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ABSTRACT Ribosomal elongation factor 4 (EF4) is highly conserved among bacteria, mitochondria, and chloroplasts. However,
the EF4-encoding gene, lepA, is nonessential and its deficiency shows no growth or fitness defect. In purified systems, EF4 back-
translocates stalled, posttranslational ribosomes for efficient protein synthesis; consequently, EF4 has a protective role during
moderate stress. We were surprised to find that EF4 also has a detrimental role during severe stress: deletion of lepA increased
Escherichia coli survival following treatment with several antimicrobials. EF4 contributed to stress-mediated lethality through
reactive oxygen species (ROS) because (i) the protective effect of a �lepA mutation against lethal antimicrobials was eliminated
by anaerobic growth or by agents that block hydroxyl radical accumulation and (ii) the �lepA mutation decreased ROS levels
stimulated by antimicrobial stress. Epistasis experiments showed that EF4 functions in the same genetic pathway as the MazF
toxin, a stress response factor implicated in ROS-mediated cell death. The detrimental action of EF4 required transfer-messenger
RNA (tmRNA, which tags truncated proteins for degradation and is known to be inhibited by EF4) and the ClpP protease. Inhi-
bition of a protective, tmRNA/ClpP-mediated degradative activity would allow truncated proteins to indirectly perturb the re-
spiratory chain and thereby provide a potential link between EF4 and ROS. The connection among EF4, MazF, tmRNA, and ROS
expands a pathway leading from harsh stress to bacterial self-destruction. The destructive aspect of EF4 plus the protective prop-
erties described previously make EF4 a bifunctional factor in a stress response that promotes survival or death, depending on the
severity of stress.

IMPORTANCE Translation elongation factor 4 (EF4) is one of the most conserved proteins in nature, but it is dispensable. Lack of
strong phenotypes for its genetic knockout has made EF4 an enigma. Recent biochemical work has demonstrated that mild stress
may stall ribosomes and that EF4 can reposition stalled ribosomes to resume proper translation. Thus, EF4 protects cells from
moderate stress. Here we report that EF4 is paradoxically harmful during severe stress, such as that caused by antimicrobial
treatment. EF4 acts in a pathway that leads to excessive accumulation of reactive oxygen species (ROS), thereby participating in a
bacterial self-destruction that occurs when cells cannot effectively repair stress-mediated damage. Thus, EF4 has two opposing
functions—at low-to-moderate levels of stress, the protein is protective by allowing stress-paused translation to resume; at high-
levels of stress, EF4 helps bacteria self-destruct. These data support the existence of a bacterial live-or-die response to stress.
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Translation elongation factor 4 (EF4) has the intriguing prop-
erty of being one of the most conserved proteins in nature

while also being dispensable for growth (1–4). Biochemical work
shows that EF4 back-translocates posttranslational ribosomes for
efficient protein synthesis (3), especially during mild stress created
by high ionic strength, low pH, or low temperature (2). EF4 is
usually stored in the cell membrane; however, during stress, it
exits from its storage site (2, 5), binds to the A site of ribosomes,
back-translates, and gives stalled ribosomes a chance to resume
translation (3). Thus, EF4 provides protein synthesis with an
antistalling, error correction mechanism. Since reversing stress-
mediated ribosome pausing should limit abortive translational
events that deplete resources, EF4 has been thought to protect

from stress. Indeed, the effects of several moderate forms of stress
are exacerbated by a deficiency of lepA, the gene encoding EF4 in
Escherichia coli, or its orthologs in other bacteria (2, 6–9). Thus,
EF4 may contribute to survival under unfavorable conditions (9).

EF4 is also found to inhibit the action of transfer-messenger
RNA (tmRNA) (8). tmRNA functions as both a tRNA and an
mRNA in trans translation (10–12), a process in which tmRNA
shifts the translation of nascent, truncated peptides from trun-
cated mRNAs lacking an in-frame translational stop codon to it-
self. In the process, tmRNA adds a proteolysis tag and a stop codon
to the truncated peptide, releases the tagged peptide from the
stalled ribosome for degradation, and recycles stalled ribosomes
for new translation (12). By reducing tmRNA function, EF4 is

RESEARCH ARTICLE crossmark

November/December 2014 Volume 5 Issue 6 e01708-14 ® mbio.asm.org 1

http://creativecommons.org/licenses/by-nc-sa/3.0/
http://crossmark.crossref.org/dialog/?doi=10.1128/mBio.01708-14&domain=pdf&date_stamp=2014-12-9
mbio.asm.org


expected to elevate the level of untagged, truncated proteins de-
rived from stress-induced mRNA cleavage (8, 13–15). Since some
truncated proteins might be toxic, we reasoned that EF4 may have
a destructive function when stress is harsh. These observations
raise the possibility that EF4 may have both protective and de-
structive roles in response to stress.

The dual functions of EF4 associated with stress fit our pro-
posal that the response to some forms of stress, in particular, stress
caused by lethal antibiotics, can be either protective or destructive,
depending on the type and magnitude of the stress (14, 16). An
example is a response that involves the MazEF toxin-antitoxin
module of E. coli. On the one hand, the MazF endoribonuclease
cleaves mRNA and halts translation during stress (17). Such trans-
lational pausing is expected to give bacterial cells time to repair
damage. On the other hand, cleavage of mRNA can lead to the
accumulation of truncated mRNA and subsequently to truncated
proteins. Insertion of abnormal, truncated proteins into the cell
membrane is proposed to perturb the respiratory chain, cause a
subsequent buildup of reactive oxygen species (ROS), and lead
ultimately to self-destruction (16, 18–21). Indeed, the MazF or-
thologue in Bacillus subtilis is protective at low levels of UV irra-
diation and destructive at high levels (14). Whether EF4, through
its inhibition of tmRNA, is part of the MazF-ROS stress response
is unknown.

In the present work, we examined how the absence of EF4 in
E. coli (�lepA) affects the response to a variety of lethal stresses.
The lepA deficiency had little effect on growth or the bacteriostatic
action of several lethal stressors. However, the mutation increased
bacterial survival in a tmRNA/ClpP-dependent manner; the mu-
tation also decreased stress-stimulated intracellular ROS accumu-
lation. Thus, the wild-type form of EF4 has destructive activity
that increases the lethal effects of several types of stress. Moreover,

lepA and mazF were epistatic, which indicates that EF4 acts
through a pathway that involves the MazF toxin. These data indi-
cate that, under stressful conditions, EF4 helps bacteria make a
live-or-die decision via a MazF-tmRNA-ROS pathway. The highly
conserved nature of lepA raises the possibility that many bacterial
species have an EF4 activity that can be either self-destructive or
self-protective.

RESULTS
A lepA deficiency diminishes effects of lethal agents. To better
understand the role of EF4 when bacteria are faced with harsh
stress, we examined the effects of three lethal antimicrobials on
relevant bacterial mutants (the strain used are described in Ta-
ble 1). Deletion of lepA had no effect on growth inhibition by
ampicillin, oxolinic acid, or kanamycin, as measured by MIC de-
termination (Table 2). The absence of an effect on the MIC indi-
cates that EF4 has no effect on resistance to these antibiotics, be-
cause resistance factors such as reduced drug uptake, efflux, and
target affinity generally affect the MIC. However, when the sur-
vival of a wild-type strain (3001) and that of an otherwise isogenic
�lepA mutant (3500) were compared at various concentrations of
the three antimicrobials, the survival of the �lepA mutant
dropped less than that of wild-type cells (Fig. 1A to C). A similar
result was obtained when using various treatment times for a fixed
concentration of the three compounds (Fig. 1D to F). Thus, EF4 is
likely to be part of a poststress cellular response, because its ab-
sence decreases stress-mediated lethality without affecting growth
inhibition, a surrogate measure for the primary lesions caused by
stress.

To attribute protection from lethal stress to the lepA deficiency,
complementation experiments were performed. A low-copy-
number plasmid expressing EF4 was introduced into a lepA-

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype Source and/or reference

Strains
2987 �chpA(mazF)781::Kanr Keio Collection, CGSC 10158a

2989 �chpB773::Kanr Keio Collection, CGSC 11012
3001 Wild type (BW25113) CGSC 7636
3308 �clpP723::Kanr CGSC 8590
3326 �clpP This work, by kanamycin marker excision; 64
3353 TA 330, W3110 ssrA::FRT-cat-FRT 70
3438 �lepA738::Kanr CGSC strain 10029
3496 3001 �mazF::Kanr This work, by P1-mediated transduction from 2987 into 3001
3497 3001 �mazF::Kanr �lepA This work, by P1-mediated transduction from 2987 into 3499
3499 3001 �lepA This work, by P1-mediated transduction from 3438 into 3001, followed by

kanamycin marker excision; 64
3500 3001 �lepA738::Kanr This work, by P1-mediated transduction from 3438 into 3001
3502 3001 �ssrA::FRT-cat-FRT This work, by P1-mediated transduction from 3353 into 3001
3503 3001 �ssrA::FRT-cat-FRT �lepA This work, by P1-mediated transduction from 3353 into 3499
3682 3001 transformed with pLEPA This work
3683 3499 transformed with pLEPA This work
3684 3001 transformed with pWSK29 This work
3685 3499 transformed with pWSK29 This work
3688 3001 �chpB773::Kanr �lepA738 This work, by P1-mediated transduction from 2989 into 3499
4114 �lepA::Kanr �clpP This work, by P1-mediated transduction from 3438 into 3326

Plasmids
pWSK29 E. coli expression vector 67
pLEPA 2.9-kb HindIII DNA fragment encompassing lepA

cloned into pWSK29
8

a CGSC, Coli Genetic Stock Center.
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deficient strain that was then examined for survival during lethal
stress. The complemented strain (3683) was killed to the same

extent as the wild type transformed with the empty vector (strain
3684) when treated with various concentrations of oxolinic acid
or kanamycin (see Fig. S1 in the supplemental material), each of
which represents a different antimicrobial class. We conclude that
�lepA mutant cells are better able than lepA� cells to survive sev-
eral types of lethal stress; therefore, wild-type EF4 must have a
destructive role during lethal stress.

We next examined whether EF4 also affects killing by environ-
mental stress. When cells were treated with heat, hydrogen perox-
ide, a low pH, or UV irradiation, the protective effect of the lepA
deficiency seen with antimicrobials was not observed with heat or
exogenous hydrogen peroxide (Fig. 2A and B). The effect on low-
pH- and UV-mediated killing was only slightly reduced by the
lepA deficiency (Fig. 2C and D). Thus, the lepA mutation protects
from killing by some, but not all, types of stress. Possible reasons
for the absence of a protective effect against some of these stressors
are addressed in the Discussion.

ROS are involved in EF4-mediated enhancement of lethal
stress. Since several lines of previous work support the idea that
ROS contribute to the lethal activity of antimicrobials (19, 21–28),
the possibility arose that the destructive action of EF4 might in-
volve ROS. To explore this possibility, we first determined
whether anaerobiosis eliminates differences between wild-type
cells and a lepA mutant. When the wild-type strain (3001) and a
�lepA mutant (3500) were compared for survival, the protection
from ampicillin conferred by the lepA deficiency under aerobic

TABLE 2 Antimicrobial susceptibility

Strain Relevant genotype MIC (�g/ml)a

Amp Oxo Cip Kan

2989 �chpB773::Kanr 20 0.5 ND ND
3001 Wild type 20 0.5 0.01 2
3326 �clpP 20 ND ND ND
3496 �mazF::Kanr 25 0.5 ND ND
3497 �mazF::Kanr �lepA 25 0.5 ND ND
3499 �lepA 20 0.5 0.01 2
3500 �lepA-738::Kanr 20 0.5 0.01 ND
3502 �ssrA::cat 25 0.5 ND ND
3503 �lepA �ssrA::cat 25 0.5 ND ND
3682 3001 transformed with

pLEPA
ND 0.5 ND 2

3683 3499 transformed with
pLEPA

ND 0.5 ND 2

3684 3001 transformed with
pWSK29

ND 0.5 ND 2

3685 3499 transformed with
pWSK29

ND 0.5 ND 2

3688 �chpB773::Kanr �lepA738 25 0.5 ND ND
4114 �lepA::Kanr �clpP 20 ND ND ND
a Abbreviations: Amp, ampicillin; Oxo, oxolinic acid; Cip, ciprofloxacin; Kan,
kanamycin; ND, not determined.

FIG 1 A lepA deficiency increases bacterial survival following exposure to lethal stress. Exponentially growing cultures of E. coli were treated with ampicillin (A),
oxolinic acid (B), or kanamycin (C) at the concentrations indicated for 120, 120, and 30 min, respectively. Cultures were also treated with a fixed concentration
of ampicillin at 32 times the MIC (D), oxolinic acid at 32 times the MIC (E), or kanamycin at 4 times the MIC (F) for the times indicated. Symbols: empty circles,
wild-type strain 3001; filled circles, �lepA mutant strain 3499 (for kanamycin exposure only, strain 3500 for other stressors). Percent survival was measured as
described in Materials and Methods. Error bars represent standard errors of the means (some error bars are covered by symbols).
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conditions (Fig. 1A) was absent under anaerobic conditions
(Fig. 3A). Protection was also absent during anaerobiosis when an
alternate electron acceptor, 100 mM potassium nitrate, was added
to the LB-glucose-phosphate medium (29) used for anaerobic
bacterial growth (see Fig. S2A in the supplemental material). Sim-
ilar results were obtained with kanamycin when LB medium sup-
plemented with nitrate was used (see Fig. S2B).

As a second test, we determined whether ROS scavengers elim-
inate �lepA-mediated protection. When wild-type and �lepA mu-
tant cells were pretreated with subinhibitory concentrations of
thiourea plus 2,2=-bipyridyl to block hydroxyl radical accumula-
tion (23), the lethal action of ampicillin was reduced in both
strains by a factor of 100 to several thousand, and the �lepA-
mediated protection shown in Fig. 1A was eliminated (Fig. 3B).

We next asked whether EF4 participates in both ROS-
dependent and ROS-independent killing pathways. For this ex-
periment, we chose ciprofloxacin as a stressor because its ROS-
dependent and ROS-independent mechanisms of killing are more
evenly partitioned than those of ampicillin (compare Fig. 3B and
C for killing in the absence or presence of thiourea plus 2,2=-
bipyridyl). The survival of wild-type cells treated only with cipro-
floxacin was about 0.01% (Fig. 3C). A deficiency of lepA raised
that value by �10-fold. When subinhibitory concentrations of
thiourea plus 2,2=-bipyridyl were added with ciprofloxacin to
block hydroxyl radical accumulation, a protective effect was ob-
served in both the wild-type and �lepA mutant strains. However,
the difference between wild-type and lepA mutant cells seen in the
absence of thiourea plus 2,2=-bipyridyl was eliminated (Fig. 3C).
These are the results expected for ROS involvement in EF4 activ-
ity. Substantial killing occurred that was independent of ROS:
99% of the cells were killed by ciprofloxacin even in the presence
of thiourea and 2,2=-bipyridyl (Fig. 3C). The absence of EF4 had
no effect on this ROS-independent killing. Collectively, the data
show that wild-type EF4 stimulates antimicrobial lethality largely
through an ROS-dependent pathway.

As a further test of ROS involvement in the action of EF4, we
examined wild-type and lepA-deficient cells treated with the fluo-
rogenic dye H2DCFDA during ampicillin exposure. H2DCFDA
readily penetrates E. coli cells (30, 31); once it enters cells,
H2DCFDA is converted by cellular esterases into a non-
membrane-permeating compound that can be oxidized to a fluo-

FIG 2 A lepA deficiency exhibits little protective effect against environmental stress. Exponentially growing cultures of E. coli were incubated for 10 min at the
temperatures indicated (A), incubated for 10 min with hydrogen peroxide at the concentrations indicated (B), incubated for the times indicated in medium at
pH 3 (C), or exposed for 30 s to UV irradiation at the intensities indicated (D). After incubation, percent survival was determined as described in Materials and
Methods. Symbols: wild type (strain 3001), empty circles; �lepA mutant (strain 3500), filled circles. Error bars represent standard errors of the means.

FIG 3 ROS are involved in lepA deficiency-mediated protection from lethal
stress. Exponentially growing cultures of E. coli were treated for the times indicated
with ampicillin at 32 times the MIC under anaerobic conditions (panel A), ampi-
cillin (Amp) at 32 times the MIC following a 5-min pretreatment with or without
0.5 times the MIC of 2,2=-bipyridyl plus thiourea (BT) (panel B), ciprofloxacin at
5 times the MIC following a 5-min pretreatment with or without 0.5 times the
MIC of 2,2=-bipyridyl plus thiourea (panel C). After incubation, survival was de-
termined as described in Materials and Methods. Symbols: wild type (strain 3001),
empty circles; �lepA mutant (strain 3500), filled circles; wild type pretreated with
0.5 times the MIC of 2,2=-bipyridyl plus thiourea for ampicillin or for ciprofloxa-
cin (Cipro), empty squares; �lepA mutant pretreated with 0.5 times the MIC of
2,2=-bipyridyl plus thiourea for ampicillin or for ciprofloxacin, filled squares. Error
bars represent standard errors of the means. (Panel D) Exponentially growing
cultures of E. coli were treated with 10 �M H2DCFDA for 20 min before ampicillin
(5 times the MIC) was added. Samples were then taken every 30 min for analysis by
flow cytometry. A representative 30-min ampicillin treatment data set is shown
(see Fig. S3 in the supplemental material for other time point data sets). Lines: wild
type, black; �lepA mutant, red. Three replicate experiments gave similar results.
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rescent form by ROS (30). We treated cells with 10 �M
H2DCFDA and 5 times the MIC of ampicillin, and then we used
flow cytometry to measure intracellular fluorescence. The �lepA
mutant culture exhibited less fluorescent labeling than wild-type
cells following treatment with ampicillin for 0.5 to 2 h (a 0.5-h
example is shown in Fig. 3D; additional time points are shown in
Fig. S3 in the supplemental material). Thiourea plus 2,2=-
bipyridyl, which protects from ampicillin-mediated lethality
(Fig. 3B), also reduced ROS accumulation (see Fig. S4 in the sup-
plemental material), as we have observed in previous work (23).
Collectively, the data described above are consistent with wild-
type EF4 promoting an ROS cascade during lethal stress, possibly
through perturbation of the respiratory chain (32).

MazF toxin and EF4 act in the same pathway to enhance ef-
fects of lethal stress. Since toxin-antitoxin modules can increase
the fraction of cells that die when stress is extreme (14, 33, 34) and
since killing mediated by both EF4 and MazF toxin correlates with
ROS accumulation (14, 33, 34), we next determined whether EF4
acts in the same genetic pathway as the MazF toxin. To do so, we
measured the lethal activity of ampicillin with a set of isogenic
strains. When the wild-type strain (3001), the �mazF mutant
(3496), the �lepA mutant (3500), and the �mazF �lepA double
mutant (3497) were compared for survival, the wild-type strain
was more readily killed by ampicillin than were the three other
strains (Fig. 4A). The double mutant exhibited a loss of survival
that was similar to that observed with each single mutant. Oxolinic
acid treatment showed results similar to those obtained with am-
picillin (see Fig. S5A in the supplemental material). Thus, the
toxin-encoding mazF gene and lepA appear to function in the
same pathway during lethal stress.

To determine whether the observed epistatic effect of lepA and
mazF applies to other toxin-antitoxin modules, we also examined
the ChpB toxin. When the wild-type strain (3001), the �chpB
mutant (2989), the �lepA mutant (3500), and the �chpB �lepA
double mutant (3688) were compared for survival following treat-

ment with ampicillin, the wild type was more readily killed than
the other three strains. The �chpB �lepA double mutant was the
least susceptible (Fig. 4B), and the �chpB mutant exhibited a loss
of survival that was intermediate between those of �lepA single
mutant and wild-type cells. This additive effect, which was also
observed with oxolinic acid treatment (see Fig. S5B in the supple-
mental material), indicates that EF4 acts in a pathway different
from that involving the ChpB toxin. Thus, the epistatic relation-
ship between mazF and lepA is not common to all toxin-antitoxin
modules.

tmRNA is required for EF4-mediated enhancement of stress-
mediated lethality. To better understand how EF4 is connected to
the lethal cascade of ROS, we examined the effects of tmRNA on
the protective action of the �lepA mutation. As pointed out in the
introduction, interference with tmRNA tagging by EF4 could fa-
cilitate the accumulation of truncated proteins, some of which
may indirectly stimulate ROS production. When the wild-type
strain (3001), a �ssrA (tmRNA) mutant (3502), a �lepA mutant
(3500), and a �ssrA �lepA double mutant (3503) were compared
for survival following treatment with ampicillin, the survival of
the �ssrA mutant was similar to that of the wild-type strain
(Fig. 5A). As expected, the survival of the �lepA mutant was
greater than that of wild-type cells, as also shown in Fig. 1. Addi-
tion of an ssrA deficiency to the �lepA strain eliminated both the
protective effect of the lepA deletion on killing (Fig. 5A) and its
reduction of ampicillin-mediated ROS accumulation (see Fig. S6
in the supplemental material). To further test whether truncated
protein accumulation is involved in �lepA-mediated protection,
we combined �lepA with a deficiency in clpP, since ClpP is the
major protease responsible for degradation of tmRNA-tagged
proteins (12, 35). As expected, addition of a clpP deficiency to the
�lepA mutant strain eliminated the �lepA-mediated protective
effect (Fig. 5B). Collectively, these data indicate that the protective
effect of an EF4 deficiency involves tmRNA and truncated-protein

FIG 4 MazF and ChpB toxin deficiencies have different effects on �lepA-
mediated protection from lethal stress. Exponentially growing cultures of
E. coli were treated with ampicillin at 32 times the MIC for the times indicated.
Percent survival was measured as described in Materials and Methods. (A)
Effect of mazF deficiency. Symbols: wild type (strain 3001), empty circles;
�lepA mutant (strain 3500), filled circles; �mazF mutant (strain 3496), empty
squares; �mazF �lepA double mutant (strain 3497), filled squares. (B) Effect of
chpB deficiency. Symbols: wild type, empty circles; �lepA mutant, filled circles;
�chpB mutant (strain 2989), empty triangles; �chpB �lepA double mutant
(strain 3688), filled triangles. Error bars represent standard errors of the
means.

FIG 5 Functional tmRNA and ClpP are required for lepA deficiency-
mediated protection from lethal stress. Exponentially growing cultures of
E. coli were treated with ampicillin (32 times the MIC) for the times indicated.
After incubation, percent survival was determined as described in Materials
and Methods. (A) Effect of ssrA deficiency. Symbols: wild type (strain 3001),
empty circles; �lepA mutant (strain 3500), filled circles; �ssrA mutant (strain
3502), empty squares; �ssrA �lepA double mutant (strain 3503), filled squares.
(B) Effect of clpP deficiency. Symbols: wild type (strain 3001), empty circles;
�lepA mutant (strain 3500), filled circles; �clpP mutant (strain 3226), empty
squares; �clpP �lepA double mutant (strain 4114), filled squares. Error bars
represent standard errors of the means.
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degradation: the destructive effect of wild-type EF4 requires func-
tional tmRNA and ClpP protease.

DISCUSSION

Harsh stress, such as that created by lethal antimicrobials, causes a
bacterial response that now includes translation elongation factor
4 (EF4). The present work provides three insights into the action
of EF4. First, it solves the mystery of why few strong phenotypes
have been reported previously for defects in lepA, the highly con-
served gene that encodes EF4: phenotypes are often related to
growth, not the response to lethal stress. Second, this work, in
conjugation with earlier biochemical studies, demonstrates that
EF4 has both protective and destructive functions that depend on
the severity of the stress encountered. Third, we tie EF4 to a
MazF-tmRNA-ROS pathway involved in stress-mediated self-
destruction. Each of these points is discussed below.

The lack of a phenotype of EF4-deficient strains derives from
traditional phenotype assays usually seeking effects on bacterial
growth, such as a change in the MIC of an antimicrobial. Stress
response genes such as lepA act after the primary stress-mediated
damage occurs; thus, they function largely on survival rather than
on growth. Indeed, we found that a �lepA mutation has no effect
on the MIC (Table 2), while the mutation confers protection
against killing by several antimicrobials (Fig. 1). Thus, the absence
of a phenotype was likely due to the nature of the assay. The con-
servation of the EF4 amino acid sequence may reflect the impor-
tance of self-destruction to bacterial population fitness.

Support for the dual function of EF4 comes from two direc-
tions. First, EF4 allows translation to restart when EF-G mal-
functions (3). Such activity is expected to contribute to the
recovery of cells from moderate perturbations (2). Second,
more recent biochemical studies show that EF4 not only back-
translates posttranslocation (POST) ribosomes toward a pre-
translocation (PRE) state (predominantly to an intermediate
state [I3] before PRE) (36) but can also compete with EF-G for
binding to the PRE complex (37). That competition effectively
sequesters a catalytically active ribosome and transiently inhib-
its elongation. New crystal structure work indicates that bind-
ing of EF4 to ribosomes causes backward rotation of the 30S
subunit (38), supporting a role for EF4 as a back-translocase
that can reverse the process performed by either EF-G or EF-
Tu. Interfering with EF-G and/or EF-Tu function by EF4 may
suppress tmRNA from rescuing ribosomes stalled by truncated
mRNAs, because loading of tmRNA to the A site of ribosomes
requires EF-Tu and translocating tmRNA from the A site to the
P site, needed to shift translation from the truncated mRNA to
tmRNA itself, involves EF-G (39, 40). Indeed, EF4 inhibits the
activity of tmRNA (8), a protective system that releases trun-
cated proteins from stalled ribosomes and tags the peptides for
proteolytic degradation (11, 41). Since excessive untagged,
truncated proteins produced during severe stress resist prote-
olysis and thus may be more harmful to cells than their tagged
cognates, EF4 interference with tmRNA under harsh stress may
be destructive. Taken together, the biochemical evidence sug-
gests that EF4 might have both protective and destructive ef-
fects following stress. The present work established the de-
structive effects of EF4 when living cells are challenged with
harsh stress.

Integration of EF4 into a pathway that involves ROS, MazF
toxin, and tmRNA is supported by several lines of evidence. First,

connections between EF4 and ROS were indicated by the absence
of a �lepA effect on antimicrobial lethality with cells (i) growing
under anaerobic conditions (Fig. 3A) or (ii) pretreated with thio-
urea plus 2,2=-bipyridyl, agents that block hydroxyl radical accu-
mulation (16, 19, 21) (Fig. 3B and C). Second, measurement of
ROS by H2DCFDA-mediated fluorescence using flow cytometry
revealed that ampicillin treatment raises the fraction of ROS-
positive cells more with a wild-type strain than with a �lepA mu-
tant (Fig. 3D). A link between EF4 and MazF was established by
the epistatic relationship between strains deficient in these func-
tions when the lethal activity of ampicillin was measured (Fig. 4A).
Such is not the case for all toxin-antitoxin systems, since the ChpB
module showed an additive, rather than an epistatic, effect with
EF4 (Fig. 4B). Third, evidence of the involvement of tmRNA/ClpP
derives from the similar lethal effects of ampicillin on a single
mutant (�ssrA [tmRNA deficient] or �clpP [ClpP protease defi-
cient]) and a double mutant (�lepA �ssrA or �lepA �clpP), each
of which exhibited lower survival than a �lepA single mutant
(Fig. 1 and 5); the absence of tmRNA/ClpP eliminated the protec-
tive effect of an EF4 deficiency.

The experiments described above and previous work suggest a
plausible stress response scenario that involves MazF, EF4, tm-
RNA, and ROS. When bacteria encounter low-to-moderate stress,
translational elongation may be stalled because of ribosome paus-
ing (2). That triggers the movement of EF4 from its membrane
storage site to the cytosol (2, 5). EF4 then binds to stalled ribo-
somes, back-translates, and helps restore translation (3). When
E. coli experiences harsh stress, toxin- and/or ribosome pause-
mediated mRNA cleavage becomes extensive (17), thereby pro-
ducing many truncated mRNAs lacking translation stop codons.
Such truncated mRNAs halt ribosome elongation. As a counter-
measure, tmRNA shifts the translation of nascent, truncated pep-
tides from the truncated mRNA to tmRNA itself and releases
stalled ribosomes for new translation (12). In that process, tm-
RNA adds a proteolysis tag and an in-frame stop codon to the
truncated protein (12). EF4 inhibits shifting translation from
truncated mRNA to tmRNA (8), which interferes with tmRNA-
mediated tagging of abnormal proteins for degradation (35, 42,
43). That elevates the accumulation of truncated proteins. Since
truncated proteins are often misfolded, insertion of those proteins
into cell membranes is expected to perturb the respiratory chain,
activate an ROS cascade (16, 18, 20), and promote cell death. The
absence of EF4 leads to loss of tmRNA inhibition, reduced abun-
dance of truncated proteins, and lower ROS-mediated lethality.

Previous work showed that some lethal stressors are insensitive
to the effects of the MazF-ROS pathway. Examples are a highly
active fluoroquinolone (44) and high temperature (16). While the
ROS cascade generally contributes to the lethal action of quino-
lones with E. coli (19, 21, 44), an exception exists if a fluoroquin-
olone fragments bacterial chromosomes so rapidly and exten-
sively that an ROS cascade would make only a small additional
contribution (16, 44, 45). The present work shows that much of
the lethal action of ciprofloxacin falls into this category and that
only the ROS-dependent portion of killing by ciprofloxacin is pro-
tected by a lepA deficiency (Fig. 3C). High temperature (Fig. 2A) is
expected to produce such large amounts of misfolded protein that
the amount arising from the action of EF4 may be insignificant.
Likewise, the action of exogenous hydrogen peroxide (Fig. 2B) is
expected to overshadow endogenous-ROS-mediated effects. Al-
though we observed only slight protection from low pH-mediated
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killing by a lepA deficiency (Fig. 2C), the result is surprising, since
previous studies have shown that a lepA deficiency confers hyper-
susceptibility to acidic conditions (7, 9). We attribute this discrep-
ancy to the different natures of killing and growth inhibition as-
says (for a discussion, see reference 46). The much smaller
difference between the wild-type and lepA mutant strains in sur-
vival at a low pH or during UV exposure than during antimicro-
bial treatment may be similar to the comparison of high temper-
ature and antibiotics: a low pH causes massive protein
denaturation, making the effect of EF4-mediated release of mis-
folded peptide fragments trivial. UV irradiation itself causes mas-
sive DNA damage such that EF4-mediated ROS reduction is in-
sufficient to protect massively damaged cells. Clearly, the lethal
action of some stressors is independent of an ROS cascade; such
ROS-independent stressors would be insensitive to a lepA defi-
ciency.

Several recent reports (47–49) have challenged the general idea
that an ROS cascade is associated with the lethal action of antimi-
crobials. The central issue is whether ROS serve as an ancillary
killing mechanism, as repeatedly stressed (19, 50), or whether
ROS replace other known killing mechanisms, as challenged (47).
No evidence supports the later scenario, but many independent
lines of work (21, 23–28, 44) and a recent rebuttal (22) establish
the role of ROS as a common lethal mechanism that adds to well-
studied antimicrobial-specific mechanisms. For example, ROS in-
volvement in antimicrobial activity remains the best explanation
for several situations, such as anaerobiosis selectively blocking
killing by some quinolones (29, 51), defects in peroxide-
detoxifying enzymes increasing antimicrobial lethality (21), and
overexpression of peroxide-detoxifying enzymes decreasing le-
thality and ROS-mediated protein aggregation (22, 52). These is-
sues have been discussed in recent reviews (46, 53, 54). Neverthe-
less, there remains a need to establish specificity for perturbations
and assays of ROS accumulation, and the protective effect of bi-
pyridyl and thiourea in the absence of oxygen is far from under-
stood.

The response to lethal stress is complex; studies need to con-
sider that ROS increase the rate of killing rather than the extent
(23), that safety valves (peroxidases [21, 22] and the YihE protein
kinase [16]) must sometimes be overcome to observe killing, and
that experiments must use multiple drug concentrations for vari-
ous times to ensure that a window in which the ROS effect can be
observed is not missed. Moreover, the choice of stressor can be
critical (46, 53).

In conclusion, the finding that EF4 has both protective and
destructive roles connected to MazF and ROS, which are also both
protective and destructive (14, 55–60), supports the general idea
that bacteria respond to stress by either repairing the damage or
self-destructing, a decision that is based on the level of stress (14,
16). Discovering ways to manipulate the lethal stress response
could reveal novel approaches for enhancing antimicrobial ther-
apy both by making antimicrobials more lethal and by enhancing
stressful host defense systems. Of immediate medical relevance is
the inhibitory effect that antioxidants may have on antimicrobial
therapy. Consumption of antioxidants as nutritional supple-
ments, which occurs in more than half of U.S. households (61),
could counter the lethal action of many antimicrobials (62). Ef-
fects of antioxidants on antimicrobial efficacy may merit clinical
investigation.

MATERIALS AND METHODS
Bacterial strains, plasmids, and culture conditions. The E. coli K-12
strains listed in Table 1 were grown in LB liquid medium or on LB agar
plates (63). Construction of E. coli mutant strains was performed by se-
quential antibiotic marker excision (64) and by bacteriophage P1-
mediated transduction (65), the latter using phage prepared from E. coli
deletion mutants in which the gene of interest was replaced by the in-
frame insertion of a kanamycin resistance marker (66). Anaerobic growth
was achieved by passing a Bioblend gas mixture (85% nitrogen, 5% car-
bon dioxide, and 10% hydrogen; obtained from GTS-Welco Gas Corp.,
Newark, NJ) through the cultures grown in LB broth supplemented with
1% glucose and 100 mM equimolar sodium phosphate buffer (pH 6.8) for
3 h as previously described (29). The Bioblend gas was also passed through
antimicrobial solutions before being added to anaerobically growing cul-
tures. For complementation experiments, pLEPA and its vector pWSK29
(67) were introduced into E. coli strains by bacterial transformation (68).

Chemicals and reagents. Oxolinic acid, kanamycin, ampicillin, thio-
urea, hydrogen peroxide, and 2,2=-bipyridyl were obtained from Sigma
Chemical Co. (St. Louis, MO). Ciprofloxacin hydrochloride monohy-
drate was obtained from Bayer AG (Wuppertal, Germany). Antibiotics
were dissolved in distilled water (ampicillin to 100 mg/ml, kanamycin to
50 mg/ml, ciprofloxacin to 10 mg/ml) or 100 mM sodium hydroxide
(oxolinic acid to 10 mg/ml). Thiourea (1 M) was dissolved in distilled
water, and 2, 2=-bipyridyl (50 mM) was dissolved in dimethyl sulfoxide.
Stock solutions of reagent were stored at �20°C for several weeks during
experimentation.

Susceptibility measurements. Growth inhibition, measured as the
MIC, was determined by broth dilution in which two sets of staggered
2-fold drug concentration increments, offset by 50%, were used; each
assay tube contained ~105 CFU. Growth was determined visually by the
presence of turbidity.

Lethal action of antimicrobials was measured with cultured cells
grown aerobically or anaerobically to mid-log phase (~5 � 108 CFU/ml)
with shaking at about 250 rpm. Treated cultures were exposed to antimi-
crobials or hydrogen peroxide for various times and at various concentra-
tions, diluted in drug-free medium, plated on drug-free agar, and incu-
bated overnight at 37°C. Percent survival was estimated by colony
formation relative to that of an untreated control sampled at the time of
antimicrobial or peroxide addition. For UV-mediated killing, serial dilu-
tions of E. coli cultures were applied as 10-�l aliquots to LB agar plates and
exposed to UV light at 254 nm at the intensities and for the times indicated
in the figure legends. To measure lethal effects of thermal treatment, serial
dilutions of E. coli cultures were placed in a PCR Thermal Cycler (Gene-
Amp PCR system 9700; Applied Biosystems, Carlsbad, CA) as 50-�l ali-
quots and incubated at various temperatures for 10 min, after which sam-
ples were processed as in the antimicrobial killing assay described above.
To measure the lethal activity of a low pH, cultured cells were grown in LB
medium to about 2 � 108 CFU/ml, concentrated by centrifugation, resus-
pended in LB medium adjusted to pH 3 with HCl, and sampled for colony
formation at various times. The effect of hydroxyl radical on antibiotic-
mediated lethality was assessed by treating cultured cells grown to mid-log
phase with a subinhibitory combination of 75 mM thiourea plus 0.6 mM
2,2=-bipyridyl (0.5 times the MIC for both agents) for 5 min and then with
ampicillin (32 times the MIC) or ciprofloxacin (5 times the MIC) for
various times. All experiments were repeated at least twice with similar
results.

Determination of ROS accumulation. E. coli cells were stained with
H2DCFDA (Life Technologies, Grand Island, NY), a compound that is
oxidized to green fluorescent dichlorofluorescein by ROS (69). For these
experiments, E. coli strains were grown in liquid medium at 37°C to early
exponential phase (~2 � 108 CFU/ml) and then H2DCFDA was added to
10 �M. Ampicillin was added to 5 times the MIC 20 min after H2DCFDA
addition. Samples were then taken at 30-min intervals, and the mean
fluorescence intensity was determined with a BD Accuri C6 flow cytom-
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eter (BD Biosciences, San Jose, CA). Quantification of fluorescence was
taken as a measure of intracellular ROS accumulation.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.01708-14/-/DCSupplemental.
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