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ABSTRACT Aminoglycosides (AG) have been used against Gram-negative bacteria for
decades. Yet, how bacterial metabolism and environmental conditions modify AG toxicity
is poorly understood. Here, we show that the level of AG susceptibility varies depending on
the nature of the respiratory chain that Escherichia coli uses for growth, i.e,, oxygen, nitrate, or
fumarate. We show that all components of the fumarate respiratory chain, namely, hydroge-
nases 2 and 3, the formate hydrogenlyase complex, menaquinone, and fumarate reductase
are required for AG-mediated killing under fumarate respiratory conditions. In addition, we
show that the AAA+ ATPase RavA and its Von Wildebrand domain-containing partner, ViaA,
are essential for AG to act under fumarate respiratory conditions. This effect was true for all AG
that were tested but not for antibiotics from other classes. In addition, we show that the sensi-
tizing effect of RavA-ViaA is due to increased gentamicin uptake in a proton motive force-de-
pendent manner. Interestingly, the sensitizing effect of RavA-ViaA was prominent in poor
energy conservation conditions, i.e., with fumarate, but dispensable under high energy conser-
vation conditions, i.e, in the presence of nitrate or oxygen. We propose that RavA-ViaA can
facilitate uptake of AG across the membrane in low-energy cellular states.

IMPORTANCE Antibiotic resistance is a major public health, social, and economic prob-
lem. Aminoglycosides (AG) are known to be highly effective against Gram-negative bac-
teria, but their use is limited to life-threatening infections because of their nephrotoxicity
and ototoxicity at therapeutic dose. Elucidation of AG-sensitization mechanisms in bacteria
would allow reduced effective doses of AG. Here, we have identified the molecular compo-
nents involved in anaerobic fumarate respiration that are required for AG to kill. In addition
to oxidoreductases and menaquinone, this includes new molecular players, RavA, an
AAA+ ATPase, and ViaA, its partner that has the VWA motif. Remarkably, the influence
of RavA-ViaA on AG susceptibility varies according to the type of bioenergetic metabo-
lism used by E. coli. This is a significant advance because anaerobiosis is well known to
reduce the antibacterial activity of AG. This study highlights the critical importance of
the relationship between culture conditions, metabolism, and antibiotic susceptibility.

KEYWORDS Escherichia coli, aminoglycosides, bioenergetics, fumarate respiration,
proton motive force, RavA-ViaA

ntibiotic resistance is an important biomedical and societal problem, challenging
the ability to treat bacterial infections (1). Modulation of intracellular antibiotic
concentrations is one of the most common processes leading to resistance, either by
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limiting antibiotic entry, or by increasing efflux (2). Among the reasons antimicrobials
may not cure infections as efficiently as often hoped are environmental conditions that
can interfere with uptake of the antibiotic. For example, the low pH and anaerobic
environment of an abscess is particularly deleterious to the efficacy of aminoglycosides
(AG) (3, 4). In addition, antibiotic tolerance, defined as the ability of bacteria to tolerate
an antibiotic without affecting its MIC value, plays an important role in the evolution of
antibiotic-resistant cells (5). Several studies have emphasized the importance of bacte-
rial metabolism in modulating the level of tolerance (6), and it has been shown that
the conversion of tolerant cells to susceptible cells can be achieved by the addition of
exogenous metabolites, such as amino acids, tricarboxylic acid cycle (TCA) metabolites,
or nucleotides (7). Moreover, our previous work revealed how redox cyclic drugs antago-
nize fluoroquinolones and how iron limitation can lead to an increased level of tolerance
to AGs (8-10).

AGs are commonly used worldwide due to their high efficacy and low cost. AGs
include kanamycin, tobramycin, gentamicin (Gm), neomycin, amikacin, and streptomy-
cin. This class of antibiotics targets the ribosome, resulting in mistranslation and ulti-
mately cell death. Uptake of AG begins with the entry of a small amount of the antibiotic
through proton motive force (pmf)-dependent mechanisms (11-13) or other transport
systems (14-16) initiating mistranslation by the ribosome, which leads to membrane
damage by incorporation of mistranslated proteins and a second wave of massive AG
uptake (11, 17). The pmf is particularly important during the first phase of uptake (18),
whereas the second phase occurs in response to defective translation. The pmf is pro-
duced by the activity of respiratory complexes, and we have previously shown that the
maturation of respiratory complexes has a direct impact on the efficiency of AG uptake
and the level of susceptibility (8). One prediction is that the more energetic the respira-
tory chain used, the higher the pmf produced and the more potent the AG-mediated kill-
ing. This simple view is reminiscent of an early suggestion that Gm transport may be
related to the level of the membrane potential (A ) (3).

E. coli contains a variety of branched respiratory chains. These chains consist of dehy-
drogenases oxidizing different substrates acting as electron donors (formate, H,, NADH,
glycerol-3-phosphate, etc.). Electrons are then transferred to terminal reductases
via ubiquinol (UQ) or naphthoquinols (menaquinol [MKH,] and demethylmenaquinol
[DMKH,]). A wide range of compounds can then be used as final electron acceptors,
such as oxygen (0O,), nitrate (NO;"), fumarate, or trimethylamine N-oxide (TMAO) (19).
When considering respiration in E. coli, energy conservation is maximal with O, and mini-
mal with fumarate. Synthesis of hydrogenases and terminal reductases depends on the
identity of the electron acceptor present in the medium, and genetic regulation allows E.
coli to favor respiratory chains with high ATP or growth yields. Thus, O,-, NO;™-, and fu-
marate respiratory chains are preferentially used in this order (20).

The terminal reductase Frd (fumarate reductase) allows E. coli to use fumarate as a
terminal electron acceptor. Frd is composed of four subunits, including the cytosolic
soluble FrdA and FrdB and the membrane subunits FrdC and FrdD. FrdB harbors a flavin
adenine dinucleotide (FAD) and FrdA harbors three iron-sulfur (Fe-S) cluster cofactors.
FrdB is a menaquinone (MK) oxidoreductase, which relays the electrons from MKH, to
the active site of FrdA that reduces fumarate to succinate (21). During fumarate respiration,
Frd utilizes electrons transmitted by hydrogenase-2 (Hyd-2), glycerol-3-phosphate dehydro-
genase (GIpABC) or NADH dehydrogenase | (Nuo) via MK or demethylmenaquinone (DMK)
(19). It has been proposed that the multistep assembly process of Frd is under the influence
of the RavA-ViaA complex formed by the AAA+ ATPase regulatory variant A (RavA) and its
von Willebrand factor type A (VWA)-containing partner ViaA (22). Interestingly, evidence for
a link between the function of RavA-ViaA complex and susceptibility to sublethal concen-
trations of AG has been reported in both E. coli and Vibrio cholerae (23-25).

In the present work, we conducted a thorough and comprehensive investigation of
the relationship between the respiratory metabolism utilized by E. coli and its suscepti-
bility to AG. We found a direct link between energy conservation and AG susceptibility
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FIG 1 Decreased susceptibility of E. coli to Gm under anaerobia. (A) WT (FBEO51) strain was grown anaerobically in LB (light gray), LB supplemented with
glycerol at 0.2% (black), fumarate (dark gray) or NO,™ (white) at 10 mM. Histograms show the survival values of untreated (WT) and Gm-treated (WT + Gm)
cells after 3 h. (B) Survival of WT and AnarG (FBE829) strains in LB supplemented with 0.2% glycerol and nitrate at 10 mM. (C) Survival of WT and AfrdA
(FBE790) strains in LB supplemented with fumarate at 10 mM. (B and C) The survival values after 1.5 and 3 h of treatment are represented. Black and red
lines are for untreated and Gm-treated bacteria, respectively. Survival, measured by CFU per mL, was normalized relative to time zero at which Gm was
added (early log phase cells; ~5 x 107 CFU/mL) and plotted as Log,, of survival percentage. Values are expressed as means of at least three biological
replicates and error bars depict standard deviation. One-way ANOVA tests followed by Sidak’s multiple-comparison tests were performed to compare at each
time point (1.5 and 3 h) the treated WT to the treated mutant (*, adjusted P value = 0.03; ***, adjusted P value = 0.0009; and ****, adjusted P value < 0.0001).

level. Under fumarate respiration conditions, we highlighted the significant contribu-
tion of hydrogenase-2 (Hyd-2), formate hydrogenlyase (FHL) complex, and fumarate re-
ductase to this susceptibility. Furthermore, our study establishes that RavA and ViaA
are enhancers of AG potency under anaerobic conditions. The importance of RavA-
ViaA in mediating AG potency varies with the nature of the respiratory electron
acceptor and we propose that RavA-ViaA links the energetic status of the cell and AG
uptake.

RESULTS

Decreased susceptibility of E. coli to Gm under anaerobic conditions. To investi-
gate whether the type of metabolism used for growth influences the level of AG suscepti-
bility, we measured MIC of the wild type (WT) strain in aerobiosis and anaerobiosis, in
Luria-Bertani (LB) medium supplemented with fumarate, NO,~, or no electron acceptor,
where in the latter instance we assumed mixed-acid fermentation was used (26). Under all
anaerobic growth conditions tested, the MIC value of Gm was 4-fold higher than under ox-
ygen, i.e, 8 ug/mL.

As a complementary analysis, we performed time-dependent killing tests using
16 ng/mL of Gm (2x MIC) on strains growing anaerobically in LB supplemented or not
with NO5~ or fumarate. Under these conditions, the susceptibility level of the WT strain
varied with the nature of the added electron acceptor (Fig. 1A). Indeed, E. coli survived
Gm better in the absence of the added electron acceptor (in LB or LB supplemented
with glycerol) than in the presence of fumarate or NO5- (Fig. 1A). Interestingly, higher
survival was observed for cells grown with fumarate compared with NO5- (Fig. 1A). To
verify that Gm sensitivity was caused by respiratory activity, we tested survival of
strains deficient in respiratory chains of NO5~ or fumarate. NarGHI is the major nitrate
reductase, while fumarate respiration is catalyzed by the multicomponent Frd fumarate
reductase (FrdABCD). The MIC value of Gm was equivalent to that of the WT (8 wg/mL)
for AnarG and AfrdA mutants under either NO,~ or fumarate respiration, respectively.
However, the time-dependent killing experiment showed that the AnarG and AfrdA
mutants exhibited an increased level of tolerance to Gm compared to the WT strain
(Fig. 1B and Q). Overall, these results showed that the respiratory chains have a direct
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FIG 2 Hydrogenase-2 and 3, formate dehydrogenase, and menaquinone sensitize E. coli to Gm under fumarate respiration. Survival
of WT (FBEO51), AhybC (FBE1102) (A), AhycE (FBE1153) (B), AfdhF (FBE1157) (C), AfdhD (FBE1069) (D), AmenA (FBE501) (E), AhyaA
(FBE1117), and AhyaB (FBE1119) (F) strains after Gm treatment. Cells were grown anaerobically in LB supplemented with fumarate
at 10 mM and glycerol at 0.2% and then Gm was added at 16 wg/mL. The survival values after 1.5 and 3 h of treatment are
represented. Black and red lines are for untreated and Gm-treated bacteria, respectively. Survival, measured by CFU per mL, was
normalized relative to time zero at which Gm was added (early log phase cells; ~5 x 107 CFU/mL) and plotted as Log,, of survival
percentage. Values are expressed as means of at least three biological replicates and error bars depict standard deviation, except
for panel F, which represents the average of two biological replicates. One-way ANOVA tests followed by Sidak’s multiple-
comparison tests were performed to compare at each time point (1.5 and 3 h) the treated WT to each of the treated mutant (**,
adjusted P value = 0.0021; ***, adjusted P value = 0.0005; and ****, adjusted P value < 0.0001).

impact on the level of Gm susceptibility and suggest that the lower the energetic yield
of the respiratory chain used, the higher the level of Gm survival.

Hydrogenase-2 and 3, formate dehydrogenase, and MK sensitize E. coli to Gm
under fumarate respiration. We then focused on the low energy-conserving respiratory
chain established under fumarate respiration to pinpoint which components are required
for Gm sensitization. Fumarate reduction can be coupled to hydrogen oxidation in an
electron transfer chain, including Hyd-2, menaquinol-fumarate oxidoreductase FrdABCD
as a terminal reductase, and MK and/or DMK (27) as electron carriers (28). To test the con-
tribution of Hyd-2 and/or MK/DMK, we used the AhybC mutant, lacking the large subunit
of Hyd-2, which has primarily hydrogen-uptake activity, and the AmenA mutant, lacking a
1,4-dihydroxy-2-naphthoate octaprenyltransferase required for MK/DMK biosynthesis
(29). Time-dependent killing assays were performed in LB medium supplemented with
10 mM fumarate and 0.2% glycerol and using Gm at 16 ug/mL. The AhybC and AmenA
mutants showed increased tolerance to Gm compared to the WT strain (Fig. 2A and E).
These results indicated that under fumarate respiration, sensitivity to Gm requires func-
tional Hyd-2 and MK/DMK. Hyd-2 also oxidizes H, produced by the FHL complex. The FHL
complex includes formate dehydrogenase (Fdh-H), which produces 2H*, 2e~, and CO,
from formate, and hydrogenase 3 (Hyd-3), which generates molecular H, from 2H* and
2e~. We therefore tested the contribution of the FHL complex to the sensitivity to Gm
under fumarate respiratory conditions. Specifically, we tested the influence of mutations
in genes that affected synthesis of the large subunits of Hyd-3 (hycE), formate dehydro-
genase H (fdhF) and FdhD, an auxiliary maturing factor. Time-dependent killing assays
were performed in LB medium supplemented with 10 mM fumarate and 0.2% glycerol
and using Gm at 16 ug/mL. The three mutants AhycE, AfdhF, and AfdhD showed
increased tolerance of Gm compared with the WT strain (Fig. 2B to D).

E. coli contains another respiratory hydrogenase, Hyd-1, which catalyzes the
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oxidation of H, to protons and electrons, but does not couple H, oxidation to fumarate
reduction (30, 31). We tested the effect of the Hyd-1 complex on Gm susceptibility by
exposing AhyaA or AhyaB mutants, each lacking a subunit of Hyd-1, to 16 wg/mL Gm.
Both mutants exhibited similar antibiotic susceptibility to WT, showing that Hyd-1
does not influence Gm tolerance under such conditions (Fig. 2F).

Fumarate respiration could also involve Nuo or GIpABC complexes as primary elec-
tron donors (19). Accordingly, we tested the effect of mutations in genes encoding these
two complexes, e.g., nuoC and glpA, on Gm-mediated killing. Neither the AnuoC nor the
AglpA mutation, alone or in combination, altered the level of Gm sensitivity (see Fig. S1
in the supplemental material).

Taken together, these results demonstrate that in E. coli growing anaerobically in
the presence of fumarate (and glycerol), Gm sensitivity is caused by the activity of the
FHL-Hyd-2-MK/DMK-FrdA electron transfer chain.

RavA-ViaA sensitizes E. coli to Gm under anaerobic fumarate respiration condi-
tions. It has been proposed that the RavA-ViaA complex acts as a chaperone by assisting
in the assembly of fumarate reductase (22). Therefore, we tested the effect of the RavA-
ViaA complex on the AG sensitivity of E. coli grown under anaerobic fumarate respiration
conditions. The AravA-viaA mutant exhibited the MIC value of Gm during fumarate respi-
ration equivalent to that for the WT (8 ng/mL). However, a time-dependent killing
experiment using a Gm concentration equivalent to 2x MIC (16 ug/mL) revealed a sig-
nificant increase in Gm tolerance of the mutant compared to the WT strain (Fig. 3A). The
combination of AravA-viaA and AfrdA mutations showed no additive effect (Fig. 3A).

A previous analysis showed that RavA-ViaA exerted a slight negative effect on FrdA
enzymatic activity (22). We therefore tested whether RavA-ViaA might cause an ener-
getic disadvantage in strains growing using fumarate respiration. WT and AravA-viaA
strains were mixed in a 1:1 cellular ratio and grown together in M9-glycerol and fuma-
rate under anaerobic conditions for 48 h. The competitive index was determined by
counting CFU of the AravA-viaA strain, using its chloramphenicol-resistance pheno-
type, and CFU of the WT at t, and t,;. The competitive index (CFU,, an/CFU,)tss/
(CFU utan/ CFU,0t, Yielded a median value of 1.3, revealing no growth advantage of
one strain over the other (Fig. 3B). These results showed that RavA-ViaA in vivo does
not influence growth under fumarate respiration and presumably does not modulate
FrdA enzymatic activity to a significant extent, if at all.

Taken together, these results indicate that under fumarate respiration conditions,
the RavA-ViaA complex sensitizes E. coli to Gm via a FrdA-dependent mechanism.

RavA-ViaA sensitizes E. coli to Gm in the absence of an exogenously added
electron acceptor under anaerobic conditions. Next, we tested whether fumarate was
required for the RavA-ViaA complex to exert its sensitizing effect. Thus, E. coli was grown in
the absence of an exogenously added electron acceptor, i.e., in LB medium, LB-0.2% glycerol
or LB-0.2% glucose. First, MIC values for Gm in all these media were found to be 8 ng/mL.
Next, we performed a killing assay using Gm at 16 ug/mL (2x MIC) in LB (Fig. 3C) and in LB
glycerol (Fig. 3D), and at 30 wg/mL (~4x MIC) in LB glucose (Fig. 3E). The AravA-viaA mu-
tant showed increased tolerance to Gm compared to the WT strain in all media. Notably,
complementation of the AravA-viaA mutant with a multicopy plasmid (pRV plasmid) con-
taining the tac,:ravA-viaA operon allele, suppressed its increased tolerance (Fig. 3E). These
results indicated that RavA-ViaA exerts a sensitizing effect on E. coli under anaerobic condi-
tions even in the absence of an added exogenous electron acceptor.

RavA-ViaA does not sensitize E. coli grown under nitrate respiration to Gm.
Next, we tested whether RavA-ViaA was able to sensitize E. coli to Gm under NO;~ res-
piration. First, we determined the MIC value of Gm in LB medium supplemented with
10 mM NaNO; and 0.2% glycerol and found it to be 8 ug/mL for both WT and AravA-
viaA strains. Under the same conditions, a time-dependent killing assay done with Gm
at 16 ug/mL showed that the AravA-viaA mutant was as susceptible as the WT strain
(Fig. 3F). These results indicated that the sensitization of E. coli to Gm under NO; respi-
ration is independent of RavA-ViaA.
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FIG 3 RavA-ViaA sensitizes E. coli to Gm under specific anaerobic conditions. (A and B) RavA-ViaA (RV) sensitizes E. coli to Gm under anaerobic fumarate
respiratory conditions. (A) Survival of WT (FBE051), AravA-viaA (FBE706), AfrdA (FBE790), and AravA-viaA AfrdA (FBE831) strains after Gm treatment. Cells
were grown anaerobically in LB supplemented with fumarate at 10 mM and then Gm was added at 16 wg/mL. For the AravA-viaA AfrdA (FBE831) strain,
lines of treated and untreated cells are overlapping. (B) WT (FBE051) and AravA-viaA:CmR (BP970) were grown separately overnight in M9 minimal medium
supplemented with fumarate (10 mM), glycerol (0.2%), and casamino acids (0.1%). Cultures were then diluted 1/100 into fresh medium and coinoculated in
a 1:1 ratio (t0). The coculture was incubated for 48 h at 37°C for a competitive growth. The competitive index was calculated as follows: (CFU,.n/
CFUy1) e/ (CFU uean/ CFU )0+ Lines represent the median values of three independent experiments. (C to E) RavA-ViaA sensitizes E. coli to Gm in the
absence of an exogenously added electron acceptor in anaerobiosis: survival of WT (FBE051) and the AravA-viaA (FBE706) strains after Gm treatment. Cells
were grown in LB (C) or in LB supplemented with 0.2% glycerol (D) until ODg,, reached ~0.2 and then Gm was added at 16 ug/mL. (E) Survival of WT
(FBEO51) and the AravA-viaA (FBE706) strains carrying either the pRV plasmid or the control empty vector (p@). Cells were grown in LB supplemented with
glucose (0.2%), IPTG (1 mM), and ampicillin (50 wg/mL) until ODy,,,., reached ~0.2 and then Gm was added at 30 wg/mL. The survival values after 3 h of
treatment are represented. Black and red bars are for untreated and antibiotic-treated bacteria, respectively. Survival, measured by CFU per mL, was
normalized relative to time zero at which Gm was added (early log phase cells; ~5 x 107 CFU/mL) and plotted as Log,, of survival percentage. One-way
ANOVA tests followed by Dunnett’'s multiple-comparison tests were performed to compare the treated WT to the treated AravA-viaA mutant (ns, not
significant and **, adjusted P value < 0.05). (F) RavA-ViaA does not sensitize E. coli grown under nitrate respiration to Gm: survival of WT and AravA-viaA
strains after Gm treatment. Cells were grown anaerobically in LB supplemented with NO,~ at 10 mM and glycerol at 0.2% and then Gm was added at
16 ug/mL. Lines of untreated WT and AravA-viaA (FBE706) strains are overlapping. (A, C, D, and F) The survival values after 1.5 and 3 h of treatment are
represented. Black and red lines are for untreated and Gm-treated bacteria, respectively. Values are expressed as means of at least three biological
replicates and error bars depict standard deviation. One-way ANOVA tests followed by Sidak’s multiple-comparison tests were performed to compare at
each time point (1.5 and 3 h) the treated WT to the treated mutants (*, adjusted P value < 0.05; ***, adjusted P value = 0.0002; and ****, adjusted
P value < 0.0001).

RavA-ViaA sensitizes E. coli to AG specifically. To investigate the spectrum of the
sensitizing effect of the RavA-ViaA complex, we measured the survival rate of the AravA-
viaA strain to another AG (tobramycin), a protein synthesis inhibitor (tetracycline), a fluo-
roquinolone (nalidixic acid), and a B-lactam (ampicillin). We observed that the AravA-
viaA mutant was more tolerant to tobramycin than the WT strain (Fig. 4A). A modest tol-
erance effect was noted upon short time exposure to tetracycline (Fig. 4B). The AravA-
viaA mutation had no effect on the potency of nalidixic acid and ampicillin (Fig. 4C and
D). Overall, these results showed that under anaerobic conditions, RavA-ViaA sensitizes E.
coli specifically to AG.

RavA-ViaA increases intracellular Gm concentration under anaerobic condi-
tions. To understand the role of RavA-ViaA in AG sensitization under anaerobic condi-
tions, we performed a Gm uptake assay using 3H-Gm. The accumulation of 3H-Gm in
the WT strain gradually increased to 1,200 ng Gm/108 cells after 2.5 h (Fig. 5). In con-
trast, in the AravA-viaA mutant, 3H-Gm accumulation remained below 100 ng of Gm/
108 cells after 2.5 h. Our results indicated that RavA-ViaA sensitizes E. coli to Gm by
increasing its uptake and, consequently, its intracellular concentration.

Increased dosage of the ravA-viaA gene enhances AG-mediated killing of E. coli
in aerobiosis. We decided to investigate whether the RavA-ViaA complex could have a
sensitizing effect under aerobic conditions. The MIC of Gm was found to be 2 wg/mL
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FIG 4 RavA-ViaA sensitizes E. coli specifically to AG. Survival of WT (FBEO51) and AravA-viaA (FBE706)
strains after antibiotic treatment. Cells were grown in LB supplemented with glucose (0.2%) until ODg,
reached ~0.1 and antibiotics were added: (A) tobramycin (30 wg/mL); (B) tetracycline (5 wg/mL); (C)
nalidixic acid (5 ug/mL); and (D) ampicillin (5 ng/mL). Black and red lines are for untreated and antibiotic-
treated bacteria, respectively. The survival values after 1.5 and 3 h of treatment are represented. Survival,
measured by CFU per mL, was normalized relative to time zero at which the antibiotic was added and
plotted as Log,, of survival percentage. Values are expressed as means (n = 3) and error bars depict
standard deviation. One-way ANOVA tests followed by Sidak’s multiple-comparison tests were performed to
compare at each time point (1.5 and 3 h) the treated WT to the treated AravA-viaA mutant (ns, not
significant; *, adjusted P value < 0.05; and ****, adjusted P value < 0.0001).

for both wild type (WT) and AravA-viaA strains. In a time-dependent killing experiment
using a concentration of Gm equivalent to 2.5x MIC (5 uwg/mL), E. coli WT and AravA-
viaA strains exhibited similar sensitivities to Gm (Fig. 6A). However, because the expres-
sion of the ravA-viaA operon is under Fnr control (22), we reasoned that the genes
might not be expressed at a high enough level under the conditions used. Therefore,
we bypassed Fnr-mediated activation using the pRV plasmid, and tested whether this
could sensitize E. coli to Gm. We observed significantly impaired survival of the WT/
pRV strain (Fig. 6B), demonstrating the ability of RavA-ViaA to sensitize E. coli to Gm-
mediated killing under aerobiosis. Thus, we concluded that the RavA-ViaA complex
can also sensitize E. coli to Gm under aerobic respiration, but only when they are pro-
duced above a threshold value, a situation that does not appear to be achieved in
exponentially growing cells harboring a chromosomal copy of the ravA-viaA operon.
RavA-ViaA-mediated killing of E. coli by AG in aerobiosis requires pmf. Survival
of the WT/pRV strain exposed to Gm was tested in the presence of cyanide-m-chloro-
phenylhydrazone (CCCP), an ionophore, which dissipates pmf. The data showed that
addition of CCCP prevented Gm from killing the WT/pRV strain (Fig. 6C), demonstrating
that pRV-mediated killing required pmf. Because pmf results from respiratory metabo-
lism, we tested whether pRV-mediated sensitization was dependent on electron transfer
chain (ETCO)-forming components. We analyzed the survival of strains defective for the
synthesis of ubiquinones, the lipid that acts as an electron transporter in aerobic ETCs. A
AubiA strain was highly resistant to Gm treatment and the pRV plasmid failed to sensitize
this strain to Gm (Fig. 6D). Similarly, a Anuo Andh mutation altering NADH dehydrogen-
ase | and Il abrogated pRV-mediated sensitization (Fig. 6E). These data supported the
idea that respiration is required for pRV-mediated killing of E. coli by Gm in aerobiosis.
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FIG 5 RavA-ViaA increases Gm uptake. 3H-Gm uptake in WT (FBE051) and AravA-viaA (FBE706) strains
was measured by incubating early exponential-phase cultures (ODg,, = ~0.1) with 30 wg/mL 3H-Gm
at 37°C under anaerobic conditions (LB supplemented with glucose at 0.2%). Values are expressed as
means (n = 3) and error bars depict standard deviation. Unpaired t test followed by Welch’s
correction was performed to compare the WT strain to the AravA-viaA mutant at each time point (ns,
not significant; *, adjusted P value < 0.05; and ***, adjusted P value = 0.0003).

DISCUSSION

AGs have been used for decades to treat Gram-negative infections. In this work, we
report how the type of respiratory metabolism used by E. coli can influence the level of
sensitivity to AG. We identify the molecular components of the respiratory chain and
an AAA+ ATPase RavA, associated with its VWA-containing partner, ViaA, needed for
AG to act in low energy-producing fumarate respiration. We propose that the level of
sensitivity increases inversely with the energy yield of the respiratory chain used and
that the contribution of the RavA-ViaA complex occurs when cells are in a low energy
state.

E. coli has a highly versatile arsenal of respiratory chains. E. coli synthesizes multiple
dehydrogenases and terminal reductases, which act as quinone reductases and oxi-
dases, respectively (20, 32). Thus, from a bioenergetic standpoint, quinones can link
most dehydrogenases to most reductases and a wide variety of respiratory chains can
be formed (20, 32). Energy conservation is maximal in aerobiosis, decreases under fu-
marate respiration and reaches its lowest level in the absence of an exogenously
added electron acceptor (20). Accordingly, we found that the predicted level of energy
conservation parallels the level of Gm sensitivity (Fig. 1 and 7).

Components of the respiratory chain enabling AG sensitivity under fumarate respira-
tion include FHL, Hyd-2, MK, and Frd. Regarding nitrate respiration, similar systematic
dissection of the components required for AG sensitivity will be of interest, particularly
the role of the recently discovered anaerobic ubiquinone biosynthesis pathway, as ni-
trate reductase uses both ubiquinol and menaquinol as electron donor (33). We also
identified the RavA-ViaA complex as being required to mediate AG toxicity under such
conditions. RavA belongs to the AAA+ ATPase MoxR family, whose physiological role
remains to be elucidated (34). We have shown that the RavA-ViaA complex sensitizes E.
coli to AG through a pmf-dependent mechanism. The simplest explanation for the sensi-
tizing role of RavA-ViaA would be that it increases respiratory chain activity, resulting in
elevated pmf level and enhanced Gm uptake. Yet, this explanation seems to be insuffi-
cient, because no positive effect of RavA-ViaA complex was found either on Frd or on
Nuo activity (Fig. S2) and no advantage was associated with RavA-ViaA complex for
growth on fumarate. Recently, we reported that RavA-ViaA localizes to the inner mem-
brane where it interacts with lipids and the lipid-binding properties of the RavA-ViaA
complex were found to be necessary for AG sensitization under fumarate respiration
(35). Thus, it seems a reasonable hypothesis to propose that the RavA-ViaA complex acts
on the membrane to optimize function of some of the respiratory chains synthesized by
E. coli, such as that involving Frd.

Surprisingly, the extent of RavA-ViaA contribution to E. coli sensitization to Gm
appears to follow the redox energy hierarchy. Indeed, the influence of RavA-ViaA was
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FIG 6 Effect of RavA-ViaA on E. coli sensitivity to Gm under aerobiosis. (A and B) Increased ravA and viaA
genes dosage alters survival to Gm in killing assay. Survival of the strain WT (FBE051) and the mutant AravA-
viaA (FBE706) (A) or of the WT strain containing either a plasmid that carries the ravA-viaA operon (pRV) or the
empty vector control (p@) (B) after treatment with Gm (5 wg/mL) for 1.5 and 3 h. (C to E) The RavA-ViaA Gm
sensitization phenotype is abolished by pmf inhibitor and is dependent upon a functional respiratory chain. (C)
Survival of the WT strain (FBEO51) containing a plasmid that carries the ravA-viaA operon (pRV) after treatment
with Gm (5 wg/mL), in the presence or absence of CCCP (5 wg/mL). Survival of AubiA (LL922) (D) and Anuo
Andh (BP1046) (E), containing a plasmid that carries the ravA-viaA operon (pRV) or the empty vector control
(p@), after Gm treatment. Cells were grown in LB supplemented with IPTG (1 mM) and ampicillin (50 wg/mL)
until ODy,, reached ~0.1 and Gm (5 wg/mL) was added. (A to E) Survival, measured by CFU per mL, was
normalized relative to time zero, at which the antibiotic was added (early log phase cells; ~5 x 107 CFU/mL)
and plotted as Log,, of survival percentage. Values are expressed as means (n = 3) and error bars depict
standard deviation. Black and red lines are for untreated and Gm-treated, respectively. One-way ANOVA

tests followed by Sidak’s multiple-comparison tests were performed (ns, not significant and ****

, adjusted
P value < 0.0001).

apparent with the exogenous electron acceptors providing the lowest energy conserva-
tion, i.e., without addition of an exogenous electron acceptor or with fumarate (Fig. 7). It
is not clear which mode E. coli is relying on to grow in the absence of an “added exoge-
neous electron acceptor” and we assume that trace levels of NO;~ and/or amino acids
present in the rich medium acted as electron acceptors. In contrast, RavA-ViaA had no
significant influence when the electron acceptors were NO5~ or O,, which both give rise
to the two highest energy conservation processes. Thus, the sensitizing effect of RavA-
ViaA occurs only when cellular energy diminishes under a threshold value. Although this
does not provide a clue as to its molecular mechanism, this points to a role of stress
sensing, which fits in the chaperone role of AAA+ ATPases.

The ravA-viaA operon is under the control of Fnr (22) and we consistently found a
phenotype for the AravA-viaA mutant in anaerobiosis. In contrast, killing assays failed
to show a change in the level of Gm tolerance of the AravA-viaA mutant in the pres-
ence of O,. Yet, increased dosage of the ravA-viaA gene sensitized E. coli to Gm,
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FIG 7 Energy conservation level affects Gm sensitivity under anaerobic conditions. Survival of WT
(FBEO51) and the AravA-viaA (FBE706) strains after Gm treatment. Cells were grown in LB-glycerol
(black), supplemented with 10 mM fumarate (gray) or with 10 mM nitrate (white) until ODy,, reac-
hed ~0.2 and then Gm was added at 16 ug/mL. The survival values after 3 h of treatment are
represented. The first two groups represent the untreated strains, and the two last groups represent
the treated strains (+Gm). Values are expressed as means of at least three biological replicates and
error bars depict standard deviation. One-way ANOVA tests followed by Sidak’s multiple-comparison
tests were performed (ns, not significant; *, adjusted P value < 0.05; **, adjusted P value < 0.005;
*** adjusted P value = 0.0003; and ****, adjusted P value < 0.0001).

indicating that aerobic conditions were not inherently inhibitory to RavA-ViaA activity.
The previously reported involvement of RavA-ViaA in sensitivity to AG in O, was
derived from examination of the final optical density at 600 nm (ODg,,) value reached
by E. coli grown in the presence of sublethal concentrations of kanamycin, another AG.
Our phenotypic analysis of the AravA-viaA mutant did not confirm a role for ravA-viaA
in AG tolerance in the presence of O,. However, our protocol relied on killing assays
with strains taken in the mid-exponential phase. Because, the ravA-viaA operon is
under the control of sigma S (22), it is likely that in our experiments, RavA and ViaA
protein levels were not high enough for an influence to be detected. It will be inter-
esting to revisit the question of the influence of RavA-ViaA on Gm lethal activity on
stationary resting cells. We note that the model of an increased effect of RavA-ViaA
on Gm tolerance of cells in stationary phase somehow meets with the hypothesis
stated above of an effect of RavA-ViaA on cells under low energy/stress conditions.
Moreover, the effect of RavA-ViaA on AG susceptibility was also observed under fer-
mentative conditions, i.e,, in LB-glucose. Altogether these observations support a
role of RavA-ViaA in pmf sensing rather than respiratory activity per se. Next studies
will aim to identify how the RavA-ViaA complex might harness, or influence, pmf to
enhance AG uptake.

Antimicrobials often fail to cure the infection and, in addition to resistance, some of
the reasons lie in metabolism used by bacteria to adapt to environmental conditions.
Here, we have described how environmental conditions and the presence/absence of
compounds with a potential electron acceptor role can alter the level of tolerance of
E. coli to AG. In addition, we identified key molecular players that sensitize E. coli to AG
under anaerobiosis. AGs have been used for decades, but their potential toxicity has lim-
ited their use. Elucidation of the mechanisms of AG sensitization in bacteria will enable
the use of a reduced effective dose of AGs to safely treat a greater proportion of
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TABLE 1 E. coli strains used in this study

E. coli strains Relevant genotype Source

BP897 MG1655 Anuo:nptl Kan® Ezraty B. et al. (8)
BP1046 MG1655 Anuo::nptl Andh:FRT? This study
FBEO51 MG1655 Wild type Lab collection
FBE501 MG1655 AmenA:FRT This study
BP970 MG1655 AravA-viaA:CmF This study
FBE706 MG1655 AravA-viaA:FRT This study
FBE790 MG1655 AfrdA:FRT This study
FBE829 MG1655 AnarG:FRT This study
FBE831 MG1655 AravA-viaA AfrdA::FRT This study
FBE950 MG1655 AglpA=FRT This study
FBE1055 MG1655 AglpA AnuoC::FRT This study
FBE1057 MG1655 AnuoC::FRT This study
FBE1069 MG1655 AfdhD:FRT This study
FBE1102 MG1655 AhybC::FRT This study
FBE1117 MG1655 AhyaA::FRT This study
FBE1119 MG1655 AhyaB:FRT This study
FBE1153 MG1655 AhycE:FRT This study
FBE1157 MG1655 AfdhF:FRT This study

LL922 MG1655 AubiA Kazemzadeh K. et al. (39)

aElimination of the antibiotic resistance cassette by Flippase (FLP)-promoted recombination events leaves an FRT
scar (Flippase recognition target).

infections. Finally, we wish to highlight how a molecular understanding of the relation-
ship between the type of respiratory electron acceptor available in the environment
and bacterial susceptibility to antibiotics could help to understand dynamics of the
microbiota. Indeed, it has been proposed that the nature of the respiratory electron
acceptor present in the different sections of the intestine (duodenum, illium, and ce-
cum) directly controls the type of bacterial population found there (36). Thus, one
could predict the level of tolerance that enterobacteria such as E. coli will show,
depending upon its location in the digestive tract.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The E. coli K-12 strain MG1655 and its derivatives used in
this study are listed in Table 1. Deletion mutations (AhyaA:Kan®, AhyaB:Kan®, AhybC:KanF, AhycE:Kan®,
AfdhD:KanR, AfdhF:Kan®, AfrdA:Kan®, AglpA:Kan®, AmenA:Kan®, AnarG:Kan®, Andh:Kan®, AnuoC:Kan®)
from the KEIO collection were introduced by P1 transduction. The AravA-viaA:Cm® mutant was con-
structed using the procedure described by Datsenko K. and Wanner B. (37), using oligonucleotides
ravAwanner_up and viaAwanner_do (Table 2), followed by a transduction in MG1655 background.
Transductants were verified by PCR, using primer pair hybridizing upstream and downstream the
deleted genes. When performed, excision of the antibiotic cassette was done using the pCP20 plasmid
(37). Oligonucleotides used in this study are listed in Table 2. E. coli strains were grown at 37°C in
Luria-Bertani (LB) rich medium or in minimal M9 medium. Glucose (0.2%), glycerol (0.2%), IPTG (1 mM),
CCCP (5 mg/mL), fumarate (10 mM), or NO;~ (10 mM) were added when indicated. Solid media con-
tained 1.5% agar. For standard molecular biology techniques, antibiotics were used at the following
concentrations: chloramphenicol at 25 wg/mL, kanamycin at 50 wg/mL, and ampicillin at 50 or
100 pwg/mL.

Plasmid construction. Plasmid pRV was first constructed by PCR amplification of the coding region
of ravA-viaA from the E. coli MG1655 chromosomal DNA using the following primer pair: ravA UP BamHI/
viaA DO Hindlll (Table 2). The PCR product was then digested by BamHI and Hindlll and cloned into the
BamHI/Hindlll linearized pTrc99A vector (38). The sequence of the inserted fragment was checked by
DNA sequencing.

Time-dependent killing assay. Overnight cultures were diluted (1/100) and grown aerobically or
anaerobically in specific medium as indicated in the figure legends at 37°C to an OD, of 0.2. At this
point (t0) antibiotic at the indicated concentration was added to the cells. At different incubation
times, 100 uL of cells were diluted in sterile phosphate-buffered saline solution (PBS buffer), spotted
on LB agar, and incubated at 37°C for 24 to 48 h. Cell survival was determined by counting CFU per
mL (CFU/mL). The absolute CFU at time point 0 (used as the 100%) was ~ 5 x 10”7 CFU/mL. Survival rate in
anaerobic conditions was performed in an anaerobic chamber (Coy and Jacomex Chambers). Materials
(medium, tubes, plates, etc.) were all equilibrated in the anaerobic chamber for at least 18 h prior to use.

MIC values determination. The MICs were determined by the microdilution method in a 96-well
plate according to the Clinical and Laboratory Standards Institute (CLSI) guideline. Briefly, serial dilutions
of Gm in a 2-fold manner were done in 100 uL cation-adjusted Miller-Hinton or in LB supplemented or
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TABLE 2 Oligonucleotides used in this study
Primer name Sequence (5'-3’)
Construction of the AravA-viaA mutant
ravAwanner_up CTCGCAATTTACGCAGAACTTTTGACGAAAGGACGCCACTTCATTTGTGTAGGCTGGAGC
viaAwanner_do GCCAGCTGCTGTTCGCGAGAGCGTCCCTTCTCTGCTGTAATAATCATATGAATATCCTCC
Construction of the pRV plasmid
ravA UP BamHI GGCCGGATCCATGGCTCACCCTCATTTATTA
viaA DO Hindlll GGCCAAGCTTTTATCGCCGCCAGCGTCTGAG
Checking the knockout mutants
fdhD_Frd TTTCTTTGCGGAAGGGGCCG
fdhD_Rv GAAAACGCCACTACACGCATTT
fdhF_Frd CGAATGGATAAAAAAACAGCCTCCG
fdhF_Rv ATGACCCCACATAAAATGTGGC
frdA_Frd GTGGAATAGCGTTCGCAGACC
frdA_Rv GCTATGCGGTGCGGTATCGAC
glpA_Frd ATGAGCGAATATGCGCGAAATCAAA
glpA_Rv GCAGTTGCAGGCCACAGAGTAA
hyaA_Frd ATGGTTTGCCTTGCTACAGGGA
hyaA_Rv GCGGCGTCCGGCATTATTG
hyaB_Frd GACCAGCGCAGACGTCATAAC
hyaB_Rv GTGGCTGACAACGTTGTCGC
hybC_Frd CCGATGGCTTCATCGGTCAG
hybC_Rv CGTACTCATTCGTCTACTGCCG
hycE_Frd ATAAGACGAGGTCGCCGTGC
hycE_Rv TATTACTCCGCGCATTACCTGGG
menA_Frd AACATCTGGATGCGTTGGTGG
menA_Rv TAGGCTTAACATTCAGTTGCTGC
narG_frd AGGCTCCCACAGGAGAAAACCG
narG_Rv CACCATGCCGACTTGTGAACGAATTT
nuoC_Frd_2 TGCTCGATCGCTTCACGCTC
nuoC_Rv_2 TCGGCAAAGGGATTTTTCTTCGC
ravA_up_verif CCTAAATGCGGCCACATTAACC
viaA_do_verif GGCGGCGGTATCGCCCAGTCTCG
not with either glucose (0.2%), fumarate (10 mM), or nitrate (10 mM). E. coli inoculum was prepared by
suspending colonies grown overnight on LB agar using 1xPBS to achieve a turbidity of 0.5 McFarland
(1 x 108 CFU/mL) and the final concentration of the inoculum in each well was around 5 x 10° CFU/mL.
The plates were incubated at 37°C for 18 h under aerobic or anaerobic conditions. MIC was defined as
the lowest drug concentration that exhibited complete inhibition of microbial growth. All MICs were
determined from at least three independent biological replicates.

Gm uptake assays. [*H]-Gm (20 uCi/mg; Hartmann Analytic Corp.) was added at the indicated final
concentration and cultures were incubated at 37°C on a rotary shaker. At given times, 500 uL aliquots
were removed and collected on a 0.45 uM-pore-size HAWP membrane filter (Millipore) pretreated with
1 mL of unlabeled Gm (250 wg/mL). Filters were subsequently washed with 10 mL of 3% NaCl, placed
into counting vials, and dried for 30 min at 52°C, whereafter 8 mL of scintillation liquid were added and
incubated overnight at room temperature. Vials were counted for 5 min. Gm uptake efficiency is
expressed as total accumulation of Gm (ng) per 102 cells.

Competition experiment in batch culture. The two strains tested were first grown separately
overnight in M9 medium supplemented with casamino acids (0.1%). The cell density of each sus-
pension was measured by ODgg,,.., reading and by CFU count. Each overnight culture containing
approximately 3 x 102 cells/mL was diluted 1/100-fold and mixed in a ratio of 1:1 to inoculate
25 mL of M9 supplemented with casamino acids (0.1%) (time 0 h) and incubated for 24 h at 37°C for a
competitive growth. The coculture was diluted 1/100 in 25 mL of fresh M9 medium and grown for another
24 h at 37°C. The initial density of each strain was determined in the initial coculture (0 h) from CFU data
by diluting and plating population samples onto LB agar and LB agar supplemented with appropriate anti-
biotic. Similarly, the final density of each strain was determined.

Complex | enzymatic assay. Cells grown in LB (100 mL) to an ODy,,,,, of 0.6 were harvested by cen-
trifugation, washed once in 50 mM phosphate buffer pH 7.5, and suspended in 50 mM phosphate buffer
pH 7.5 (6 mL), lysed using a French press, aliquoted, and frozen immediately in liquid nitrogen. Nuo ac-
tivity was assayed at 30°C by adding thawed samples to 50 mM phosphate buffer pH 7.5 containing
reduced nicotinamide hypoxanthine dinucleotide (deamino-NADH) (250 mM) as specific substrate, and
by following A, g, Protein concentration was determined by measuring the absorbance at A, using
a NanoDrop 2000 spectrophotometer.
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