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ABSTRACT Host-associated bacteria, such as Escherichia coli, often encounter vari-
ous host-related stresses, such as nutritional deprivation, oxidative stress, and tem-
perature shifts. There is growing interest in searching for small endogenous proteins
that mediate stress responses. Here, we characterized the small C-tail-anchored inner
membrane protein ElaB in E. coli. ElaB belongs to a class of tail-anchored inner
membrane proteins with a C-terminal transmembrane domain but lacking an
N-terminal signal sequence for membrane targeting. Proteins from this family have
been shown to play vital roles, such as in membrane trafficking and apoptosis, in
eukaryotes; however, their role in prokaryotes is largely unexplored. Here, we found
that the transcription of elaB is induced in the stationary phase in E. coli and
stationary-phase sigma factor RpoS regulates elaB transcription by binding to the
promoter of elaB. Moreover, ElaB protects cells against oxidative stress and heat
shock stress. However, unlike membrane peptide toxins TisB and GhoT, ElaB does
not lead to cell death, and the deletion of elaB greatly increases persister cell forma-
tion. Therefore, we demonstrate that disruption of C-tail-anchored inner membrane
proteins can reduce stress resistance; it can also lead to deleterious effects, such as
increased persistence, in E. coli.

IMPORTANCE Escherichia coli synthesizes dozens of poorly understood small mem-
brane proteins containing a predicted transmembrane domain. In this study, we
characterized the function of the C-tail-anchored inner membrane protein ElaB in E.
coli. ElaB increases resistance to oxidative stress and heat stress, while inactivation of
ElaB leads to high persister cell formation. We also demonstrated that the transcrip-
tion of elaB is under the direct regulation of stationary-phase sigma factor RpoS.
Thus, our study reveals that small inner membrane proteins may have important cel-
lular roles during the stress response.

KEYWORDS C-tail-anchored membrane protein, oxidative stress, heat shock,
persistence

Membrane proteins interact with, or are part of, biological membranes, and they
separate the cytoplasm from the extracellular environment in all living cells.

These membrane proteins are prevalent as they are encoded by 20 to 30% of all genes
in most genomes (1, 2). For Escherichia coli, the inner membrane is a phospholipid
bilayer, and integral inner membrane proteins are mostly �-helical (3). The inner
membrane proteins include transporters, channels, receptors, enzymes, and structural
membrane-anchoring domains for myriad tasks, including energy transduction and cell
adhesion (4).
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Most proteins are inserted into the membrane by the well-conserved Sec pathway,
consisting of the membrane-spanning translocase SecYEG in bacteria. Many accessory
proteins, including the signal recognition particle (SRP) and its cognate membrane
receptor FtsY, aid in protein targeting and insertion (5). To be tagged to the membrane
via the Sec pathway, a protein usually has an N-terminal signal sequence for recogni-
tion by the SRP. Translation of the N-terminal signal peptide that target proteins to the
SRP pathway is required for directing mRNAs to the membrane (6). In E. coli, YidC can
be specifically cross-linked to the transmembrane domain of newly synthesized pep-
tides during their membrane insertion via translocons (complexes of proteins associ-
ated with the translocation of polypeptides across membranes) (7, 8). Several lines of
evidence have revealed that in E. coli, as well as in mammalian cells, ribosomes
translating inner membrane proteins interact cotranslationally with translocons in the
membrane, and this interaction is required for the proper insertion of nascent poly-
peptides into the membrane (6, 9).

C-tail-anchored inner membrane proteins, a class of proteins characterized by their
lack of N-terminal signal sequences, were first identified in eukaryotes, and they play
critical roles in membrane traffic, apoptosis, and protein translocation in eukaryotes
(10–12). Tail-anchored inner membrane proteins have been found in Streptomyces
coelicolor, and they are capable of targeting proteins to the membrane in the absence
of an N-terminal signal sequence; the C-terminal transmembrane domain is sufficient
for membrane targeting (13). By considering the distance of the transmembrane
domain from the C terminus (less than 30 residues) and also the lack of an N-terminal
signal peptide, 12 proteins were identified as C-terminal-anchored proteins in E. coli
(14). These 12 proteins include those known to be associated with the inner face of the
cytoplasmic membrane, such as the flagella assembly protein FlK, the TraL protein
involved in F pilus formation, and enzymes with hydrophobic substrates that are
expected to be favored by membrane anchorage (15, 16). Only three of the 12
C-tail-anchored proteins, namely, YgaM and paralogs ElaB and YqjD, have not been
characterized (14). Recently, these three proteins were shown to be associated with
stationary-phase ribosomes (17). Complexes in the inner membrane of E. coli are often
involved in key processes, such as energy generation, cell division, signal transduction,
and transport (18). Targeting small stress resistance proteins is an emerging area for
treating bacterial infections (19–22); however, there are risks in targeting YgaM, ElaB,
and YqjD as their function is not known.

In this study, we focused on the physiological role of ElaB when cells encounter
external stress. The elaABCD genes in the E. coli genome were previously named
without a phenotypic explanation. ElaC was renamed Rbn and has both endoribonu-
clease and exoribonuclease activities, while ElaD, previously misannotated as a putative
sulfatase/phosphatase, is an efficient and specific deubiquitinating enzyme (23–25). It
was reported that ElaB is mainly expressed in the stationary phase (17), and we
demonstrate here that elaB transcription is regulated by the stationary-phase sigma
factor RpoS. We also provide evidence that ElaB protects cells against heat shock and
oxidative stress. However, unexpectedly, disruption of ElaB greatly increases persister
cell formation. Thus, ElaB represents a new transmembrane protein that participates in
various stress responses.

RESULTS
ElaB is an inner membrane protein with a conserved C-terminal transmem-

brane domain. ElaB is a small protein of 101 amino acids. It has one transmembrane
domain at the C terminus, and this domain is conserved in several bacterial species,
including opportunistic pathogens (Fig. 1). By contrast, the N termini of these proteins
show much less conservation in terms of length and amino acid composition. Two
proteins in E. coli, YqjD and YgaM, have C-terminal transmembrane domains that are
the same as in ElaB. Moreover, the transmembrane domain is very close to the end of
the C terminus and is followed by two to four residues containing one to three
arginines (Fig. 1).

Guo et al. Journal of Bacteriology

May 2017 Volume 199 Issue 9 e00057-17 jb.asm.org 2

http://jb.asm.org


ElaB localization in E. coli was first checked by fusing the red fluorescent protein
gene mCherry to the C terminus of the elaB gene in the chromosome of BW25113
wild-type cells to express the fused protein ElaB-mCherry. As expected, ElaB-mCherry
was localized to the cell poles (Fig. 2, upper panel). To exclude potential effects of
C-terminal mCherry on localization, we also fused the mCherry gene to the C terminus
of the lacZ gene in the chromosome of BW25113 wild-type cells, and the fused protein
LacZ-mCherry was localized to the cytoplasm (Fig. 2, lower panel). To further check the
ElaB localization, ElaB with a green fluorescent protein (GFP) tagged at the C terminus
was produced using pCA24N-elaB-gfp. As expected, GFP-fused ElaB was also localized
to the cell poles (see Fig. S1 in the supplemental material). Localization of GFP-fused
membrane proteins at the cell poles was also observed with the previously character-
ized inner membrane proteins YqjD (26) and YidC (27), suggesting that ElaB is anchored
in the membrane.

To further determine if ElaB resides in the inner membrane or the outer membrane,
the membrane proteins of E. coli were fractionated by a sucrose cushion protocol,
which takes advantage of the fact that the inner membrane of E. coli has a lower density
than the outer membrane (17, 28). Different cell fractions were obtained from E. coli
producing ElaB with an N-terminal His tag using plasmid pCA24N-elaB. Western blot-
ting was conducted to detect the His-tagged ElaB in the membrane fractions using an
antibody to the His tag. His-ElaB was present only in the inner membrane fraction but

FIG 1 Conserved C-terminal transmembrane domain in ElaB. Alignment of amino acid sequences among ElaB and other hypothetical membrane proteins from
different bacterial species was performed based on the Dense Alignment Surface method (http://www.sbc.su.se/�miklos/DAS/). The predicted transmembrane
motif is underlined.

FIG 2 ElaB is an inner membrane-anchored protein. Coexpression of the mCherry fusion protein ElaB or
LacZ in BW25113 at a turbidity at 600 nm of 1.0. mCherry fluorescence (middle panels) is overlaid with
the phase-contrast images (left panels) in the same field to obtain merged images (right panels). Three
independent cultures were used, and only one representative is shown here.
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not in the outer membrane fraction (Fig. 3A, lanes 1 to 4). We also used inner
membrane protein MacB (29) and outer membrane protein OmpA (30) as positive
controls for the membrane protein localization assay. As expected, MacB was found
only in the inner membrane fraction (Fig. 3A, lanes 5 to 8), while OmpA was largely
present in the outer membrane fraction with a small proportion in the inner membrane
fraction due to its high abundance (31) (Fig. 3A, lanes 9 to 12).

A previous study showed that YqjD and ElaB are ribosome-associated proteins and
that YqjD is also anchored in the inner membrane (17). To see whether the ribosome-
associated protein ElaB is also present in the soluble fraction, we quantified the levels
of GFP-fused ElaB in the soluble and membrane fractions. More than 90% of the ElaB
expressed by pCA24N-elaB in the whole-cell lysate was recovered in the membrane
fraction, with a small proportion present in the soluble fraction (Fig. 3B, lanes 1 to 3).
Similar results were obtained using GFP-fused ElaB integrated in the chromosome of
the BW25113 wild type (Fig. 3B, lanes 4 to 6). In E. coli, ribosomes translating membrane
proteins interact cotranslationally with translocons in the membrane, a process that is
essential for proper insertion of nascent polypeptides into the membrane (9). Here, we
demonstrate that ElaB, which shares a conserved transmembrane motif with YqjD, is
also an inner membrane protein. Unlike with YqjD, the production of ElaB did not
inhibit cell growth or lead to cell lysis (data not shown).

elaB is regulated by RpoS. To determine when ElaB is induced, we first examined
elaB expression during different growth conditions. The transcription of elaB was
upregulated 13.9- � 0.2-fold when cells entered the stationary phase, and transcription
of elaB was also upregulated 9.5- � 0.6-fold when cells were growing in nutrient-
limited minimal medium (M9 minimal medium with 0.4% glucose) compared with that
in LB medium during the exponential growing phase (Fig. 4A). By contrast, the
expression of the neighboring upstream gene elaA did not change during these growth
conditions (data not shown).

To test whether expression of elaB is under the direct control of the stationary sigma
factor RpoS (�38), elaB expression was first tested in an rpoS deletion mutant. As
expected, there was no induction of elaB in the absence of RpoS in the stationary phase
(Fig. 4B). Moreover, the transcription of elaB was upregulated 2.4- � 0.1-fold by
overexpressing rpoS via pCA24N-rpoS in minimal medium during the exponential
growing phase (Fig. 4B). Next, Virtual Footprint (32) and FGENESB (Softberry) programs
were applied to predict potential RpoS binding sites in the elaB promoter. Two RpoS

FIG 3 ElaB localization by Western blotting. (A) Cell lysates and fractions containing the inner and outer
membrane proteins were obtained as described in Materials and Methods. The His tag antibody was used
to determine ElaB levels when elaB was overexpressed using pCA24N-elaB. Cells producing inner
membrane protein MacB and outer membrane protein OmpA were also used as positive controls. (B)
Expression of ElaB via pCA24N and chromosomal ElaB-GFP and its levels in soluble fractions and
membrane fractions were determined. The GFP antibody was used to determine ElaB levels when gfp
and elaB were coexpressed in the chromosome.
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binding sites were identified at 65 nucleotides (nt) and 401 nt upstream of the start
codon of elaB (Fig. 4C). The predicted binding sites were also aligned with previously
identified consensus sequences for the RpoS regulon (33–39), and the �10 region in
the putative RpoS binding site 2 near the elaB start codon showed high similarity to the
previously proposed �10 region consensus sequence of TGN0 –2CYATAMT (Y stands for
C or T, M stands for A or C, and N0 –2 stands for up to 2 of any nucleotide) (36) or
CTATA(C/A)T (38). Moreover, the �35 region is 18 nucleotides from the �10 region in
the putative RpoS binding site 2, which is regarded as a functional location (17 � 2
nucleotides) (39).

To determine how RpoS regulates elaB transcription, we conducted an electropho-
retic mobility shift assay (EMSA) with two DNA probes amplified from the promoter of
elaB (probe 1 containing the putative RpoS binding site 1 and probe 2 containing the
putative RpoS binding site 2) using purified RpoS (Fig. 3D) in the presence of E. coli core
RNA polymerase. As shown in Fig. 4E and F, RpoS bound and shifted only the DNA
fragment containing the RpoS binding site close to elaB start codon (probe 2) in a
dose-dependent manner, but did not bind or shift the DNA fragments containing the
RpoS binding site 1 (probe 1) or the mutant RpoS binding site 2 (probe 3) (Fig. 4C).

To further confirm the regulation of RpoS in vivo, we conducted promoter activity
assays by fusing the promoter of elaB with the lacZ gene in pHGR01 to construct the
lacZ reporter plasmid pHGR01-PelaB. As expected, the BW25113 wild-type cells harbor-
ing pHGR01-PelaB showed significantly higher �-galactosidase activity (1,034.2 � 34.2
Miller units [MU]) than the ΔrpoS cells (268.9 � 15.9 MU) (Fig. 5A). Moreover, we

FIG 4 ElaB is induced during the stationary phase, and elaB is regulated by RpoS. (A) Cells grown to the exponential phase (optical density at 600 nm [OD600],
0.7) and stationary phase (OD600, 6.0) were harvested, and total RNA was isolated. The transcriptional level of elaB was determined using qRT-PCR and calculated
using 2�ΔΔCT. The expression of elaB was normalized to that of rrsG. The relative expression of elaB in the stationary phase was compared to that in the
exponential phase, and the relative expression in M9-glucose medium was normalized to that in LB medium. (B) elaB expression is induced by RpoS. The ΔrpoS
cells grown to the exponential phase (OD600, 0.7) and stationary phase (OD600, 6.0) were harvested, and the transcriptional levels of elaB were determined as
described for panel A. The cells harboring pCA24N-rpoS were induced with 1 mM IPTG for 1 h at an OD600 of 1.0, the cells were harvested, and total RNA was
isolated. The expression of elaB was determined, and vector pCA24N was used as a negative control. Three independent cultures for each strain were used for
panels A and B, and the data are shown as means � standard deviations. **, P � 0.01. (C) The promoter region of elaB and the sequences of the two probes
each containing one putative RpoS binding site. The numbers indicate the locations relative to the start codon of elaB. Two predicted binding sites of RpoS
are marked. �10 and �35 regions and the ribosome binding site (RBS) are highlighted. The start codon of elaB is shown in red letters. The arrows point to
the mutated sequences of the �10 and �35 regions in RpoS binding site 2. (D) Purification of RpoS. A total of 20 �g protein was loaded in each lane. M indicates
a protein marker. (E) RpoS binds to probe 2 in a concentration-dependent manner with the addition of RNA core polymerase (lanes 1 to 6). The addition of
an excess amount of unlabeled probe reduced the binding of RpoS to the labeled probe in a concentration-dependent manner (lanes 7 to 9). (F) RpoS did not
bind to probe 1 (lanes 1 to 9) or the mutant RpoS binding site 2 (probe 3, lanes 10 to 18) under the same conditions.
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performed site-directed mutagenesis to change the conserved RpoS binding site
from TTCAGG (�35 region) . . . TCTATAGTTA (�10 region) to AAAAAA (�35 re-
gion) . . . CCCCCCCCCC (�10 region) (Fig. 4C) in pHGR01-PelaB to construct a mutant
lacZ reporter plasmid, pHGR01-MPelaB. Both the wild-type and ΔrpoS hosts carrying
pHGR01-MPelaB had similar �-galactosidase activities, suggesting that RpoS no longer
regulates elaB transcription once the conserved binding site is altered (Fig. 5A). To
further confirm the regulation of RpoS on elaB, we conducted the complementary
experiment of the promoter activity assay using pCA24N-rpoS to overexpress rpoS in
the ΔrpoS host cells. As expected, using pHGR01-PelaB as the reporter plasmid, ΔrpoS
cells overexpressing rpoS via pCA24N-rpoS showed an 8.0- � 0.9-fold increase in the
promoter activity compared with that of the empty plasmid pCA24N (937.6 � 101.5 MU
for ΔrpoS/pCA24N-rpoS cells versus 117.3 � 4.0 MU for ΔrpoS/pCA24N cells). However,
when pHGR01-MPelaB was used as the reporter plasmid, the activity of the mutated
promoter of elaB did not change with overexpression of rpoS in the ΔrpoS cells (70.4 �

6.7 MU for ΔrpoS/pCA24N-rpoS cells versus 83.7 � 6.2 MU for ΔrpoS/pCA24N cells) (Fig.
5B). Collectively, these results demonstrate that elaB is induced in the stationary phase
and that the transcription of elaB is under the direct control of stationary-phase sigma
factor RpoS.

ElaB increases survival during heat and oxidative stress. To determine the
physiological role of ElaB, we tested whether elaB contributes to survival under stress
conditions using the elaB deletion mutant. To test whether ElaB contributes to survival
under heat shock, cell viability was determined with and without elaB at 65°C for 10
min. Survival was greatly reduced (3.3 � 0.1) � 105-fold when elaB was deleted (Fig.
6A), and complementation of the elaB mutation increased survival upon heat shock
(Fig. 6B). Similarly, cell survival after treatment with 20 mM H2O2 for 10 min was
reduced approximately 3.6 � 104-fold when elaB was deleted (Fig. 6C), and comple-
mentation of the elaB mutation increased cell viability 1.2 � 105-fold to levels similar
to those of the wild type (Fig. 6D). Collectively, these results show that ElaB increases
oxidative and heat stress resistance.

ElaB decreases persister cell formation. Inner membrane proteins can mediate
antibiotic resistance as well as persister cell formation either by damaging the cell
membrane or by affecting membrane permeability (40–44). Persister cells are pheno-
typic variants of regular cells, play a major role in the high antibiotic resistance of
bacterial biofilms, and are likely responsible for the recalcitrance of chronic infections
to antibiotics (45–47). To investigate the role of ElaB in persister cell formation, we
first measured the MICs of 10 antibiotics commonly used for bacterial infections for
the ΔelaB strain and the wild-type strain. As shown in Table 1, changes in MIC values
for the 10 antibiotics between the two strains were within 2-fold. Next, we per-
formed the persister cell assay using high concentrations (�10� MIC) of ampicillin and

FIG 5 Promoter activity of elaB is induced by RpoS. (A) Wild-type BW25113 (WT) and ΔrpoS cells harboring
pHGR01-PelaB and pHGR01-MPelaB in the stationary phase were collected, and �-galactosidase activities were
tested. (B) ΔrpoS/pHGR01-PelaB and ΔrpoS/pHGR01-MPelaB cells expressing RpoS were induced with 0.5 mM
IPTG for 2 h at an OD600 of 1.0, and �-galactosidase activities were tested. The pCA24N vector was used as
a negative control. Three independent cultures for each strain were used. **, P � 0.01.
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ciprofloxacin. The numbers of persister cells formed in the ΔelaB strain were 4.3- �

0.5-fold higher after 1 h and 12.6- � 0.5-fold higher after 3 h when treated with 100
�g/ml ampicillin (Fig. 7A). Critically, persister cell formation in the ΔelaB strain was
(1.15 � 0.1) � 103-fold higher than in the wild-type cells when treated with 5 �g/ml
ciprofloxacin for 1 h. After 3 h, no persister cells were detected in the wild-type strain,
while the proportion of persister cells in the ΔelaB strain was 0.06% � 0.01% (Fig. 7B).
Similar to what was reported earlier (48), ciprofloxacin appears to be more effective in
killing regular nongrowing cells than ampicillin. Additionally, complementation of elaB
via pCA24N-elaB reduced the persister cell formation compared with that from ΔelaB
cells harboring an empty pCA24N plasmid (Fig. 7CD). Collectively, these results suggest
that the inactivation of ElaB greatly increases persister cell formation.

FIG 6 ElaB increases survival during heat and oxidative stress. (A) Wild-type BW25113 (WT) and ΔelaB
cells were grown until the turbidity reached 1.0 and were treated with heat stress (65°C for 5 min and
10 min); cell survival (%) was then tested. (B) Overnight cultures were diluted until the turbidity reached
0.5, and then 1 mM IPTG was added for 2 h. The OD600 was adjusted to 1.0, and cell survival was
determined as described for panel A. (C) Wild-type and ΔelaB cells were treated with 10 mM H2O2 for the
indicated times, and then cell survival was assayed. (D) Cells were collected as described for panel B, and
cell survival was determined after treatment with 10 mM H2O2. Each assay was performed with three
independent cultures, and one standard deviation is shown. *, P � 0.05; **, P � 0.01.

TABLE 1 MICs of 10 antibiotics for wild-type BW25113 and the ΔelaB mutant

Antibiotic

MIC (�g/ml) for:

BW25113
�elaB
mutant

Ampicillin 4 4
Polymyxin B 0.5 0.5
Cefoxitin 8 4
Ceftazidime 0.5 �0.25
Imipenem �0.125 �0.125
Cefotaxime �0.25 �0.25
Cefepime �0.5 �0.5
Ciprofloxacin �0.125 �0.125
Gentamicin �0.5 �0.5
Tetracycline 2 2
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DISCUSSION

Bacterial membranes play essential roles in the responses to various stresses. Here,
we identified a new small inner membrane protein with a C-terminal transmembrane
domain in E. coli, ElaB, which has a role in multiple stress responses. We found that (i)
expression of elaB is upregulated during the stationary phase and it is positively
regulated by RpoS in a concentration-dependent manner by the binding of RpoS to the
elaB promoter, (ii) ElaB protects cells against oxidative stress and heat shock, and (iii)
ElaB decreases persister cell formation. C-tail-anchored inner membrane proteins were
first identified in eukaryotes and have been shown to play critical roles in apoptosis and
other vital processes (10–12). In Streptomyces coelicolor, they may also play an impor-
tant role (49). Here, we provide evidence that the C-tail-anchored inner membrane
protein ElaB in E. coli participates in important cellular processes such as the responses
to heat stress and oxidative stress.

Sigma factor RpoS is a general stress response regulator, and in E. coli, environmen-
tal stresses such as oxidative stress stimulate the expression of the rpoS gene and thus
turn on the expression of the RpoS-controlled regulon (22, 50, 51). The transcription of
genes recognized by RpoS through specific sequences in the promoter enables the
activation of a “general stress response,” thus protecting cells from harmful conditions
(39). In this study, we showed that the previously uncharacterized ElaB is under the
direct control of RpoS, and ElaB protects cells against oxidative stress. Thus, under stress
conditions where RpoS is upregulated (22), elaB transcription should also be induced,
illustrating another example of the multifactorial regulation of RpoS. In addition, the
upregulation of elaB by RpoS was also previously detected by other groups using DNA
microarray studies with stress conditions (50, 52, 53). The deletion of rpoS, as well as the
genes that RpoS controls, increases E. coli persister formation dramatically to the extent
that nearly the whole population becomes persistent (54). Moreover, biofilms of the
rpoS mutant were much more resistant to being killed by tobramycin than were
wild-type P. aeruginosa biofilms (55). However, the underlying mechanism is unclear.
Here, we found that ElaB, activated by RpoS, greatly decreased the tolerance to high

FIG 7 ElaB decreases persistence. (A and B) Survival of wild-type BW25113 (WT) and ΔelaB cells was
determined with 100 �g/ml ampicillin and 5 �g/ml ciprofloxacin at the indicated time points. Overnight
cultures were diluted and cultured until the turbidity reached 1.0 before the addition of ampicillin or
ciprofloxacin. (C and D). Cell survival upon expression of elaB via pCA24N-elaB in the wild-type and ΔelaB
cells was determined with 100 �g/ml ampicillin and 5 �g/ml ciprofloxacin at the indicated time points.
Overnight cultures were diluted and cultured until the turbidity reached 0.5, and then 1 mM IPTG was
added for 2 h. The turbidity was then adjusted to 1.0, the cells were treated with antibiotics, and
persistence was determined at the indicated time points. Empty plasmid pCA24N was used as a
negative control. Three independent cultures of each strain were evaluated for panels A to D.
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concentrations of ciprofloxacin by promoting the formation of more persister cells. Two
other identified C-terminus-anchored membrane proteins, YqjD and YgaM, are also
induced in the stationary phase in E. coli (17). However, the physiological functions of
YgaM and YqjD are largely unknown except that YqjD has been suggested to inhibit
cell growth by inactivating the translational properties of ribosomes (17). We previously
found that the deletion of the acid stress-related genes (e.g., gadB) that are activated
by RpoS (52) or its transcriptional activator gadX greatly increased persister cell forma-
tion (54). Nevertheless, these results suggest that RpoS and genes under the direct
control of RpoS are potentially important for the general stress response, but the
underlying mechanism of how these genes contribute to the reduced tolerance to high
concentrations of antibiotic while maintaining enhanced resistance to nonantibiotic
environmental stresses needs further investigation. Thus, the disruption of C-tail-
anchored inner membrane proteins can reduce stress resistance; it can also lead to
deleterious effects, such as increased persistence in E. coli.

Our BLAST search indicates that ElaB, as well as YqjD and YgaM, lack N-terminal
signal sequences. The high diversity of the N-terminal domains of these proteins, which
exhibit no universally conserved sequence characteristics, argues for a membrane-
targeting mechanism that depends primarily, if not entirely, on the C-terminal domains.
Although the “twin-arginine repeat,” or TAT, pathway is involved in the secretion of
folded proteins (56) and ElaB has two arginines at the end of the C terminus, it lacks the
characteristic Z-R-R-�-X-X sequence (where Z is a polar residue, X-X are hydrophobic
residues, and � is any residue) recognized by the TAT system (Fig. 1). Hence, it is
unlikely that ElaB is secreted by the TAT system. In the absence of their N-terminal
signal sequences, the C-terminal transmembrane domains of these C-tail-anchored
proteins identified in S. coelicolor are sufficient for membrane targeting (13). However,
the underlying targeting pathway has not been elucidated. The identification of this
new targeting pathway suggests it may be an important target for antimicrobial agents.

Two small hydrophobic polypeptides, TisB (41) and GhoT (40, 42, 57), are toxin
components of toxin-antitoxin systems. Neither of these is under the regulation of
RpoS, but they are found to increase persister cell formation by reducing cell metab-
olism to create dormancy. GhoT is a small membrane protein with two transmembrane
domains (residues 7 to 27 and 37 to 57) (40). Additionally, TisB (41) and GhoT damage
cell envelopes and lead to cell death when overproduced, but overproduction of ElaB
did not cause growth inhibition, indicating that different inner membrane proteins and
transmembrane proteins may function differently in the presence of general stress. By
using in vivo fluorescence imaging and next-generation sequencing, bacterial persister
cells, in addition to dormancy (58), employ an “active defense” to pump antibiotics out
and reduce intracellular drug concentrations through enhanced efflux activity (43). Since
ElaB does not seem to affect the metabolic state of the cell, it is possible that the function
of ElaB is involved with efflux pumps either by enhanced pumping of the antibiotic out of
the cell or by limiting the uptake of the antibiotic. Although the C-terminal transmem-
brane domains of ElaB and YqjD are highly conserved, the functions of ElaB and YqjD
seem different. YqjD inhibits cell growth by binding to the 30S subunit in the 70S and
100S ribosomes at the N-terminal region (17). However, the N-terminal regions of these
two proteins are not highly conserved, and overproduction of ElaB does not lead to
growth inhibition or cell lysis. Future studies are needed to elucidate the biochemical
properties of these C-tailed inner membrane proteins and how they interact with efflux
pumps or other cellular components in prokaryotes.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this

study are listed in Table 2. Luria-Bertani (LB) broth (59) and M9 minimal medium with 0.4% glucose (60)
were used as indicated. The Keio collection (61) and the ASKA library (62) were used for deleting and
overexpressing single genes. Chloramphenicol (30 �g/ml) was used for maintaining pCA24N-based
plasmids, and kanamycin (50 �g/ml) was used for preculturing the isogenic knockout mutants.

Construction of plasmids. For the purification of sigma factor RpoS, the coding region of rpoS was
amplified using BW25113 genomic DNA as the template with the primer pair listed in Table S1 in the
supplemental material. PCR products were purified using a gel extraction kit (Qiagen, Hilden, Germany),
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were digested with XbaI and HindIII, and were purified with a PCR product purification kit (Qiagen). The
purified PCR products were ligated into the pET28b plasmid and transferred into E. coli BL21. The correct
construct was verified by DNA sequencing using primer M13.

For the promoter activity assay, a 300-nt fragment from �300 to �1 relative to the elaB translational
start site was amplified by PCR with primers pHGR01-PelaB-f and pHGR01-PelaB-r (Table S1). The PCR
product was purified and digested with EcoRI and HindIII and then was ligated into pHGR01. The
correct vector pHGR01-PelaB was verified by DNA sequencing using the primer pair pHGR01-f and
pHGR01-r listed in Table S1. To perform site mutagenesis of the RpoS binding site in the elaB
promoter in pHGR01-PelaB (pHGR01-MPelaB), from TTCAGG (�35) . . . TCTATAGTTA (�10) to
AAAAAA (�35) . . . CCCCCCCCCC (�10), three rounds of PCR were performed. The first-round PCR was
amplified with pHGR01-PelaB-f and M-pHGR01-PelaB-r2 (Table S1) using the wild-type genomic DNA as
the template, the purified PCR product was then used as the template and the secondary-round PCR was
amplified with pHGR01-PelaB-f and M-pHGR01-PelaB-r3 (Table S1). The purified products from the
secondary PCR were further used as the template and amplified with pHGR01-PelaB-f and pHGR01-
PelaB-r. The last-round PCR products were further cloned into pHGR01 to make pHGR01-MPelaB, and the
correct mutation in the elaB promoter region in pHGR01-MPelaB was validated by DNA sequencing using
primers pHGR01-f and pHGR01-r listed in Table S1.

Generation of mCherry and gfp fused strains. To generate elaB::mCherry, the one-step inactivation
method (63) was applied to fuse mCherry, which encodes a red fluorescent protein, before the stop
codon of elaB to generate the protein ElaB-mCherry. The coding region of mCherry without its start
codon was amplified by PCR using pmCherry-N1 (Clontech, Mountain View, CA) as the template with
primers mCherry-f and mCherry-r. The primer pair mCherry-KM-f and KM-r was used to amplify the
kanamycin resistance (Kmr) cassette, bordered by FLP recombination target (FRT) sites, from plasmid
pKD4. The PCR products served as the templates in overlapping extension PCR with primers mCherry-f
and KM-r to generate a DNA fragment carrying mCherry and Kmr cassettes flanked by �60-nt regions up-
and downstream of the elaB stop codon. The PCR products were purified using a gel extraction kit
(Qiagen), and purified fragments were electroporated into BW25113/pKD46 competent cells. The strain
of BW25113 elaB::mCherry was confirmed by PCR followed by DNA sequencing using primers of conf-f
and conf-r. The same procedures were performed to fuse mCherry before the stop codon of the lacZ
gene, as well as for the construction of the elaB::gfp strain.

Protein localization. For localization of ElaB using the mCherry-ElaB fusion, strains were cultured to
a turbidity at 600 nm of 1.0, were washed with 0.85% NaCl, and were imaged with fluorescence
microscopy (Zeiss Axiophot) using an oil immersion objective (100�). For localization of ElaB by GFP
fusion, overnight cultures of BW25113 harboring pCA24N-elaB-gfp or pCA24N-gfp were inoculated into
LB broth with chloramphenicol (30 �g/ml) to a turbidity at 600 nm of 0.1, and 0.5 mM isopropyl-�-D-
thiogalactopyranoside (IPTG) was added to induce ElaB-GFP expression for 2 h before imaging.

Fractionation of membrane proteins. To study the localization of ElaB, proteins from the inner and
outer membranes were obtained by differential centrifugation as described previously with modification
(17, 28). IPTG (0.5 mM) was added to induce ElaB expression using pCA24N-elaB for 3 h. Cell pellets were
resuspended in TE buffer (50 mM Tris-HCl [pH 8.0], 5 mM EDTA), and 1 mg/ml lysozyme (Sigma-Aldrich)
was added to lyse the cells. Cell debris was removed by centrifugation at 3,200 � g at 4°C for 10 min.
The supernatant was further centrifuged at 4°C at 500,000 � g for 1.5 h, and the pellets (membrane
protein factions) were resuspended in 2 ml of TE buffer. An aliquot (1/10 of the suspension) was then
loaded on a 20-ml sucrose step gradient prepared with 10 ml of 70% (wt/vol) sucrose in TE buffer layered

TABLE 2 Bacterial strains and plasmids used in this studya

Strain or plasmid Description Reference or source

E. coli K-12 BW25113
Wild type lacIq rrnBT14 ΔlacZWJ16 hsdR514 ΔaraBADAH33 ΔrhaBADLD78 rph-1 61
ΔelaB mutant ΔelaB ΔKmr 61
ΔrpoS mutant ΔrpoS ΔKmr 61
elaB::mCherry mutant mCherry was fused before the elaB stop codon in the wild-type strain This study
lacZ::mCherry mutant mCherry was fused before the lacZ stop codon in the wild-type strain This study
elaB::gfp mutant gfp was fused before the elaB stop codon in the wild-type strain This study

Plasmids
pCA24N Cmr lacIq 62
pCA24N-elaB Cmr lacIq PT5-lac::elaB 62
pCA24N-gfp Cmr lacIq, with gfp gene 62
pCA24N-elaB-gfp Cmr lacIq PT5-lac::elaB, with gfp gene 62
pCA24N-ompA Cmr lacIq PT5-lac::ompA 62
pCA24N-macB Cmr lacIq PT5-lac::macB 62
pCA24N-rpoS Cmr lacIq PT5-lac::rpoS 62
pET28b-rpoS Kmr lacIq, pET28b PT7-lac::rpoS with C-terminal His tag This study
pHGR01 Kmr, R6K ori, promoterless-lacZ reporter vector 71
pHGR01-PelaB Fused elaB promoter with lacZ in pHGR01 This study
pHGR01-MPelaB RpoS binding site in elaB promoter was mutated This study

aCmr and Kmr indicate chloramphenicol and kanamycin resistance, respectively. P and MP indicate promoter and mutant promoter, respectively.
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with 10 ml of 53% (wt/vol) sucrose in TE buffer to form a gradient and subjected to centrifugation at 4°C
at 400,000 � g for 5 h. The upper band (inner membrane proteins) and lower band (outer membrane
proteins) were collected from the top of the gradient. After removing sucrose using a filter (Amicon
Ultracel-3K; Millipore), the membrane fractions were solubilized in sodium dodecyl sulfate (SDS) sample
buffer and were used for Western blotting. Cells harboring pCA24N-ompA and pCA24N-macB prepared
under the same conditions were used as controls.

Western blot analysis. A total of 2.5 �g protein was loaded and run using Tricine-SDS-PAGE as
described previously (64). Proteins were transferred to a polyvinylidene difluoride (PVDF) membrane
(Millipore, Bedford, MA), and Western blotting was performed with primary antibodies raised against the
His tag (Cell Signaling Technology, Danvers, MA) or GFP (Abmart, Shanghai, China) and horseradish
peroxidase-conjugated goat anti-mouse secondary antibodies (Bio-Rad, Richmond, CA).

qRT-PCR. Total RNA was isolated (65) using an RNA isolation kit (Invitrogen, Carlsbad, CA). DNase was
applied during the RNA isolation process to avoid contamination by DNA. A total of 50 ng total RNA was
used for quantitative real-time PCR (qRT-PCR) using the Power SYBR Green RNA-to-CT 1-step kit and the
StepOne real-time PCR system (Applied Biosystems). Primers were annealed at 60°C, and rrsG (66) was
used for normalizing the data. The relative expression levels for the induction or repression of elaB under
different conditions were calculated as described previously (67).

Electrophoretic mobility shift assay. EMSAs were performed as previously described (33, 68).
Briefly, DNA fragments were amplified using the primer pairs shown in Table S1. PCR products were gel
purified with a QIAquick gel extraction kit (Qiagen) and labeled with the Pierce biotin 3= end DNA
labeling kit (Thermo Scientific, Rockford, IL). For the binding reactions, the E. coli RNA core polymerase
(NEB, Ipswich, MA, USA) was mixed 1:2 (M:M) with RpoS at room temperature for 5 min to form the
holoenzyme before the addition of biotin-labeled DNA probes (0.05 pmol). The binding reactions were
performed with the nonspecific competitor DNA [poly(dI-dC)] and Nonidet P-40 in buffer containing 10
mM HEPES (pH 7.3), 20 mM KCl, 1 mM MgCl2, and 5% glycerol at 25°C for 3 h. The final mixtures were
run on a 6% DNA retardation gel (Invitrogen), were transferred to a nylon membrane, and were UV
cross-linked. Chemiluminescence was performed with the LightShift chemiluminescent EMSA kit
(Thermo Fisher Scientific, Rockford, IL) according to the manufacturer’s protocol.

�-Galactosidase activity assay. BW25113 wild-type and ΔrpoS cells harboring pHGR01-PelaB or
pHGR01-MPelaB were cultured to a turbidity at 600 nm of 6.0, and 800 �l cultures were diluted with 4
ml PM2 (70 mM Na2HPO4·12H2O, 30 mM NaH2PO4·H2O, 1 mM MgSO4 and 0.2 mM MnSO4, pH 7.0) (69).
Next, 30 �l of toluene and 35 �l of a 0.1% SDS solution were added to 2.5 ml of bacterial suspension to
permeabilize cells. The mixtures were vortexed for 10 s and incubated at 37°C for 45 min in a water bath
for the evaporation of toluene. For the enzymatic reactions, 250 �l of permeabilized cells was added to
PM2 supplemented with �-mercaptoethanol (final concentration, 100 mM) to a final volume of 1 ml. The
reactions were started by adding 250 �l of 4 mg/ml o-nitrophenol-galactoside in PM2. Next, 500 �l of
1 M Na2CO3 was added to stop the reactions and the turbidity at 420 nm was measured. The
�-galactosidase activity (Miller units) was calculated as described previously (70). For rpoS complemen-
tation studies, cells carrying pCA24N-rpoS were cultured to a turbidity at 600 nm of 1.0, and the
expression of RpoS was induced with 0.5 mM IPTG for 2 h; �-galactosidase activity was measured as
above.

Survival assay. Overnight cultures were diluted to a turbidity at 600 nm of 0.05 in LB broth and
incubated at 37°C with shaking at 250 rpm until the cultures reached a turbidity of 1.0. Next, 1 ml was
collected for a cell viability assay to measure the initial population. For strains using pCA24N-based
plasmids, overnight cultures were diluted to a turbidity of 0.05 and grown to a turbidity of 0.5. To
induce gene expression for 2 h, 1 mM IPTG was added and the turbidity was adjusted to 1.0 (66).
For the oxidative stress assay, 1 ml cultures were treated with or without 20 mM H2O2 for 10 min,
and cells were serially diluted in 0.85% NaCl solution and applied as 10 �l drops on LB agar. For the
persistence assay, 100 �g/ml ampicillin or 5.0 �g/ml ciprofloxacin was added to cultures with a
turbidity of 1.0 followed by incubation for 3 h; cell survival was determined by a drop assay. For heat
shock stress, cultures at a turbidity of 1.0 were transferred from 37°C to 65°C using a water shaking
incubator for 5 min and 10 min.

Determination of MICs. MICs were determined using Biofosun (Shanghai, China) drug-sensitive test
plates. In brief, overnight cultures were diluted to turbidity of 0.05 in LB medium and incubated at 37°C
until the turbidity reached 0.1. Cultures were diluted 1:100 in fresh LB medium, and 100 �l of the cell
suspension inoculated into the wells which were treated with different concentrations of antibiotics. The
cells were then cultured without shaking for 20 h at 37°C. The MICs were determined as the lowest
antibiotic concentrations at which no visible growth occurred.

Statistical analysis. Statistical analysis was performed using SPSS (16.0 version). The differences of
the corresponding values among different conditions were tested by one-way analysis of variance
(ANOVA) followed by a least significant difference test. A probability level (P value) of less than 0.05 was
regarded as statistically significant.
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