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Abstract

A major challenge in bioethanol fermentation is the low tolerance of the microbial host towards the end product
bioethanol. Here we report to improve the ethanol tolerance of E. coli from the transcriptional level by engineering its
global transcription factor cAMP receptor protein (CRP), which is known to regulate over 400 genes in E. coli. Three ethanol
tolerant CRP mutants (E1- E3) were identified from error-prone PCR libraries. The best ethanol-tolerant strain E2 (M59T) had
the growth rate of 0.08 h™' in 62 g/L ethanol, higher than that of the control at 0.06 h~'. The M59T mutation was then
integrated into the genome to create variant iE2. When exposed to 150 g/l ethanol, the survival of iE2 after 15 min was
about 12%, while that of BW25113 was <0.01%. Quantitative real-time reverse transcription PCR analysis (RT-PCR) on 444
CRP-regulated genes using OpenArray® technology revealed that 203 genes were differentially expressed in iE2 in the
absence of ethanol, whereas 92 displayed differential expression when facing ethanol stress. These genes belong to various
functional groups, including central intermediary metabolism (aceE, acnA, sdhD, sucA), iron ion transport (entH, entD, fecA,
fecB), and general stress response (osmY, rpoS). Six up-regulated and twelve down-regulated common genes were found in
both iE2 and E2 under ethanol stress, whereas over one hundred common genes showed differential expression in the
absence of ethanol. Based on the RT-PCR results, entA, marA or bhsA was knocked out in iE2 and the resulting strains
became more sensitive towards ethanol.
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Introduction laborious. As for the “rational approach”, the lack of detailed
metabolism knowledge for many microorganisms often limits its
The use of bioethanol as alternative fuel has drawn greater use [15]. )

attention than ever due to recent energy crisis and environmental
concerns [1], and production of ethanol from microbial fermen-
tation is of practical value in replacing fossil fuel utilization.

An alternative approach in strain engineering, namely tran-
scriptional engineering, has received much attention in recent
A i . . . - years. It has been reported before that cell performance can be
Different microorganisms, including yeast [2,3], Zymomonas mobilis altered by introducing modifications to transcription factor Spt15

[4.5] a_nd E coli [6,7] héVC been engineered for SCICC,tiVC [16], sigma factor [17], zinc-finger containing artificial transcrip-
productlon‘of ethanol. The highest r(.fportf.:d ethanol yield attained tion factor [18], H-NS [19], Hha [20], as well as IrrE [21,22]. In
through E. coli xylose fermentation is around 60 g/l [8].

Nevertheless, the yields and titers from the microbial fermentation
is usually held back by the accumulation of toxic end-product
ethanol [9,10]. As such, it is essential to obtain ethanol-tolerant
microbes for large-scale bioethanol production.

In general, there are two conventional approaches to improve
strain performance under ethanol stress: i) “random approach”
with UV/chemical mutagens [11] and adaptive evolution [8,12] ii)
“rational approach” of using metabolic engineering tools [13,14].
However, the random introduction of mutations into microbial
genetic materials by mutagens is usually time-consuming and

particular, sigma factor 70 from FE. coli [23] and IrrE from
Deinococcus radiodurans had been engineered to improve the ethanol
tolerance of E. coli DH50a.. Our lab has successfully improved the
osmotolerance and 1-butanol tolerance of E. coli DH5a through
engineering its global regulator cAMP receptor protein (CRP) in
the past [24-27]. In this work, we would like to improve the
ethanol tolerance of E. coli BW25113 by engineering its CRP. E.
coli BW25113 is a well-characterized microbe that has been used
for gene deletion or chromosomal integration [28]. Both E. coli
BW25113 and its isogenic mutants have been engineered for the
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production of chemicals [29-31], such as hydrogen [32] and D-
lactate [33]. CRP is a well-known #rans-acting transcription factor
that regulates the expression of more than 400 genes in E. col [34—
37], and participates in various regulatory networks and different
metabolic processes [38-40]. In view of these discoveries, we
speculated that the ethanol tolerance of E. coli could also be altered
by rewiring its global regulator CRP.

Here, we harnessed directed evolution technique to introduce
mutations into CRP [41], and the random mutagenesis libraries
were subjected to selection under ethanol stress. Three error-prone
PCR variants (E1-E3) with enhanced ethanol resistance were
identified. The amino acid substitution in the best ethanol-tolerant
mutant E2 was integrated into the genome of E. coli JW5702 Akan
to create variant iE2, which was further investigated with respect
to its survival and tolerance towards other alcohols. Moreover,
changes in the transcript profile of 444 CRP-regulated genes in
both iE2 and E2 were examined by quantitative real-time reverse
transcription PCR (RT-PCR) using OpenArray® real-time PCR
technology.

Materials And Methods

Materials

E. coli JW5702 (BW25113 Acrp) from Keio collection [28] was
purchased from E. coli Genetic Stock Centre, and used as the host
strain for gene manipulation as well as phenotype selection. The
kanamycin resistance gene in JW5702 was removed using FLP
helper plasmid following protocol to create JW5702 Akan strain
[42]. E. coli cells were grown in Luria—Bertani (LB) medium (w/v):
0.5% vyeast extract (Merck Millipore, Damstadt, Germany), 1%
tryptone (Oxoid, Hampshire, UK), and 1% NaCl (Merck
Millipore, Damstadt, Germany). Restriction enzymes and pfu
DNA polymerase were purchased from Fermentas (Burlington,
Canada), and T4 DNA ligase was from New England Biolabs
(Ipswich, MA, USA). Plasmids pKSC and pKSCP (containing
native ¢7p operon) were obtained from our previous work [24,25].

Random Mutagenesis

Error-prone PCR was performed using Genemorph® 1T
Random Mutagenesis kit (Agilent Technologies, Santa Clara,
CA, USA) according to the manufacturer’s instructions. Primers A
and B (Table 1) and 30 ng DNA template were used to amplify the
full-length ¢7p gene. The error-prone PCR program was set as
follows: 2 min at 95°C,, 30 cycles of 95°C for 1 min, 62°C for
1 min, followed by 72°C for 1 min, and 10 min at 72°C. The
PCR products were recovered from 1.0% agarose gel with
QIAquick® gel extraction kit (QIAGEN, Germany), digested with
restriction enzymes Bam HI and Apn 1, and inserted into plasmid
pKSC that was treated with the same enzymes. The recombinant
plasmids constructed were then transformed into E. coli JW5702
Akan by electroporation using an Eppendorf® Multiporator
(Hamburg, Germany).

Phenotype Selection

The transformants were cultivated in 50-ml LB medium
containing 40 g/L ethanol at 37°C, 200 rpm for 12-16 h, and
repeated for two subcultures. Cells were plated onto LB agar plates
after each round of selection. Individual colony was randomly
picked, and the recombinant plasmids were extracted and
sequenced.

Cell Growth Profile

For each mutant strain, one percent overnight seed (v/v) was
moculated into 10-ml fresh LB broth containing various ethanol
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Table 1. Primer sequences with restriction site underlined.

Primer Sequence

A 5'-GAGAGGATCCATAACAGAGGATAACCGCGCATG-3'

B 5'-AGATGGTACCAAACAAAATGGCGCGCTACCAGGTAACGCGCCA-
3 —_—
5'-GGAAAACATATGATTCCGGGGATCCGTCGACC-3'

D 5'-
CGGTATCATATGTTTTCCTGACAGAGTACGCGTACTAACCAAATCG-
3 —

E 5'-GAATTCGAGCTCGTGTAGGCTGGAGCTGCTTCG-3'

F 5'-GGAAAACATATGATTCCGGGGATCCGTCGACC-3'

G 5'-ATCCGAATTCTGGAAGGAAAGAAAATCGAGTAACTCTGCT-3/

H 5'-CTACACGAGCTCTTGACGCAGTGGAGTAGCAAAAATG-3’

I 5'-TACCCTCGAGCGATGTGGCGCAGACTGATTTATC-3'

J 5'-CCTAGGTTAATTAAGACTTAGTGACTCGCGCAGCGGTTGTTC-3/

doi:10.1371/journal.pone.0057628.t001

concentration (0 g/1, and 62 g/1) with a similar initial OD600
value at ~0.06. Cells were cultured at 37°C with a constant
agitation of 200 rpm, and their growth was recorded spectropho-
tometrically at 600 nm. The E. coli JW5702 Akan harboring
pKSCP plasmid was used as control in this study.

Chromosomal Integration

The ¢rp operon from the best CRP mutant was integrated into
the chromosome of E. coli JW5702 Akan, the native ¢rp operon
position, using A-Red recombination technique [43]. The operon
was first amplified using primers C and D (Table 1), while the
kanamycin marker (Kan) was amplified from pKDI13 using
primers E and F. The upstream homology region (HI) was
amplified from E. coli BW25113 using primer pair G and H, while
the downstream homology region (H2) was amplified with primers
I and J. All these PCR fragments were ligated into pETDuet-1
(Merck Millipore, Damstadt, Germany) after being digested with
appropriate restriction enzymes to produce recombinant plasmid
crp-HKpETduet. pETDuet-1 was chosen due to its availability of
multiple restriction sites. The DNA cassette containing H1-Kan-
¢rp operon-H2 was obtained after digesting ¢zp-HKpetDuet with
Nde 1 and Pac I. This DNA cassette was then electroporated into E.
coli JW5702 Akan for chromosomal integration, and the site
specific localization was verified through PCR. DNA sequencing
was performed to confirm that the mutation in the integrated crp
operon was exactly the same as in the original mutant.

Survival

The survival of the CRP variant was measured by exposing it to
a high ethanol concentration. Both the control and the variant
were first cultured in LB medium until their OD600 reached 0.6,
followed by the exposure to 150 g/1 of ethanol. Aliquots of 10-ul
cell culture were taken at an interval of 5 min for a total period of
60 min, and serial dilutions were plated onto LB agar plates
containing 30 pg/ml kanamycin. The number of colonies was
counted after overnight incubation at 37°C. “Survival” is defined
as the ratio of CFU after exposure to ethanol to the CFU when
ethanol is absent.

RNA Isolation

One percent (v/v) overnight cell culture was inoculated into LB
medium with or without 60 g/1 ethanol. Cells were cultured for
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2.5 h in the absence of ethanol, or for 8 h in 60 g/1 ethanol. The
isolation of total RNA was performed using PureLink® RNA mini
kit (Life Technologies, Carlsbad, CA, USA), with PureLink®
DNase (Life Technologies, Carlsbad, CA, USA) treatment
according to the manufacturer’s instructions. The quality and
integrity of the isolated RNA was determined through spectro-
photometer and agarose gel electrophoresis. About 800 ng total
RNA was converted into cDNA by reverse transcription in a 20-ul
reaction mixture using High Capacity cDNA Reverse Transcrip-
tion Kit (Life Technologies, Carlsbad, CA, USA) with random
primer mix provided following the recommended protocol.

Quantitative Real-time Reverse Transcription PCR (RT-
PCR) using OpenArray® Technology

RT-PCR using OpenArray® Real-time PCR instrument (Life
Technologies, Carlshad, CA, USA) was performed in triplicates.
The OpenArray® technology is a high throughput real-time PCR
platform, which allows assessing the expression of 244 genes on
one single plate. The Lightcycler® (Roche, Germany) FastStart®
(Roche, Germany) DNA Master SYBR® (Life Technologies,
Carlsbad, CA, USA) Green I master mix (Roche, Germany) was
used in reformatted OpenArray® real-time PCR plates (Life
Technologies, Carlsbad, CA, USA). 33-nl reaction mixture was
loaded into each through-hole on the OpenArray® real-time PCR
plates with the OpenArray® AccuFill™ system (Life Technolo-
gies, Carlsbad, CA, USA). The bacterial 16S rRNA (175G) was used
as internal standard and the sequence of the primers are given in
Table S1. The values of cycle threshold (C,) were provided by the
OpenArray® Real-time PCR Analysis Software Version 1.0.4, and
27AAC method of relative quantification was utilized to compute
the relative expression level. The p-value was calculated by
student’s #-test using IBM SPSS Statistics Software Version 19.

Cross Resistance to other Alcohols

Cell culture was prepared by diluting overnight seed into fresh
LB medium containing different alcohols. Cell growth was
recorded by OD600 readings with the incubation at 37°C,
200 rpm. The alcohol concentrations used are presented in
volume ratio: 3.1% 1-propanol, 1.3% I-butanol, and 0.45% 1-
pentanol.

Results

Isolation of Ethanol-tolerant CRP Mutants

Error-prone PCR was carried out to introduce 2—4 nucleotide
substitutions per ¢7p by varying the amount of DNA template.
Recombinant plasmids with mutated ¢rp inserts were transformed
into competent E. coli JW5702 Akan (crp knock-out strain) and the
total error-prone library size was greater than 10° The
mutagenesis libraries were then enriched through repeated
subcultures containing 40—45 g/l ethanol to separate “‘winners”
with enhanced ethanol tolerance. The mutated ¢7p inserts of these
“winners” were digested, re-ligated to freshly prepared plasmid
pKSC, and the resulting recombinant plasmids were re-trans-
formed into E. coli JW5702 Akan background to eliminate false
positives or chromosomal mutations. Three ethanol-tolerant
mutants (E1-E3) with improved growth under ethanol stress were
selected and their amino acid substitutions are summarized in
Table 2.

Growth of CRP Mutants

E. coli JW5702 Akan harboring plasmid pKSCP, which contains
the native ¢p operon, was used as control in this study. The
ethanol tolerance of E1-E3 was investigated at high ethanol
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Table 2. Amino acid substitutions in E1-E3.

Mutant Amino acid substitutions
E1 H31D D53N G177A

E2 M59T

B8} V47E Q80L

doi:10.1371/journal.pone.0057628.t002

concentration (62 g/1) by comparing their growth performance to
that of the control and (JW5702 Akantblank plasmid pKSC).
When cultured without ethanol, all mutants and the control
presented similar cell growth rate around 0.48 h™! (Figure 1A).
With increasing ethanol concentration in the culture medium, E1—
E3 demonstrated better growth than that of the control with E2
displaying the best ethanol tolerance. When ethanol concentration
reached 62 g/1 (Figure 1B ), the growth rate of E2 was calculated
at 0.08 h™!, compared to the control’s 0.06 h™'. The figure also
illustrated a longer exponential growth phase to a higher OD600
value (0.19) than the control (0.10). It was noted that the deletion
of erp (JW5702 Akantblank plasmid pKSC) did not improve the
ethanol tolerance of E. coli.

Chromosomal Integration

Since E2 had demonstrated the best ethanol resistance among
all three mutants, its ¢p operon was integrated into the
chromosome of E. coli JW5702 Akan, the native ¢rp operon
location, to create strain iE2. Chromosomal integration was
performed to avoid the disadvantages of using plasmid-based
system, such as genetic instability arising from segregation or
horizontal gene transfer, metabolic burden, and the need for
supplementing antibiotics [44,45]. DNA sequencing results
confirmed the same amino acid substitution in the ¢7p operon of
iE2 as E2. The growth of iE2 under ethanol stress was investigated
with its parent strain BW25113 and JW5702. In the absence of
ethanol, iE2 shared similar growth pattern with BW25113, with a
growth rate around 0.45 h™', faster than that of JW5702
(Figure 2A). When all strains were facing ethanol challenge
(62 g/1 ecthanol), iE2 (0.07 h™") not only outgrew BW25113
(0.055 h™ ') but also reached a higher OD600 value (0.13) than
BW25113 (0.09) after 12 h (Figure 2B). The ¢7p knock-out strain
JW5702 exhibited the worst ethanol tolerance among all three
strains. It was also noted that when ethanol concentration was low,
iE2 might result in worse growth than the parent strain (data not
shown).

To further prove the ethanol tolerance of iE2, both iE2 and
BW25113 were exposed to 150 g/1 ethanol and their survival was
recorded over time (Figure 3). iE2 exhibited significantly better
survival than BW25113 over the 1-h period examined. For
instance, after 15-min exposure to 150 g/1 ethanol, iE2 displayed
more than 10% survival whereas BW25113 only had less than
0.01%. Even after 1-h exposure, iE2 still demonstrated over
10,000-fold survival than BW25113.

Resistance towards other Alcohols

The tolerance ability of iE2 towards other alcohols, namely 1-
propanol, Il-butanol, and I-pentanol, was also studied to
demonstrate its alcohol tolerance in general (Figure 4). iE2 showed
much better growth than BW25113 and was able to achieve a
higher OD600 value at stationery phase with all alcohols tested.
For instance, the presence of 3.1% (v/v) 1-propanol led to
0.129 h™" growth rate in iE2, higher than that of BW25113 at
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Figure 1. Growth of CRP variants (E1-E3) in LB medium. Cells were grown in (A) 0 g/L ethanol (B) 62 g/L ethanol at 37°C.

doi:10.1371/journal.pone.0057628.9001

0.087 h™'. Although iE2 and BW25118 shared similar growth
rate (0.068 h™") when cultivated in 1.3% (2/2) 1-butanol, iE2 was
able to reach a higher OD600 value.

RT-PCR Analysis using OpenArray® System

In order to investigate the transcription level changes of the 444
CRP-regulated genes listed in Ecocyc, we have adopted RT-PCR
technique zia OpenArray® system [34]. It was revealed that 203
genes were differentially expressed in iE2 by more than two-fold
with a p-value threshold <<0.05 in the absence of ethanol,
including 48 up-regulated genes and 155 down-regulated genes
(Table S2). Genes involved in acid stress (gadd, gadB, gadC)

PLOS ONE | www.plosone.org

displayed boosted expression (>20-fold), whereas transporter
genes, such as maB, gipT, srlA and mglB, were greatly repressed
(>50-fold). Moreover, genes from central intermediary metabo-
lism (acnd, sdhD, sucA) were up-regulated in iE2 by 2—4 folds
(Table 3). On the other hand, ecthanol stress resulted in the
differential expression of 92 genes in iE2 as compared to
BW25113, including 71 up-regulated and 21 down-regulated
(Table S3), among which many encode for membrane proteins
(yeH, nmpC, and osmY) or transporters (mdtk, fecD, ptsG, srlA, and
sriB) (Table 3).

We have also investigated on the transcription changes of these
444 genes in E2 for comparison. A total of 169 genes (34 up-
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Figure 2. Growth of iE2, parent strain BW25113, and JW5702 in LB medium. Cells were grown in (A) no ethanol (B) 62 g/L ethanol at 37°C.

doi:10.1371/journal.pone.0057628.g002

regulated and 135 down-regulated) showed differential expression
in E2 in the absence of ethanol (Table S4), whereas 159 genes,
including 28 up-regulated and 131 down-regulated, were ex-
pressed differentially in E2 with ethanol stress present (Table S5).
By comparing the differentially expressed genes from 1E2 and E2,
it was found that 14 up-regulated and 93 down-regulated genes
were common in both microbes when treated without ethanol
(Table S6). When challenged by ethanol, only 6 up-regulated and
12 down-regulated genes were common in both strains (Table S7).
Majority of these commonly down-regulated genes were transport-
related, including genes encoding for glucitol/sorbitol sugar
transporter of the phosphotransferase system (PTS), namely srl4,
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s1lB, srlD and srlE, which were highly down-regulated in both iE2
(16- to 40- fold) and E2 (7- to 14-fold).

Discussion

In the present study, we have used transcriptional engineering
tools to enhance the ethanol tolerance of E. coli by rewiring its
global regulator CRP. Mutations were introduced to CRP via
error-prone PCR and three variants were identified with enhanced
ethanol tolerance. The ¢rp operon from the best error-prone PCR
mutant had been integrated into genome to create mutant strain
iE2, which also demonstrated better tolerance than its parent £.
coli strain BW25113 at high ethanol concentration.
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Figure 3. Survival comparison between iE2 and parent strain
BW25113 when exposed to 150 g/L ethanol. Cells were grown to
mid-exponential phase (OD600 ~0.6) in LB medium before being
exposed to 150 g/L ethanol for a period of 1 h.
doi:10.1371/journal.pone.0057628.9g003

CRP is composed of an N-terminal cAMP binding domain
(residues 1-134) and a C-terminal DNA recognition and binding
domain (residues 140-209) that are connected by a hinge region
(residues 135-139) [46]. The M59T mutation from E2 is located
in B-strand 5, which is known to be involved in the interdomain
contacts of CRP-cAMP complex [47]. Saturated mutagenesis at
location M59 didn’t generate a much improved ethanol-tolerant
variant (data not shown).

Ethanol-tolerant strains can be attained v genetic modifica-
tions by altering their membrane structural components or
reprograming metabolic processes [48]. Contrary to previous
findings whereby elevated gene expression of tricarboxylic acid
(TCA) cycle was found in ethanol-tolerant E. coli strain [12,48,49],
the fold-change for the majority genes in the TCA cycle in iE2 or
E2 was either having less than two-fold change or the change was
statistically insignificant (p>0.05) with or without ethanol treat-
ment. iE2 had also demonstrated an elevated expression in genes
involved in general stress response (7poS and osm?) and drug
resistance (mard), which was in agreement with previous reports on
the transcriptome analysis of ethanol tolerant F. coli strain LYO1
obtained via spontaneous adaptation [49]. Genes involved in iron
ion transport (fecA, fecB, fecC, fecD and fecE) and enterobactin
biosynthesis pathway (entd, entB, entC, entD, entE and entH) were also
up-regulated in this ethanol tolerant strain [12,48]. Likewise, we
have also found the expression level of fecC, fecD and fecE and entD
were higher in iE2 under ethanol stress (2.4- to 4.4-fold). Besides
entD, other enterobactin biosynthesis genes such as entd, entB and
entll were also enhanced in mutant strain E2.

Among the commonly up-regulated genes from iE2 and E2,
bhsA and marA are of particular interest. It was previously reported
that bhsA, encoding putative outer membrane protein, could be
induced by several stress conditions and its deletion would result in
acid, heat, hydrogen peroxide or cadmium sensitivity [50-53],
while elevated gene expression of mard, encoding multiple
antibiotics resistance protein, was observed in ethanol-tolerant
strain LYOL. Despite the fact that mard was up-regulated in iE2,
E2, and LYO! under ethanol stress, the overexpression of mard
didn’t improve the ethanol tolerance of E. coli [49].

Based on the RT-PCR results, we have attempted to
overexpress ten genes in F. coli BW25113, including genes
encoding transporters (mdtE, srld, and srlB), membrane protein

PLOS ONE | www.plosone.org

Improve Ethanol Tolerance via Global Regulator CRP

A 02
——iE2
0183 . Bw2s113
0.16 3
0.143
0.12
[=] 1
(=] ]
e 5
9 0.1-E
0.08 3
0-06-‘I'I‘I'I‘I'I‘I'II
o 1 2 3 4 5 B 7 8 9 10
Time (h)
B S
1 —ie2
0124 ——pBw25s113
0.1
o
[=]
(7]
a ]
O o8]
064+——"F—"——TFT+T T T T T T T
o 1 2 3 4 5 6 7 8 9 10
Time (h)
C 4
]—iE2
0.124 ——BW25113
0.1
=] ]
o 4
w0
a 1
o ]
0.08
] T T T T T T T T T L
o 1 2 3 4 5 6 7 8 9 10

Time (h)

Figure 4. iE2 tolerance towards other alcohols as compared to
parent strain BW25113. Cells were cultivated at 37°C in LB medium
containing different alcohols: (A) 3.1% (v/v) 1-propanol, (B) 1.3% (v/v) 1-
butanol, (C) 0.45% (v/v) 1-pentanol.
doi:10.1371/journal.pone.0057628.9g004

(yeH), and enzymes (entd, tdcE, galE, gatD, iloN, fixd), but neither
improvement nor decline in ethanol tolerance were discovered
following their overexpression (data not shown). One possible
reason could be that ethanol tolerance is elicited through the
mvolvement of multiple pathways in E. coli, and single genetic
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modification is not sufficient to lead to substantial increase in
ethanol tolerance [48,54].

After comparing the RT-PCR data between iE2 and E2, we
found that mard and bhsA were up-regulated under ethanol stress,
and both were reported previously to play certain roles in stress
resistance [50,55]. Furthermore, as mentioned earlier, entd, only
up-regulated in E2, was also related with ethanol tolerance.
Hence, we knocked out entd, mard and bhsA from iE2 to investigate
on their effect on iE2 ethanol tolerance. As shown in Figure S1, it
was evident that iE2 Aentd, iE2 Amard and iE2 AbhsA not only had
a lower growth than iE2, but also attained lesser OD600 values at
stationary phase. Therefore, iE2 is likely to increase its ethanol
tolerance through entd, mard and bhsA.

PLOS ONE | www.plosone.org

Table 3. Common genes in iE2 or E2 with differential expression in the presence or absence of ethanol stress.
Function Gene Fold-change* (iE2/BW25113) Fold-change* (E2/control)
—Ethanol +Ethanol —Ethanol +Ethanol
Transport srlA 0.017 0.028 0.52 0.072
sriB 0.041 0.025 0.38 0.088
mdtE 17.2 55 2.8 0.26
tnaB 0.012 43 0.039 0.35
glpT 0.014 0.22 0.35
mglB 0.026 25 0.030 0.60
ptsG 0.72 0.23 33 0.20
Membrane protein yjcH 0.59 8.8 0.13
nmpC 0.065 33 0.38
Enterobactin biosynthesis entA 0.063 0.10 7.5
entB 0.11 1.4 2.05 2.1
entE 0.1 0.61 0.50 3.8
entD 0.078 24 - 2.1
Iron transport fecA 0.59 1.7 2.5 0.31
fecB 0.73 17 0.75
fecC 0.66 3.9 1.8
fecD 0.75 44
fecE 29 14
Stress response gadA 203 2.7
gadB 50.5 7.2
gadC 44.8 6.5
rpoS 2.1 13 0.67
osmY 18.7 22 15
marA 13 3.1 0.48 2.7
bhsA 35 25 0.41 4.1
TCA cycle acnA 3.2 0.66 1.2 13
sdhD 23 0.37 0.74
SucA 20 1.6
Amino acid metabolism ilvN 0.11 17 0.3 0.13
Energy metabolism fixA 27.4
tdcE 0.17 11.2 0.25 033
Carbon compound galE 0.10 223 0.001 265
catabolism
gatD 0.15 03 0.11
*Fold-changes with p>0.05 are not shown in this table.
doi:10.1371/journal.pone.0057628.t003

Conventional strain engineering tools were adopted in the past
to select for ethanol-tolerant E. coli. For example, the ethanol
tolerance of E. coli was enhanced by either spontaneous adaptation
on medium supplemented with ethanol [8,13] or metabolic
engineering method [14]. However, these approaches are often
resource-intensive, for instance, adaptive evolution method
requires a culturing period of ~1000 h to obtain an enhanced
ethanol-tolerant strain [12], or require specific genetic and
metabolic information. As for using UV/chemical mutagens to
improve cellular functions, mutations are often difficult to map in
the genome, which makes the improvement mechanism inacces-
sible for new strain engineering [56]. Strain engineering via global
regulator CRP, on the other hand, was able to generate several
enhanced mutant strains in a couple of days. Moreover, the
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information obtained from one cell phenotype improvement may
also help guide phenotype improvement under other stresses due
to the overlap of cell stress response. Based on the results in this
study and our previous findings, we believe that transcriptional
engineering through CRP can offer an efficient and convenient
approach for strain engineering.

Supporting Information

Figure S1 Growth profiles of iE2 and its knockout
strains. Cells were grown in (A) 0 g/1, and (B) 55 g/I ethanol.
(TIF)

Table S1 Primers used in OpenArray® real-time PCR.
DOCX)

Table 82 Genes with >2-fold change in their expression level in
iE2 as compared to BW25113 in the absence of ethanol, using a p-
value threshold less than 0.05.

DOCX)

Table 83 Genes with >2-fold change in their expression level in
1E2 as compared to BW25113 in the prence of ethanol stress, using
a p-value threshold less than 0.05.

(DOCX)

Table S4 Genes with >2-fold change in their expression level in
E2 as compared to the control in the absence of ethanol stress,
using a p-value threshold less than 0.05.

References

1. Hahn-Hagerdal B, Galbe M, Gorwa-Grauslund MF, Liden G, Zacchi G (2006)
Bio-ethanol - the fuel of tomorrow from the residues of today. Trends Biotechnol
24: 549-556.

2. Yu KO, Jung J, Ramzi AB, Choe SH, Kim SW, et al. (2012) Increased ethanol
production from glycerol by Saccharomyces cerevisiae strains with enhanced stress
tolerance from the overexpression of SAGA complex components. Enzyme
Microb Technol 51: 237-243.

3. Eiadpum A, Limtong S, Phisalaphong M (2012) High-temperature ethanol
fermentation by immobilized coculture of Aluyveromyces marxianus and Saccharo-
myces cerevisiae. ] Biosci Bioeng 114: 325-329.

4. Letti LAJ, Karp SG, Woiciechowski AL, Soccol CR (2012) Ethanol production
from soybean molasses by Zymomonas mobilis. Biomass Bioenergy 44: 80-86.

5. Hayashi T, Kato T, Furukawa K (2012) Respiratory Chain Analysis of
LZymomonas mobilis Mutants Producing High Levels of Ethanol. Appl Environ
Microbiol 78: 5622-5629.

6. Zhou B, Martin GJO, Pamment NB (2008) Increased phenotypic stability and
ethanol tolerance of recombinant Escherichia coli KO11 when immobilized in
continuous fluidized bed culture. Biotechnol Bioeng 100: 627-633.

7. Manow R, Wang J, Wang Y, Zhao J, Garza E, et al. (2012) Partial deletion of rng
(RNase G)-enhanced homoethanol fermentation of xylose by the non-transgenic
Escherichia coli RM10. J Ind Microbiol Biotechnol 39: 977-985.

8. Yomano LP, York SW, Ingram LO (1998) Isolation and characterization of
ethanol-tolerant mutants of FEscherichia coli KO11 for fuel ethanol production.
J Ind Microbiol Biotechnol 20: 132-138.

9. Wackett LP (2008) Biomass to fuels via microbial transformations. Curr Opin
Chem Biol 12: 187-193.

10. Fischer CR, Klein-Marcuschamer D, Stephanopoulos G (2008) Selection and
optimization of microbial hosts for biofuels production. Metab Eng 10: 295-304.

11. Sridhar M, Sree NK, Rao LV (2002) Effect of UV radiation on thermotolerance,
ethanol tolerance and osmotolerance of Saccharomyces cerevisiae VS1 and VS3
strains. Bioresour Technol 83: 199-202.

12. Horinouchi T, Tamaoka K, Furusawa C, Ono N, Suzuki S, et al. (2010)
Transcriptome analysis of parallel-evolved Escherichia coli strains under ethanol
stress. BMC Genomics 11: 579.

13. Chen K, Iverson AG, Garza EA, Grayburn WS, Zhou S (2010) Metabolic
evolution of non-transgenic Escherichia coli S7Z420 for enhanced homoethanol
fermentation from xylose. Biotechnol Lett 32: 87-96.

14. Luo LH, Seo PS, Seo JW, Heo SY, Kim DH, et al. (2009) Improved ethanol
tolerance in Escherichia coli by changing the cellular fatty acids composition
through genetic manipulation. Biotechnol Lett 31: 1867-1871.

15. Patnaik R (2008) Engineering complex phenotypes in industrial strains.
Biotechnol Progr 24: 38-47.

16. Alper H, Moxley J, Nevoigt E, Fink GR, Stephanopoulos G (2006) Engineering
yeast transcription machinery for improved ethanol tolerance and production.
Science 314: 1565-1568.

PLOS ONE | www.plosone.org

Improve Ethanol Tolerance via Global Regulator CRP

(DOCX)

Table 85 Genes with >2-fold change in their expression level in
E2 as compared to the control in the presence of ethanol stress,
using a p-value threshold less than 0.05.

DOCX)

Table S6 Common genes that were either up-regulated OR
down-regulated in both 1E2 and E2 as compared to their controls
in the absence of ethanol stress.

(DOCX)

Table S7 Common genes that were either up-regulated OR
down-regulated in both iE2 and E2 as compared to their controls
in the presence of ethanol stress.

(DOCX)

Acknowledgments

We would like to thank the National Institute of Genetics in Japan for
providing the ASKA strains.

Author Contributions

Conceived and designed the experiments: HC LH JY IW HZ HS R]J.
Performed the experiments: HC LH JY HZ. Analyzed the data: HC LH
HZ. Contributed reagents/materials/analysis tools: R] IW. Wrote the
paper: HC JY HZ R]J.

17. Klein-Marcuschamer D, Santos CNS, Yu HM, Stephanopoulos G (2009)
Mutagenesis of the Bacterial RNA Polymerase Alpha Subunit for Improvement
of Complex Phenotypes. Appl Environ Microbiol 75: 2705-2711.

18. Park KS, Lee DK, Lee H, Lee Y, Jang YS, et al. (2003) Phenotypic alteration of
eukaryotic cells using randomized libraries of artificial transcription factors. Nat
Biotechnol 21: 1208-1214.

19. Hong SH, Wang X, Wood TK (2010) Controlling biofilm formation, prophage
excision and cell death by rewiring global regulator H-NS of Escherichia coli.
Microb Biotechnol 3: 344-356.

20. Hong SH, Lee J, Wood TK (2010) Engineering global regulator Hha of
Escherichia coli to control biofilm dispersal. Microb Biotechnol 3: 717-728.

21. Chen TJ, Wang JQ, Yang R, Li JC, Lin M, et al. (2011) Laboratory-Evolved
Mutants of an Exogenous Global Regulator, IrrE from Deinococcus radiodurans,
Enhance Stress Tolerances of Escherichia coli. PLoS ONE 6: ¢16228.

22. Wang J, Zhang Y, Chen Y, Lin M, Lin Z (2012) Global regulator engineering
significantly improved Escherichia coli tolerances toward inhibitors of lignocellu-
losic  hydrolysates. Biotechnol Bioeng 109: 3133-3142. DOI: 3110.1002/
bit.24574.

23.  Alper H, Stephanopoulos G (2007) Global transcription machinery engineering:
A new approach for improving cellular phenotype. Metab Eng 9: 258-267.

24. Zhang HF, Chong HQ, Ching CB, Song H, Jiang RR (2012) Engineering global
transcription factor cyclic AMP receptor protein of Escherichia coli for improved
1-butanol tolerance. Appl Microbiol Biotechnol 94: 1107-1117.

25. Zhang HF, Chong HQ, Ching CB, Jiang RR (2012) Random mutagenesis of
global transcription factor cAMP receptor protein for improved osmotolerance.
Biotechnol Bioeng 109: 1165-1172.

26. Basak S, Song H, Jiang R (2012) Error-prone PCR of global transcription factor
cyclic AMP receptor protein for enhanced organic solvent (toluene) tolerance.
47: 2152-2158.

27. Basak S, Jiang R (2012) Enhancing E. coli tolerance towards oxidative stress via
engineering its global regulator cAMP receptor protein (CRP). PLoS ONE 7(12):
e51179.

28. Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, et al. (2006) Construction
of Escherichia coli K-12 in-frame, single-gene knockout mutants: the Keio
collection. Mol Syst Biol 2.

29. Shen CR, Liao JC (2008) Metabolic engineering of Escherichia coli for 1-
butanol and 1-propanol production via the keto-acid pathways. Metab Eng 10:
312-320.

30. Huang L, Ching CB, Jiang R, Leong SSJ (2008) Production of bioactive human
beta-defensin 5 and 6 in Escherichia coli by soluble fusion expression. Protein
Expression Purif 61: 168-174.

31. Huang L, Leong S, Jiang R (2009) Soluble fusion expression and characteriza-
tion of bioactive human beta-defensin 26 and 27. Appl Microbiol Biotechnol 84:
301-308.

February 2013 | Volume 8 | Issue 2 | 57628



32.

34.

36.

37.

38.

39.

40.

41.

42,

43.

Maeda T, Sanchez-Torres V, Wood T (2007) Enhanced hydrogen production
from glucose by metabolically engineered Escherichia coli. Appl Microbiol

Biotechnol 77: 879-890.

. Zhu J, Shimizu K (2004) The effect of pfl gene knockout on the metabolism for

optically pure d-lactate production by Escherichia coli. Appl Microbiol Biotechnol
64: 367-375.

Keseler IM, Collado-Vides J, Santos-Zavaleta A, Peralta-Gil M, Gama-Castro
S, et al. (2011) EcoCyc: a comprehensive database of Escherichia coli biology.
Nucleic Acids Res 39: D583-D590.

5. Liu W, Wang L, Jiang R (2012) Specific Enzyme Immobilization Approaches

and Their Application with Nanomaterials. Top Catal 55: 1146-1156.

Wang L, Xu R, Chen Y, Jiang R (2011) Activity and stability comparison of
immobilized NADH oxidase on multi-walled carbon nanotubes, carbon
nanospheres, and single-walled carbon nanotubes. J] Mol Catal B: Enzym 69:
120-126.

Wang L, Zhang H, Ching C-B, Chen Y, Jiang R (2012) Nanotube-supported
bioproduction of 4-hydroxy-2-butanone via in situ cofactor regeneration. Appl
Microbiol Biotechnol 94: 1233-1241.

Ma HW, Kumar B, Ditges U, Gunzer F, Buer J, et al. (2004) An extended
transcriptional regulatory network of FEscherichia coli and analysis of its
hierarchical structure and network motifs. Nucleic Acids Res 32: 6643-6649.
Wang L, Wei L, Chen Y, Jiang RR (2010) Specific and reversible
immobilization of NADH oxidase on functionalized carbon nanotubes.
J Biotechnol 150: 57-63.

Wang L, Chen Y, Jiang R (2012) Nanoparticle-supported consecutive reactions
catalyzed by alkyl hydroperoxide reductase. J] Mol Catal B: Enzym 76: 9-14.
Zhang H, Lountos G, Ching C, Jiang R (2010) Engineering of glycerol
dehydrogenase for improved activity towards 1, 3-butanediol. Appl Microbiol
Biotechnol 88: 117-124.

Cherepanov PP, Wackernagel W (1995) Gene disruption in Escherichia coli: TcR
and KmR cassettes with the option of FLP-catalyzed excision of the antibiotic-
resistance determinant. Gene 158: 9-14.

Datsenko KA, Wanner BL (2000) One-step inactivation of chromosomal genes
in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci USA 97: 6640
6645.

PLOS ONE | www.plosone.org

44.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Improve Ethanol Tolerance via Global Regulator CRP

Yadav AK, Chaudhari AB, Kothari RM (2011) Bioconversion of renewable
resources into lactic acid: an industrial view. Crit Rev Biotechnol 31: 1-19.

. Westfall PJ, Gardner TS (2011) Industrial fermentation of renewable diesel fuels.

Curr Opin Biotechnol 22: 344-350.

Passner JM, Schultz SC, Steitz TA (2000) Modeling the cAMP-induced
allosteric transition using the crystal structure of CAP-cAMP at 2.1 angstrom
resolution. ] Mol Biol 304: 847-859.

Won HS, Seo MD, Ko HS, Choi WS, Lee BJ (2008) Interdomain interaction of
cyclic AMP receptor protein in the absence of cyclic AMP. J Biochem 143: 163~
167.

Goodarzi H, Bennett BD, Amini S, Reaves ML, Hottes AK, et al. (2010)
Regulatory and metabolic rewiring during laboratory evolution of ethanol
tolerance in . coli. Mol Syst Biol 6.

Gonzalez R, Tao H, Purvis JE, York SW, Shanmugam KT, et al. (2003) Gene
array-based identification of changes that contribute to ethanol tolerance in
ethanologenic Escherichia coli: Comparison of KO11 (Parent) to LYO1 (resistant
mutant). Biotechnol Progr 19: 612-623.

Zhang X-S, Garcia-Contreras R, Wood TK (2007) YcfR (BhsA) Influences
Escherichia coli Biofilm Formation through Stress Response and Surface
Hydrophobicity. J Bacteriol 189: 3051-3062.

Lountos GT, Jiang RR, Wellborn WB, Thaler TL, Bommarius AS, et al. (2006)
The crystal structure of NAD(P)H oxidase from Lactobacillus sanfranciscensis:
Insights into the conversion of O-2 into two water molecules by the flavoenzyme.
Biochemistry 45: 9648-9659.

Jiang RR, Riebel BR, Bommarius AS (2005) Comparison of alkyl hydroperoxide
reductase (AhpR) and water-forming NADH oxidase from Lactococcus lactis
ATCC 19435. Adv Synth Catal 347: 1139-1146.

Jiang RR, Bommarius AS (2004) Hydrogen peroxide-producing NADH oxidase
(nox-1) from Lactococcus lactis. Tetrahedron:Asymmetry 15: 2939-2944.

Wang L, Chong H, Jiang R (2012) Comparison of alkyl hydroperoxide reductase
and two water-forming NADH oxidases from Bacillus cereus ATCC 14579. Appl
Microbiol Biotechnol 96: 1265-1273.

. Aono R (1998) Improvement of organic solvent tolerance level of Escherichia coli

by overexpression of stress-responsive genes. Extremophiles 2: 239-248.
Sandoval NR, Mills TY, Zhang M, Gill RT (2011) Elucidating acetate tolerance
in E. coli using a genome-wide approach. Metab Eng 13: 214-224.

February 2013 | Volume 8 | Issue 2 | 57628



