evolution of microbes with enhanced metabolite production. ACS Synthetic Biology, 6,
2326-2338.

. Abil, Z., Ellefson, J. W., Gollihar, J. D., Watkins, E., & Ellington, A. D. (2017). Compartmentalized partnered

replication for the directed evolution of genetic parts and circuits. Nature Protocols, 12, 2493-2512.

. Knoshaug, E. P., & Zhang, M. (2009). Butanol tolerance in a selection of microorganisms. Applied

Biochemistry and Biotechnology, 153, 13-20.

. Yang, D. C,, Tian, D. X., Xue, C., Gao, F., Liu, Y., Li, H., Bao, Y. M., Liang, J. J., Zhao, Z. B., & Qiu, J. S.

(2018). Tuned fabrication of the aligned and opened CNT membrane with exceptionally high permeability
and selectivity for bioalcohol recovery. Nano Letters, 18, 6150-6156.

. Yang, D. C, Cheng, C., Bao, M. T., Chen, L. J., Bao, Y. M., & Xue, C. (2019). The pervaporative

membrane with vertically aligned carbon nanotube nanochannel for enhancing butanol recovery. Journal of
Membrane Science, 577, 51-59.

. Segura, A., Lazaro, M., Fillet, S., Krell, T., Bernal, P., Mufioz-Rojas, J., & Ramos, J. L. (2012). Solvent

tolerance in Gram-negative bacteria. Current Opinion in Biotechnology, 23, 415-421.

. Alsaker, K. V., Paredes, C., & Papoutsakis, E. T. (2010). Metabolite stress and tolerance in the production

of biofuels and chemicals: Gene-expression-based systems analysis of butanol, butyrate, and acetate stresses
in the anaerobe Clostridium acetobutylicum. Biotechnology and Bioengineering, 105, 1131-1147.

. Sikkema, J., Bont, J. A. D., & Poolman, B. (1995). Mechanisms of membrane toxicity of hydrocarbons.

Microbiological Reviews, 59, 201-222.

. Heipieper, H. J., Meinhardt, F., & Segura, A. (2003). The cis-trans isomerase of unsaturated fatty acids in

Pseudomonas and Vibrio: biochemistry, molecular biology and physiological function of a unique stress
adaptive mechanism. FEMS Microbiology Letters, 229, 1-7.

. Pinkart, H. C., & White, D. C. (1997). Phospholipid biosynthesis and solvent tolerance in Pseudomonas

putida strains. Journal of Bacteriology, 179, 4219-4226.

Ramos, J. L., Duque, E., Gallegos, M. T., & Godoy, P. (2002). Mechanism of tolerance in Gram-negative
bacteria. Annual Review of Microbiology, 56, T43-768.

Riihl, J., Hein, E. M., Hayen, H., Schmid, A., & Blank, L. M. (2012). The glycerophospholipid inventory of
Pseudomonas putida is conserved between strains and enables growth condition related alterations.
Microbiology and Biotechnology, 5, 45-58.

@ Springer



Applied Biochemistry and Biotechnology

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Bernal, P., Segura, A., & Ramos, J. L. (2010). Compensatory role of the cis-trans-isomerase and cardiolipin
synthase in the membrane fluidity of Pseudomonas putida DOT-TIE. Environmental Microbiology, 9,
1658-1664.

Segura, A., Godoy, P., & Dillewijn, P. V. (2005). Proteomic analysis reveals the participation of energy and
stress-related proteins in the response of Pseudomonas putida DOT-TIE to toluene. Journal of
Bacteriology, 187, 5937-5945.

Zhang, F., Qian, X. H., Si, H. M., Xu, G. C., Han, R. Z., & Ni, Y. (2015). Significantly improved solvent
tolerance of Escherichia coli by global transcription machinery engineering. Microbial Cell Factories, 14,
1-11.

Daniels, C. (2010). Functional analysis of new transporters involved in stress tolerance in Pseudomonas
putida DOT-T1E. Environmental Microbiology Reports, 2, 389-395.

Nikaido, H., & Takatsuka, Y. (2009). Mechanisms of RND multidrug efflux pumps. Biochimica et
Biophysica Acta, 1794, 769-781.

Horinouchi, T., Tamaoka, K., Furusawa, C., Ono, N., Suzuki, S., Hirasawa, T., Yomo, T., & Shimizu, H.
(2010). Transcriptome analysis of parallel-evolved Escherichia coli strains under ethanol stress. BMC
Genomics, 11, 579.

Si, H. M., Zhang, F., Wu, A. N., Han, R. Z., Xu, G. C., & Ni, Y. (2016). DNA microarray of global
transcription factor mutant reveals membrane-related proteins involved in n-butanol tolerance in
Escherichia coli. Biotechnology for Biofuels, 9, 114.

Xu, G. C., Wu, A. N,, Xiao, L., Han, R. Z., & Ni, Y. (2019). Enhancing butanol tolerance of Escherichia
coli reveals hydrophobic interaction of multi-tasking chaperone SecB. Biotechnology for Biofiels, 12, 164.
Hu, J., & Wang, Q. (2018). Regulatory SRNAs in Cyanobacteria. Frontiers in Microbiology, 9, 2399.
Durand, S., Braun, F., Helfer, A. C., Romby, P., & Condon, C. (2017). sSRNA-mediated activation of gene
expression by inhibition of 5'-3" exonucleolytic mRNA degradation. eLife, 6, €23602.

Zhang, Y. F., Han, K., Chandler, C. E., Tjaden, B., Emst, R. K., & Lory, S. (2017). Probing the SRNA
regulatory landscape of P. aeruginosa: post-transcriptional control of determinants of pathogenicity and
antibiotic susceptibility: SRNA regulatory landscape of P. aeruginosa. Molecular Microbiology, 106, 919—
937.

Morita, T., & Aiba, H. (2019). Mechanism and physiological significance of autoregulation of the
Escherichia coli hfg gene. RNA, 25, 264-276.

Murashko, O. N., & Lin, C. S. (2017). Escherichia coli responds to environmental changes using enolasic
degradosomes and stabilized DicF sRNA to alter cellular morphology. Proceedings of the National
Academy of Sciences of the United States of America, 114, 8025-8034.

Ezemaduka, A. N., Lv, Y., Wang, Y. B., Xu, J. B, & Li, X. J. (2018). Heterologous expression of AgsA
enhances, Escherichia coli, tolerance to the combined effect of elevated temperature and Zinc toxicity.
Journal of Thermal Biology, 72, 137-142.

Battesti, A., Majdalani, N., & Gottesman, S. (2011). The RpoS mediated general stress response in
Escherichia coli. Annual Review of Microbiology, 65, 189-213.

Zhang, R., Cao, Y., Wei, L., Xian, M., & Liu, H. Z. (2017). Improving phloroglucinol tolerance and
production in Escherichia coli by GroESL overexpression. Microbial Cell Factories, 16, 227.

Zingaro, K. A., & Terry, P. E. (2013). GroESL overexpression imparts Escherichia coli tolerance to i-, n-,
and 2-butanol, 1,2,4-butanetriol and ethanol with complex and unpredictable patterns. Metabolic
Engineering, 15, 196-205.

Zingaro, K. A., & Eleftherios, T. P. (2012). Toward a semisynthetic stress response system to engineer
microbial solvent tolerance. Mbio, 3, 429-493.

Mann, M. S., Dragovic, Z., Schirrmacher, G., & Lutkeeversloh, T. (2012). Over-expression of stress
protein-encoding genes helps Clostridium acetobutylicum to rapidly adapt to butanol stress.
Biotechnology Letters, 34, 1643—1649.

Hengge-Aronis, R. (2002). Signal transduction and regulatory mechanisms involved in control of the sigma
(S) (RpoS) subunit of RNA polymerase. Microbiology and Molecular Biology Reviews, 66, 373-395.
Schellhorn, H. E., & Stones, V. L. (1992). Regulation of Katf and Kate in Escherichia coli K-12 by weak
acids. Journal of Bacteriology, 174, 4769—4776.

Trick, H. N., & Finer, J. J. (1997). SAAT: sonication-assisted Agrobacterium-mediated transformation.
Transgenic Research, 6, 329-336.

Darzynkiewicz, Z., Bruno, S., Bino, G. D., Gorczyca, W., Hotz, M. A., Lassota, P., & Traganos, F. (1992).
Features of apoptotic cells measured by flow cytometry. Cytometry, 13, 795-808.

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer



	Enhancing n-Butanol Tolerance of Escherichia coli �by Overexpressing of Stress-Responsive Molecular �Chaperones
	Abstract
	Introduction
	Material and Methods
	Strains and Medium
	Construction of Recombinant Plasmids for Expression of Single Gene
	Construction of pQE80L-secB Expression Vectors
	Construction of Recombinant Plasmids for Coexpression
	Expression and Analysis of Recombinant Proteins
	Determination Tolerance Toward n-Butanol
	Measure of Membrane Potential and Membrane Permeability
	Cell Morphology Observation Assay

	Results and Discussion
	Mining for Homologous Proteins of SecB
	Mining for Molecular Chaperones Modulating Small RNA and Proteins
	Effect of Double Expression of groS, rpoS, and secB on n-Butanol Tolerance of E.�coli
	Effect of Triple Expression of groS, rpoS, and secB on n-Butanol Tolerance of E.�coli
	Changes in Membrane Potential and Permeability
	Effect of n-Butanol on Cell Morphology

	Conclusions
	References


