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ABSTRACT Widespread antimicrobial resistance encourages repurposing/refining of
nonantimicrobial drugs for antimicrobial indications. Gallium nitrate (GaNt), an FDA-
approved medication for cancer-related hypercalcemia, recently showed good activ-
ity against several clinically significant bacteria. However, the mechanism of GaNt
antibacterial action is still poorly understood. In the present work, resistant and tol-
erant mutants of Escherichia coli were sought via multiple rounds of killing by GaNt.
Multiround-enrichment yielded no resistant mutant; whole-genome sequencing of
one representative GaNt-tolerant mutant uncovered mutations in three genes (evgS,
arpA, and kdpD) potentially linked to protection from GaNt-mediated killing.
Subsequent genetic analysis ruled out a role for arpA and kdpD, but two gain-of-func-
tion mutations in evgS conferred tolerance. The evgS mutation-mediated GaNt toler-
ance depended on EvgS-to-EvgA phosphotransfer; EvgA-mediated upregulation of
GadE. YdeO, and SarfA also contributed to tolerance, the latter two likely through their
regulation of GadE. GaNt-mediated killing of wild-type cells correlated with increased
intracellular reactive oxygen species (ROS) accumulation that was abolished by the
evgS-tolerant mutation. Moreover, GaNt-mediated killing was mitigated by dimethyl
sulfoxide, and the evgS-tolerant mutation upregulated genes encoding enzymes
involved in ROS detoxification and in the glyoxylate shunt of the tricarboxylic acid
(TCA) cycle. Collectively, these findings indicate that GaNt kills bacteria through eleva-
tion of ROS; gain-of-function mutations in evgS confer tolerance by constitutively acti-
vating the EvgA-YdeO/GadE cascade of acid resistance pathways and by preventing
GaNt-stimulated ROS accumulation by upregulating ROS detoxification and shifting
TCA cycle carbon flux. The striking lethal activity of GaNt suggests that clinical use of
the agent may not quickly lead to resistance.

KEYWORDS gallium nitrate, tolerance, mechanisms of action, EvgS-EvgA acid stress
response, reactive oxygen species, ROS detoxification, glyoxylate shunt

Antimicrobial resistance is one of the most significant challenges facing modern
medicine. One example is the emergence and spread of pathogens, termed ESKAPE

(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter bau-
mannii, Pseudomonas aeruginosa, and Enterobacter spp.), that resist most, if not all, cur-
rently available antimicrobials (1–3). A traditional way to address antimicrobial resistance
is development of new compounds to treat pathogens already resistant to existing
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drugs. This approach is becoming increasingly difficult, as most of the feasible drug tar-
gets have been explored, and many derivatives of existing drug classes have been exten-
sively refined (4, 5). Reinvestigating/refining an FDA-approved drug for new antibacterial
indications is an attractive alternative, because pharmacological feasibility and toxicolog-
ical concerns have already been addressed with these compounds (6). Gallium nitrate
(GaNt) represents a candidate for reinvestigation, because it has been approved for treat-
ment of a cancer-related hypercalcemia (7) and because it is active against many clini-
cally significant multidrug-resistant bacterial pathogens in vitro (8–16), in animal models
of infection (9, 11, 13, 17, 18), and in clinical trials (10, 18, 19). However, activity improve-
ment is needed to protect from the emergence of resistance, to expand the spectrum of
species covered, and to further reduce toxicity. A better understanding of action mecha-
nism may facilitate these improvements.

Gallium-based antibacterial action has been thought to derive from interference
with iron uptake (11, 15, 16), iron metabolism, and catalysis by iron-containing
enzymes, because Ga31 is similar to Fe31 in terms of ionic radius, ionization potential,
coordination chemistry, electronegativity, and electron affinity (7, 10). Since Fe31 is re-
dox active through reduction to a divalent state, while, under physiological conditions,
Ga31 is not, replacing Fe31 with Ga31 might disrupt the activity of many iron-contain-
ing respiratory enzymes that serve as redox centers. However, such an explanation for
GaNt action is unsatisfactory, because mimicry of iron depletion and simple inhibition
of enzyme activity usually confer bacteriostatic rather than bactericidal activity, and
GaNt is strikingly lethal (8, 11, 14, 16). Events beyond enzyme inhibition likely occur
that allow GaNt to rapidly kill bacteria.

Selection and characterization of resistant and/or tolerant mutants are traditional
approaches for uncovering drug targets and action mechanisms. Unfortunately,
mutants that are resistant to gallium nitrate, as indicated by an increase in MIC, are dif-
ficult to obtain (8), possibility due to gallium simultaneously interfering with multiple
enzyme targets (10). The few weak resistance mutations, which evolved in vitro, are
found in Pseudomonas aeruginosa and Escherichia coli genes that encode nonspecific
transporters/pumps for iron citrate and other metals (20, 21) rather than in genes
encoding gallium-specific targets. Gallium tolerance, defined as a reduced killing of
bacteria with little or no change in MIC, has not been reported. Thus, the specific
action mechanism of gallium nitrate is still largely unknown.

The present work explored gallium action by challenging E. coli with lethal concen-
trations of GaNt and then characterizing the resulting mutants. While no resistant mu-
tant was obtained, several tolerant mutants were recovered. Whole-genome sequenc-
ing and subsequent genetic characterization identified two gain-of-function mutations
in evgS, which encodes the sensor kinase of the EvgSA acid resistance two-component
system. The mutations conferred gallium tolerance by (i) stimulating the EvgA-YdeO-
GadE transcription regulatory cascade and (ii) suppressing a gallium-mediated surge of
intracellular reactive oxygen species (ROS). We can now begin to think about ways to
make GaNt even more lethal by enhancing ROS production.

RESULTS
MIC measurement and medium acidification determination. We first measured

MIC for GaNt with wild-type E. coli (strain BW25113) using LB broth lacking citrate. The
MIC was 12.2mM. At this concentration, GaNt acidified the LB medium to a pH of 4, a
value that would inhibit bacterial growth and thus confound measurement of gallium
nitrate-mediated antibacterial effects. To mitigate acidification by gallium nitrate from
interfering with MIC measurements, we added 54.3mM sodium citrate to LB medium.
As shown in Tables S4 and S5 in the supplemental material, even with this citrate buf-
fering, medium acidification occurred in a GaNt concentration-dependent manner.
GaNt MICs determined with the citrate-buffered media were 18.4 and 12.2mM, respec-
tively, for LB and Mueller-Hinton (MH) media. At these GaNt concentrations, medium
acidification was mild (e.g., pH. 5.6) (Tables S4 and S5); such acidification by itself did
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not inhibit bacterial growth during the 24-h incubation used for MIC determination.
Thus, buffering with sodium citrate allowed determination of GaNt MIC without the
confounding effect from GaNt-mediated medium acidification; citrate-buffered me-
dium was used for all other experiments.

Since GaNt obtained from Sigma-Aldrich contains unspecified numbers of
hydrates, we determined the number of the hydrates using a thermal decomposi-
tion method reported previously (22). The hydrate number was 9, which was used to
adjust MICs estimated using anhydrous molecular weights supplied by the vendor. MICs
in weight concentrations were 4.7mg/ml and 3.1mg/ml, respectively, for LB and MH
media (Table S1).

Enrichment, isolation, and identification of mutants tolerant to gallium nitrate.
To gain insight into molecular details of gallium antibacterial action, we enriched E.
coli mutants by challenging cultures with GaNt at lethal rather than sublethal concen-
trations, because previous in vitro evolution studies using sublethal concentrations
generated mutants exhibiting only low to moderate loss of susceptibility arising from
alterations in iron transporters or efflux pumps. Such mutations are uninformative for
gallium action mechanism studies, because they nonspecifically reduce GaNt uptake
rather than blocking the interaction of gallium with its cellular target (20, 21). Moreover,
use of sublethal concentrations makes it difficult to enrich and study mutants that pref-
erentially lack lethal activity (tolerant mutants).

Treatment of cultures with GaNt for 40min at 2.5� MIC reduced survival by 5 orders
of magnitude. After this treatment was applied for 4 and 5 rounds, survival rose to
.80% (Fig. 1a). Surviving cells were purified as single colonies by plating on LB agar,
and they were then screened for growth on agar containing 1� MIC of GaNt and sur-
vival in LB broth containing 2.5� MIC of GaNt. No colony grew on GaNt-containing
agar, while hundreds of colonies formed on GaNt-free agar; gallium-resistant mutants
were not enriched. When colonies recovered on GaNt-free agar were tested for killing
and growth inhibition by GaNt, their MIC for GaNt was similar to that of the parental,
wild-type strain, but survival of four mutants was much higher (.10,000-fold). These
mutants were considered tolerant but not resistant to GaNt (no change in MIC). The
most tolerant mutant, GaNt-3, showed .90% survival even after a 90-min treatment
with 4� MIC of GaNt (Fig. 1b).

Whole-genome sequencing of GaNt-3 revealed single-point mutations in three

FIG 1 Enrichment and characterization of gallium nitrate-tolerant mutants. (a) Mutant enrichment. Exponentially growing cultures
of wild-type E. coli strain BW25113 were repeatedly challenged with 2.5� MIC of gallium nitrate for 40min followed by
determination of surviving CFU. (b) Reduced killing of one representative GaNt-tolerant mutant. Strain GaNt-3, obtained after 5
rounds of enrichment, and the wild-type (WT) control were grown to exponential phase and treated with 4� MIC of GaNt for the
indicated times, and aliquots were assayed for survival by plating on drug-free agar. (c) Mutations recovered by enrichment that
do not reduce GaNt-mediated killing. Mutations in arpA (E334A) and kdpD (P885T), found in strain GaNt-3 by whole-genome
sequencing, were reconstructed in the parental strain and tested for survival to GaNt at 4� MIC for the indicated times. (d)
Mutations in evgS reduced GaNt-mediated killing. Two mutations in evgS (E701G and S582P), as revealed by whole-genome
sequencing of GaNt-3, were reconstructed in the parental strain and tested for survival of GaNt at 4� MIC for the indicated times.
All experiments, except those whose results are shown in panel a (performed only once), were performed in triplicate; error bars
indicate standard errors of the means.
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genes, arpA, kdpD, and evgS (Table 1). Reconstruction of these point mutations in
each gene using the wild-type parental strain revealed that mutations in evgS, but
not in arpA or kdpD, confer the tolerant phenotype (Fig. 1c and d). This conclusion
was further solidified by PCR-mediated amplification and subsequent sequencing
of the 3 genes identified above in the 3 other tolerant mutants recovered from the
screen: mutations in evgS but not the other two genes were found (Table 1). Thus,
two amino acid substitutions in EvgS (E701G and S582P) each drastically reduced
killing by gallium nitrate without a change in MIC, a typical tolerance phenotype
(23).

The extensive killing (e.g., .10,000-fold) of wild-type cells and the protection from
killing by the mutations in evgS were mainly due to gallium nitrate itself rather than
from gallium nitrate-mediated medium acidification. Control experiments using LB-ci-
trate medium acidified by hydrochloric acid to pH 3.2, a value that is equal to acidifica-
tion caused by GaNt at 4� MIC (Table S4), conferred only slight (e.g.,,10-fold) lethality
(Fig. S1). Addition of citrate, which helps distinguish killing by GaNt from that by me-
dium acidification, did not interfere with the protection from killing by the evgS
(E701G) mutation, because when low concentrations of GaNt (18.4mM and 24.4mM)
were added to cultures grown in LB without citrate for longer incubation times, .100-
fold protection from GaNt-mediated killing was observed; under the same conditions,
medium acidification alone caused little killing (Fig. S2). Slow growth due to the muta-
tions does not account for the tolerance phenotype, since the mutant and the wild-
type strains exhibited similar growth curves (Fig. S3).

Contribution of the evgS-evgA two-component system and downstream regulatory
cascade to gallium lethality. Although evgS encodes the sensor kinase of the well-char-
acterized EvgS-EvgA two-component-system response to acid stress, it was not
obvious how gallium stress is related to EvgS-EvgA. The tolerance phenotype appears
to derive from gain-of-function mutations, for the following reasons. (i) Deletion of
evgS or evgA failed to confer tolerance (Fig. 2a). (ii) The EvgS E701G and S582P substitu-
tions occur in the same PAS domain of EvgS in which other gain-of-function (constitu-
tive activation) acid-resistant changes occur (24); these substitutions (e.g., N573K,
S584F, and S600I) also conferred tolerance to GaNt-mediated killing (Fig. 2b). (iii) The
EvgS E701G substitution upregulated three downstream genes, ydeO, gadE, and safA
(Fig. 2c), that are controlled by EvgA and are involved in regulation of a response to
acid stress. EvgS E701G-mediated tolerance likely depends on the EvgS-to-EvgA phos-
phorelay, because an amino acid substitution that abolishes the phosphorylation site
of EvgA (D52A) eliminated gallium tolerance (Fig. 2d). As expected, killing was due
mainly to GaNt itself rather than to GaNt-mediated medium acidification (Fig. S4).
Since the E701G and S582P substitutions in EvgS conferred similar levels of gallium tol-
erance, subsequent characterization focused on the E701G substitution.

Since the EvgS-EvgA system controls several key downstream regulators (25, 26),
we next investigated the contribution of three such regulators to EvgS E701G-medi-
ated gallium tolerance. Deletion of gadE abolished tolerance, while deletion of ydeO or
safA partially reduced it (Fig. 3a to c). SafA regulates another two-component system,
PhoQ-PhoP, which ultimately controls RpoS degradation (27–29). Since RpoS is a mas-
ter stress response regulator that affects gadE expression (29), we also asked whether
EvgS E701G confers gallium tolerance via RpoS. Although a mutant deficient in rpoS

TABLE 1Mutational information of gallium nitrate-tolerant mutants

Mutant Gene name Base change Amino acid change Gene product
GaNt-3 evgS A2102G Glu701Gly Sensory histidine kinase EvgS

arpA A1001C Glu334Ala Regulator of acetyl-CoA synthetase
kdpD C2653A Pro885Thr Sensory histidine kinase KdpD

GaNt-4 evgS T1744C Ser582Pro Sensory histidine kinase EvgS
GaNt-5 evgS A2102G Glu701Gly Sensory histidine kinase EvgS
GaNt-6 evgS T1744C Ser582Pro Sensory histidine kinase EvgS
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was hypersensitive to killing by GaNt (Fig. 3d), introduction of EvgS E701G into the
rpoS mutant still allowed drastic protection (e.g., 1,000-fold) from GaNt-mediated kill-
ing (Fig. 3d). These data indicate that EvgS E701G-mediated gallium tolerance is largely
independent of RpoS. The YdeO effect may derive from its positive regulation of gadE,
a gene whose expression is also regulated by EvgA and RpoS (25, 26). As described
above, control experiments separated GaNt lethality from that caused by GaNt-medi-
ated medium acidification, since reduced pH alone (without GaNt) showed a much
lower (e.g., ,100-fold) effect than treatment of samples with GaNt (Fig. S5).

Partial overlap of acid and gallium tolerance pathways. Since the EvgS-EvgA reg-
ulatory cascade is an acid resistance/tolerance system and since we found that muta-
tions in evgS also confer tolerance to gallium-mediated killing, we next asked whether
different responses to acid and gallium exist within this regulatory cascade. All mutants
tested that have a mutation in the sequence encoding the PAS domain of EvgS exhib-
ited tolerance to acid stress (Fig. 4a and c); all (Fig. 1d and 2b) but one (Fig. 4b) of these
mutants also exhibited tolerance to GaNt. A deficiency in either gadE or rpoS conferred
hyperlethality to acid and GaNt stress (Fig. 3a and d and 4c and d), but only a defi-

FIG 2 Constitutive gain-of-function substitutions in EvgS reduce gallium nitrate-mediated killing via phosphorylation of EvgA. (a)
Deficiency in evgS or evgA fails to reduce GaNt-mediated killing. Exponentially growing cultures of wild-type (WT), DevgS, or
DevgA E. coli were grown and treated with 4� MIC of gallium nitrate for the indicated times followed by determination of
survival. (b) Constitutive gain-of-function mutations in the PAS domain of EvgS, known to confer acid resistance, protect from
GaNt-mediated killing. Cultures of the wild type and the indicated evgS mutants were grown, treated, and processed as for panel
a. (c) The EvgS E701G gain-of-function mutation induces expression of several downstream regulators involved in acid stress
response. Wild-type and evgS E701G mutant cultures were untreated or treated with 4� MIC of GaNt for 30min. Samples were
subjected to total RNA isolation followed by reverse transcription and PCR amplification of gadE, ydeO, and safA using 16S rRNA
as an internal control. mRNA levels of all mutant samples were normalized to those of each gene in the untreated wild-type
control. (d) The evgS E701G gain-of-function mutation confers GaNt tolerance through phosphotransfer from EvgS to EvgA. Wild-
type, evgS E701G mutant, evgA phosphorylation site (D52A) mutant, and evgS-evgA double mutant cultures were grown, treated
with GaNt, and processed as for panel a.

FIG 3 Contribution of downstream regulators of the EvgSA and RpoS systems in evgS gain-of-function-mediated protection from
gallium nitrate lethality. (a) Deficiency of gadE abolishes evgS E701G-mediated protection from GaNt killing. Exponentially growing
wild-type (WT), evgS (E701E) mutant, DgadE mutant, and evgS-DgadE double mutant E. coli cultures were grown and processed as
for Fig. 1. (b) Deficiency of ydeO partially reverses evgS E701G-mediated protection from GaNt killing. Experimental conditions were
as for panel a. (c) Deficiency of safA reduces evgS E701G-mediated protection from GaNt killing. Experimental conditions were as
for panel a. (d) Deficiency of rpoS fails to eliminate evgS E701G-mediated protection from GaNt-mediated killing. Experimental
conditions were as for panel a.
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ciency in gadE, not rpoS, abolished EvgS E701G-mediated protection from killing by
GaNt (Fig. 3a and d). Neither a gadE nor an rpoS deficiency abolished protection by
EvgS E701G to acid-mediated lethality (Fig. 4c and d). Collectively, these data indicate
that gallium tolerance shares some regulatory circuits with acid resistance/tolerance
centered on GadE, but not all acid resistance/tolerance factors play a role in gallium
tolerance.

Involvement of ROS in GaNt-mediated killing. Due to its mimicry of ferric iron,
gallium ion has long been thought to interfere with respiratory enzymes that rely on
ferrous-ferric oscillation for electron transfer. Since ROS production is a by-product of
respiration (30), gallium could affect ROS accumulation. However, previous work has
not addressed whether gallium exposure stimulates intracellular accumulation of ROS
in bacteria. We found that levels of ROS surged during GaNt treatment of wild-type E.
coli and that the surge was absent in the evgS E701G mutant (Fig. 5a). Exogenous addi-
tion of ROS-mitigating chemicals, such as dimethyl sulfoxide (DMSO), protected E. coli
from gallium-mediated killing (Fig. 5b). Moreover, GaNt treatment induced transcrip-
tion of genes involved in ROS detoxification; such induction was more evident with
the evgS E701G mutant than with wild-type cells (Fig. 5c).

The evgS E701G mutant-mediated suppression of ROS accumulation may also
derive from altered carbon flux from the tricarboxylic acid (TCA) cycle to the glyoxylate
shunt, because GaNt treatment caused greater expression of genes (aceAB, acnAB, and
fumABC) encoding key enzymes involved in the glyoxylate shunt with the mutant than
with wild-type cells (Fig. 5d and e). These data are consistent with the TCA cycle fueling
respiration to produce ROS, while the glyoxylate shunt helps mitigate oxidative stress
by bypassing two decarboxylation steps that produce NADH (31), the fuel for ATP pro-
duction and ROS generation. Taken together, these observations implicate ROS accu-
mulation in gallium-mediated bacterial death.

DISCUSSION

The present work explored the antibacterial action of gallium nitrate by enriching
and identifying mutants tolerant to gallium-mediated killing: the mutations had no
effect on MIC, and their effects were therefore restricted to the death process. Two
gain-of-function substitutions (E701G and S582P) in EvgS, a protein involved in the
response to acid stress, mitigated gallium lethality. How EvgS may participate in gal-
lium lethality is depicted in Fig. 6.

FIG 4 Effect of mutations in evgS, gadE, and rpoS on protection from killing by acid and GaNt. (a) Constitutive gain-of-function
mutations in the PAS domain of the EvgS all confer reduced killing from acid. Cultures of wild-type (WT) and five evgS mutants,
indicated in the figure, were grown and processed as for Fig. 2b following acid treatment for the indicated times. (b) An evgS
G658A mutation failed to protect from GaNt-mediated killing. Cultures were grown, treated, and processed as for Fig. 2b. (c) A
deficiency of gadE failed to abolish evgS E701G-mediated protection from killing by low pH. Exponentially growing wild-type,
evgS (E701E) mutant, DgadE mutant, and evgS-DgadE double-mutant E. coli cultures were grown and processed as for panel b
following exposure to pH 2.50 for the indicated times. Survival of the DgadE mutant and the evgS-DgadE double mutant dropped
below the detection limit (1023%) after 20- and 40-min treatments, respectively. (d) Deficiency of rpoS fails to eliminate evgS
E701G-mediated protection from acid. Experimental conditions were as for Fig. 3d except for treatment with acid (pH 2.50) for
the indicated times.
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Genetic analysis of the evgS-evgA regulatory cascade revealed that a constitutively
activated gain-of-function tolerance mutation in evgS involves the phosphorelay from
EvgS to EvgA. Phosphorylated EvgA then stimulates transcription of safA, ydeO, and
gadE. After upregulation, YdeO can also stimulate the expression of gadE. Thus, GadE,
which is a central regulator of the AR2 acid resistance pathway (24), is likely a key
downstream factor in the EvgS-EvgA GaNt tolerance system. Indeed, deletion of gadE
in the evgS E701G mutant background eliminated the gallium tolerance phenotype;
deletion of ydeO or safA only partially reversed the tolerance phenotype, indicating
that both YdeO and SafA may confer protection from GaNt-mediated killing through
their partial regulation of GadE. SafA also regulates RpoS through the PhoQ-PhoP cas-
cade, but that regulation appears to play little, if any, role in the protective effect of
the EvgS E701G substitution, because protection occurs even in a DrpoS background
despite RpoS also regulating GadE. As expected from gallium’s interference of iron-
mediated redox reactions found in many respiratory enzymes, GaNt treatment causes
a surge in intracellular ROS. That surge is reversed by the protective EvgS E701G substi-
tution, thereby supporting a role for ROS in GaNt-mediated killing. To our knowledge,
these observations are the first to probe the mechanism of gallium-mediated killing.

The relationship between the protective response of the EvgS-EvgA two-compo-
nent system to both acid stress and gallium stress is not immediately obvious. We

FIG 5 Involvement of intracellular ROS in gallium nitrate-mediated killing blocked by the EvgS E701G gain-of-function substitution.
(a) GaNt-mediated surge in ROS accumulation abolished by the evgS E701G mutation. Exponentially growing cultures of wild-type
(top) and evgS E701G (bottom) E. coli were incubated with 10mM carboxy-H2DCFDA for 20min before cells were treated with 4�
MIC of GaNt for 1 h and subjected to flow cytometry for analysis of ROS accumulation. (b) The hydroxyl radical scavenger dimethyl
sulfoxide (DMSO) protects against or delays GaNt-mediated killing. Exponentially growing cultures of wild-type E. coli were
incubated with or without 5% (1/3 MIC) DMSO for 15min before cells were treated with 4� MIC of GaNt for the indicated times.
Samples were then processed as for Fig. 2b. (c) Induction of expression of genes involved in ROS detoxification by GaNt exposure
stimulated by the evgS E701G gain-of-function mutation. Wild-type (WT) and mutant cultures were untreated or treated with 4�
MIC of GaNt for 30min; total cellular RNA was extracted, followed by reverse transcription and PCR amplification of the indicated
genes, using 16S rRNA as an internal standard. mRNA levels were normalized to those of each gene with an untreated wild-type
control. (d) Expression of genes involved in the TCA cycle by GaNt exposure as affected by the evgS E701G gain-of-function
mutation. Cells were grown, treated, and processed as for panel c. (e) Preferential upregulation of genes involved in the glyoxylate
shunt portion of the TCA cycle by the evgS E701G gain-of-function mutation during GaNt exposure. The ratio of evgS mutant to
wild-type mRNA levels of each gene from GaNt-treated samples obtained in panel d are displayed in a scheme of the TCA cycle as
fold changes (in parentheses) for each gene. Red font and positive numbers indicate upregulation. Blue font and negative numbers
indicate downregulation. Black font indicates little change in transcription. PYR, pyruvate; AceCoA, acetyl coenzyme A; CIT, citrate;
ICIT, isocitrate; OASUCC, oxalosuccinate; AKG, a-ketoglutarate; SuccCoA, succinyl-CoA; SUCC, succinate; FUM, fumarate; MAL, malate;
OAA, oxaloacetate.
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found that among all tested EvgS-EvgA-controlled proteins participating in acid stress,
only some, apparently centering around GadE, are involved in gallium tolerance. We
speculate that the EvgS-EvgA-GadE regulatory axis reduces proton gradients across the
cell membrane (protecting from acid stress) and thereby downregulates ATP synthesis.
That downregulation would reduce the generation of ROS, which are by-products of
ATP synthesis, and would thereby reduce killing by gallium nitrate. Protection by the
EvgS (E701G) substitution may also derive from its indirect upregulation of many genes
that encode enzymes involved in ROS detoxification, in both the presence and absence
of GaNt. The role of RpoS in GaNt lethality may derive from its regulation of katE (cata-
lase) expression, which is highly induced during GaNt exposure, especially in the evgS
E701G mutant.

We were unable to obtain resistant mutants by multiround in vitro enrichment
using a highly lethal concentration of gallium nitrate (2.5� MIC). Previous work using
successive sublethal (sub-MIC) concentrations obtained cells with mutations mapping
in transporter genes that nonspecifically reduce gallium uptake (20, 21). The mutants
we obtained specifically affected killing, not drug uptake or target interactions. These
data emphasize the mechanistic distinction between blocking bacterial growth and le-
thal action (32). We speculate that our inability to recover resistant mutants may be
due to multiple targets of gallium nitrate and to strong lethal action that kills resistant
mutants before they are fixed in the population.

Refinement of GaNt for antimicrobial indications is considered feasible because
FDA-approved doses achieve peak plasma concentration (28mM) (33–36), which is
above the MIC for Klebsiella pneumoniae, Mycobacterium tuberculosis, and many
Acinetobacter baumannii and P. aeruginosa isolates (8–16). Toxicity issues, which occur
mostly with high-bolus dosing (34, 37) or long-term, cumulative dosing of cancer
patients (38), can be mitigated by mannitol diuresis (34). Moreover, toxicity may not be
a widespread problem with antimicrobial applications, which are traditionally brief
(39). We note that gallium induces the expression of virulence factors in P. aeruginosa
at subinhibitory concentrations (40); however, this induction may not be problematic
at lethal concentrations that rapidly lower bacterial numbers. Moreover, virulence fac-
tor induction can be mitigated by coadministration of brominated furanone C30 or
zinc oxide nanoparticles (40, 41). Thus, approaches exist to address common clinical
problems.

Although we expect that a better understanding of gallium action mechanism will
lead to greater activity, lower toxicity, and an expanded spectrum of susceptible

FIG 6 Schematic illustration of how an evgS gain-of-function mutation confers gallium nitrate tolerance.
Treatment of E. coli with gallium nitrate causes a surge in intracellular ROS and subsequently results
in cell death. EvgS gain-of-function substitutions constitutively stimulate EvgA phosphorylation.
Phosphorylated EvgA either directly or indirectly through YdeO or SafA-PhoQ-PhoP-RpoS upregulates
GadE, a central regulator of gallium tolerance. GadE shifts carbon flux from the full TCA cycle to the
glyoxylate shunt, resulting in reduced NADH generation and downstream respiration that otherwise
produces ROS as by-products. GadE also suppresses ROS accumulation by upregulating many genes
involved in ROS detoxification, as does RpoS through upregulation of katE. Suppression of ROS
accumulation protects from gallium-mediated killing.
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pathogens, we do not know whether GaNt will quickly succumb to resistance or
whether it will be a broad-spectrum agent. Its extraordinary lethal activity may be suffi-
cient to restrict the emergence of resistance while achieving patient cure.

MATERIALS ANDMETHODS
Bacterial strains, growth conditions, and reagents. Isogenic E. coli K-12 strains (Table S1) were

acquired from the Yale University Coli Genetic Stock Center or constructed by bacteriophage P1-medi-
ated transduction (42) or by a CRISPR (clustered regularly interspaced short palindromic repeat)-based
allelic exchange (43). Plasmids and primers used for this work are listed in Tables S1 and S2 in the sup-
plemental material. E. coli cultures were grown aerobically at 37°C in LB or MH liquid medium supple-
mented with 54.3mM sodium citrate with rotary shaking at 250 rpm or as colonies on LB agar (44).
Citrate was included in liquid media to mitigate GaNt-mediated medium acidification, which otherwise
could inhibit growth of E. coli or even kill the bacterium, thereby confounding mechanism studies of
GaNt antibacterial action. Citrate, which maintained a pH range between 3.2 and 6 after gallium nitrate
addition, was chosen to reduce the possibility of high-pH-mediated gallium hydroxide formation (45),
which is seen when the medium is buffered toward a more neutral pH by phosphate- or MOPS (morpho-
linepropanesulfonic acid)-based buffering systems. Gallium nitrate, sodium citrate, and other reagents,
including antimicrobials, were obtained from Sigma-Aldrich Corp. (St. Louis, MO). Gallium nitrate stock
solution (1.66 M) was prepared by dissolving the salt in 1.67 M sodium citrate. 5(6)-Carboxy-29,79-dichlor-
odihydrofluorescein diacetate (carboxy-H2DCFDA) was purchased from Thermo Fisher Scientific Corp.
(Waltham, MA) and was dissolved in dimethyl sulfoxide (DMSO) as a 10mM stock solution. PCR-medi-
ated amplification and RNA isolation kits were purchased from TransGen Biotech Co. (Beijing, China). An
RNA reverse transcription kit was purchased from Applied Biological Materials (Richmond, Canada).

Susceptibility determination. The MIC was determined using a staggered 2-fold broth dilution
method. Overnight cultures were first grown from frozen, single-colony seed lots; the resulting over-
night cultures were diluted 200-fold and grown to exponential phase (i.e., to an optical density at 600
nm [OD600] of about 0.25), after which the cultures were diluted in LB or MH broth to ;105 cells/ml,
mixed with various amounts of drug, and incubated at 37°C for 24 h. The MIC (Table S1) was the lowest
antimicrobial concentration that allowed no visible turbidity increase. Medium pH was determined using
a pH meter (PB-10, Sartorius Scientific Instruments Co. Ltd.; Beijing, China) after addition of various con-
centrations of gallium nitrate into LB or MH broth before and after inoculation and incubation with bac-
terial cultures.

Determination of the hydrate amount in Ga(NO3)3·xH2O. Since gallium nitrate purchased from
Sigma-Aldrich (product no. 289892) contains an undefined amount of hydrate, we used a previously
reported thermal decomposition method (22) to determine the hydrate number associated with each
gallium nitrate molecule using a simultaneous thermo-analyzer (simultaneous DSC-TGA [SDT Q600
V20.9 Build 20]; TA Instruments, New Castle, DE). The MIC determined before hydrate number measure-
ment using the anhydrous molecular weight provided in the product sheet was calibrated after the
hydrate amount was experimentally determined.

Screening for gallium-resistant/tolerant mutants. To seek mutants resistant or tolerant to GaNt,
cultures of the wild-type E. coli strain BW25113 were grown to exponential phase (OD600 ; 0.25) in 30ml
LB medium at 37°C with shaking at 250 rpm. They were then treated with 2.5� MIC (46mM, 11.8mg/ml)
GaNt for 40min, which killed roughly 99.999% of the cells. Cells were concentrated by centrifugation
(4,600 g, 4°C, 5min) and resuspended in 20ml LB medium. Centrifugation and culture resuspension
were performed 2 more times to remove residual GaNt. Cultures were then diluted 100-fold, grown to
exponential phase, and subjected to an additional round of enrichment. After 5 rounds of enrichment,
treatment with 2.5� MIC of GaNt for 40min killed less than 20% of the cells. These enriched cultures
were washed as described above and plated on gallium-free agar and on agar containing 1� MIC of
GaNt for subsequent recovery of tolerant or resistant mutants.

Whole-genome sequencing and genetic analysis for identification of tolerance mutations.
Chromosomal DNA was isolated from overnight cultures of wild-type and mutant strains using a bacte-
rial chromosome DNA isolation kit (Tiangen Biotech Co., Beijing, China) according to the vendor’s techni-
cal manual. DNA samples were provided to Novogene Co., Ltd. (Beijing, China), for whole-genome
sequencing and comparative sequence analysis against the E. coli BW25113 whole-genome sequence
(GenBank accession number CP009273.1). Nonsynonymous mutations found in mutant strains were
reconstructed by CRISPR-based allelic exchange (43) in the wild-type parental strain for verification of
the tolerance phenotype. Additional mutants obtained during enrichment were surveyed for mutations
in genes identified by whole-genome sequencing using PCR-mediated gene amplification and subse-
quent DNA sequence determination using primers listed in Table S2.

Bacterial killing assays. Exponentially growing cultures (OD600 = ;0.2 to 0.3), prepared as for MIC
determination, were treated with 4� MIC GaNt at 37°C with rotary shaking at 250 rpm. At various times
after treatment, samples were taken and subjected to 10-fold serial dilution in 0.9% NaCl. The diluted
samples were plated (10 ml) in triplicate on drug-free LB agar. Agar plates were incubated for 24 h for
CFU determination; percent survival was determined relative to an untreated culture sampled at the
time of drug addition.

RNA extraction, reverse transcription, and RT-PCR measurement of gene expression. Wild-type
and evgS E701G mutant cultures were grown for 24 h and then diluted 100-fold in 25ml LB liquid me-
dium (containing 54.3mM sodium citrate as indicated above) for subculturing at 37°C with 250 rpm ro-
tary shaking until the OD600 was ;0.3. Cultures were then treated with 4� MIC gallium nitrate. After
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treatment for 0 or 30min, 5-ml bacterial samples were collected by centrifugation (4,600 � g for 10min,
4°C), and total RNA was extracted using RNA extraction kit (TransGen Biotech Co., Beijing, China). Total
RNA was reverse transcribed using random primers, and single-stranded cDNAs were synthesized
according to protocols of the RNA reverse transcription kit (Applied Biological Materials, Richmond,
Canada). The newly synthesized cDNA was diluted to 100 ng/ml and stored at 220°C for later use. Real-
time PCR was performed using primers listed in Table S3 and the following thermal cycling profile: one
cycle at 95°C for 30 s, then 40 cycles of 95°C for 5 s followed by 60°C for 30 s. Primers for 16S rRNA were
used to obtain an internal reference for quantitative fluorescence RT-PCR determination of the relative
transcription level for genes of interest.

Measurement of ROS by flow cytometry. Bacterial fluorescence intensity was measured using fluo-
rescence-based flow cytometry with a CytoFLEX A00-11102 flow cytometer (Beckman Coulter, Inc.,
Suzhou Xitogen Biotechnologies Co., Ltd., Suzhou, China). Carboxy-H2DCFDA (46, 47) was added to cul-
tures at a final concentration of 10mM for detection of intracellular ROS. A culture lacking carboxy-
H2DCFDA served as a control for autofluorescence (none was observed). All culture-containing tubes
were wrapped with aluminum foil to avoid light. Samples (200 ml), taken at various times, were chilled
on ice, washed with 0.9% NaCl using centrifugation, and analyzed by flow cytometry. A total of 200,000
cells was analyzed at a rate of 35 ml/min for each sample to determine fluorescence. Detection parame-
ters were 20mV laser power and a 525/540 nm band pass filter (FITC channel). Data were analyzed using
CytoFLEX software and FlowJo software.

Statistical analyses. At least three biological replicates were used for every experiment. Each data
point represents the mean of independent replicate experiments; plotted values are means and stand-
ard errors of the means (SEM).

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.8 MB.
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