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Impacts of Global Transcriptional Regulators on Persister Metabolism
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Bacterial persisters are phenotypic variants with an extraordinary capacity to tolerate antibiotics, and they are hypothesized to
be a main cause of chronic and relapsing infections. Recent evidence has suggested that the metabolism of persisters can be tar-
geted to develop therapeutic countermeasures; however, knowledge of persister metabolism remains limited due to difficulties
associated with isolating these rare and transient phenotypic variants. By using a technique to measure persister catabolic activ-
ity, which is based on the ability of metabolites to enable aminoglycoside (AG) killing of persisters, we investigated the role of
seven global transcriptional regulators (ArcA, Cra, cyclic AMP [cAMP] receptor protein [CRP], DksA, FNR, Lrp, and RpoS) on
persister metabolism. We found that removal of CRP resulted in a loss of AG potentiation in persisters for all metabolites tested.
These results highlight a central role for ;AAMP/CRP in persister metabolism, as its perturbation can significantly diminish the

metabolic capabilities of persisters and effectively eliminate the ability of AGs to eradicate these troublesome bacteria.

Bacterial persisters are phenotypic variants that are highly tol-
erant to antibiotics (1). It is believed that they are a main
culprit of the proclivity of biofilm infections to relapse, which
imposes a substantial burden on the health care system (2, 3).
When a bacterial population is treated with bactericidal antibiot-
ics, biphasic killing is observed, where the death of normal cells is
characterized by an initial, rapid killing rate, and the presence of
persisters is illuminated by a second regime with a much lower
rate of cell death (4, 5). When these survivors are recultured, the
resulting population exhibits antibiotic sensitivity identical to that
of the original culture, demonstrating that persisters are not anti-
biotic-resistant mutants but phenotypic variants (1, 5, 6).

While persisters largely arise from dormant subpopulations (2,
4,7, 8), recent studies have demonstrated that they remain meta-
bolically active, with the capacity to catabolize specific carbon
sources and generate proton motive force through respiration (9,
10). This metabolic activity, specifically, proton motive force gen-
eration, enables aminoglycoside (AG) transport into cells that re-
sults in killing of persisters, and several enzymes needed for this
process have been identified (9, 10). Knowledge of the enzymes
and metabolic pathways present in persisters, as well as how they
can be altered, could prove useful for the development of antiper-
sister therapies. A fundamental question in this regard is, what are
the cellular components responsible for defining the metabolic
network in persisters? Due to the strong dependence of metabo-
lism on transcriptional regulation (11, 12), the goal of this study
was to determine the importance of several global transcriptional
regulators to persister metabolism. To do this, we measured cata-
bolic activity in persisters from AarcA, Acra, Acrp, AdksA, Afnr,
Alrp, and ArpoS mutants and discovered that cyclic AMP (cAMP)
receptor protein (CRP) along with its metabolite cofactor, cyclic
AMP, which is synthesized by CyaA, are critical regulators of per-
sister metabolism.

MATERIALS AND METHODS

Bacterial strains. All strains were derived from Escherichia coli MG1655.
Standard P1 phage transduction was employed to transfer sequences with
the genetic deletions (AarcA, Acra, Acrp, AdksA, Afur, Alrp, and ArpoS)
from the Keio Collection to E. coli MG1655 (13). The kanamycin resis-
tance gene (kan) was removed from these strains using FLP recombinase,
when required (14). To complement Acrp and AcyaA, the native promot-
ers and genes were amplified from E. coli MG1655 genomic DNA using
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primers 5'-CTAGTAGCTCGAGTTTTGCTACTCCACTGCGTC-3" and
5'-GCATCATCCTGCAGGTTAACGAGTGCCGTAAACGA-3' for crp
and primers 5'-CTAGTAGCTCGAGAGTGTGCCTGCCAGAGTGC
A-3" and 5'-GCATCATCCTGCAGGTCACGAAAAATATTGCTGTA-3' for
cyaA. The amplified genes were digested with Xhol and Sbfl (New Eng-
land BioLabs, Ipswich, MA) and cloned into pUA66 (15). All gene
deletion and cloning constructions were confirmed by colony PCR
and/or DNA sequencing (Genewiz, South Plainfield, NJ).

Chemicals, media, and growth conditions. All chemicals were pur-
chased from Fisher Scientific or Sigma-Aldrich. LB medium (10 g/liter
tryptone, 5 g/liter yeast extract, 10 g/liter NaCl) and LB agar (LB medium
plus 15 g/liter agar) were prepared from the components and autoclaved
at 121°C for 30 min to achieve sterilization. LB medium and LB agar were
used for planktonic growth measurement and measurement of the num-
ber of CFU, respectively. For mutant selection, 50 pg/ml kanamycin
(KAN) and 25 pg/ml chloramphenicol (CM) were used. For persister
assays and AG potentiation assays, 5 pug/ml ofloxacin (OFL) and 10 pg/ml
gentamicin (GENT) were used, respectively. To inhibit cytochrome activ-
ity during AG assays, 5 mM potassium cyanide (KCN) was used. CM stock
solution (25 mg/ml) was dissolved in ethanol, whereas GENT (10 mg/ml),
KCN (1 mM), KAN (50 mg/ml), and OFL (5 mg/ml) stock solutions were
dissolved in deionized (DI) H,O. The OFL stock solution was titrated with
1 M sodium hydroxide until the OFL fully dissolved. To prepare 1.25X
MO salt solution, 2.5 ml of 1 M MgSO, and 125 .l of 1 M CaCl, were first
mixed with 747.5 ml DI H,0O, and then 250 ml of 5X M9 salt solution
(33.9 g/liter dibasic sodium phosphate, 15 g/liter monobasic potassium
phosphate, 5 g/liter ammonium chloride, 2.5 g/liter sodium chloride) that
had been autoclaved at 121°C for 30 min was added. Carbon sources
(glucose, glycerol, fructose, mannitol, gluconate, succinate, pyruvate,
arabinose, fumarate, lactose, and acetate) were dissolved in DI H,O to
prepare stock solutions (600 mM carbon). The 1.25X M9 salt solution,
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KCN, CM, GENT, OFL, and carbon source stock solutions were filter
sterilized with 0.22-pum-pore-size filters. Overnight cultures were inocu-
lated from —80°C frozen stocks stored in 25% glycerol and grown in 2 ml
of LB medium in a test tube at 37°C with shaking at 250 rpm for 24 h.

Persister assay. Following overnight growth, cultures were diluted to
an optical density at 600 nm (ODy,) 0of 0.2 in 1 ml of fresh LB medium in
a test tube and immediately treated with 5 pug/ml of OFL. At the desired
time points, 100-pl samples were collected from antibiotic-treated cul-
tures and mixed with 900 pl phosphate-buffered saline (PBS) in micro-
centrifuge tubes, and the cells were pelleted by centrifugation at 15,000
rpm for 3 min. To dilute the antibiotic concentration, 900 ul of superna-
tant was removed and the cell pellets were resuspended with 900 wl of PBS.
This procedure was repeated until the antibiotic concentration was below
the MIC. We have previously demonstrated that the MIC for MG1655 was
0.075 to 0.15 pg/ml OFL (7). After washing the cells, cell pellets were
resuspended in the remaining 100 wl of PBS. Then, 10 pl of sample from
each cell suspension was added into 90 l PBS in a 96-well round-bottom
plate and serially diluted. Ten microliters of each dilution was spotted on
LB agar plates, which were then incubated at 37°C for 16 h before the
numbers of CFU were counted. For each spot, 10 to 100 colonies were
counted.

Aminoglycoside potentiation assay. After 5 h of OFL treatment, cells
were pelleted and resuspended in 1 ml of 1.25X M9 salt solution. The cells
were washed again in 1 ml of 1.25X M9 salt solution to remove the anti-
biotic and residual LB medium, and the cell concentrations were adjusted
such that the final concentration was ~10° persisters/ml. To enumerate
the CFU in the cell suspension, 10 pl of sample was serially diluted and
plated on LB agar. Then, 80 pl of cell suspension, 10 pl of GENT solution
(100 pg/ml), and 10 pl of carbon source solution (600 mM) were mixed in
each well of 96-well flat-bottom plates, resulting in ~10* persisters, 10
pg/ml GENT, and 60 mM carbon per well. For the no-carbon-source
control, 10 wl of DI H,O was added instead of a carbon source. To inhibit
cellular respiration, 50 mM KCN was added to the GENT stock solution,
and 10 pl of this mixture was mixed with 80 .l of cell suspension and 10
wl of carbon source solution, thus introducing 5 mM KCN in each well.
Sample plates were sealed with sterile, gas-permeable Breathe-Easy mem-
branes and incubated at 37°C and 250 rpm for 2 h. After incubation, 100
pl cell culture from each well was transferred to microcentrifuge tubes
with 900 pl of PBS. Cells were pelleted at 15,000 rpm for 3 min, and 900 .l
of supernatant was removed. This washing step was repeated twice to
dilute the GENT concentration so that it was below its MIC (16). After
washing the cells, cell pellets were resuspended in 100 pl of the remaining
supernatant, and 10 pl of samples was serially diluted and plated on LB
agar. The remaining 90 pl of samples was also plated on LB agar to im-
prove the limit of detection. The plates were incubated at 37°C for 16 h,
and the numbers of CFU were counted.

Gentamicin sensitivity assay. E. coli MG1655 Acrp and E. coli
MG1655 AcyaA were inoculated from —80°C frozen stocks stored in 25%
glycerol into 2 ml of LB medium. Cells were grown for 37°C with shaking
at 250 rpm for 4 h before being diluted in 2 ml of M9 salt solution with 10
mM glucose (M9-glucose) and grown for 16 h. Cells were diluted into 25
ml of M9-glucose to an ODy, of 0.01 and cultured for 6 h until they
reached exponential phase. One hundred microliters of each culture was
removed, serially diluted, and plated to enumerate the CFU prior to
GENT treatment. The remaining cells were then treated with 10 pg/ml of
GENT for 2 h. One milliliter of sample was removed from each culture,
and the samples were pelleted, washed, serially diluted, and plated as de-
scribed above. The plates were incubated for 16 h before the numbers of
CFU were counted.

Statistical analysis. Three biological replicates were performed for
each experimental condition, and a two-tailed ¢ test was performed for
pairwise comparisons. P values of =0.05 were considered significant, and
each data point is represented by the mean value * standard error.

2714 aac.asm.org

Antimicrobial Agents and Chemotherapy

g 011 -8 MG1655
® -8 Acrp
£ —4&— ArpoS
W go14+—
o —¥= AdksA
g == Acra
S 0.001 Alry
@ l -8 Alip
=-©— AarcA
0.0001 ———— A
0 1 2 3 4 5
Time (h)

FIG 1 Enumeration of persisters in the wild type and mutants with deletion of
transcriptional regulators. Overnight cultures were diluted to an ODygy, of 0.2
in fresh LB medium and treated with 5 pg/ml OFL. CFU levels were monitored
for 5 h during treatment, and survival fractions were determined by dividing
the CFU counts at each time point by that at time zero.

RESULTS

Screen of transcriptional regulator mutants to identify those
that are critical for metabolite-enabled AG potentiation in per-
sisters. Due to their low abundance, transient nature, and similarities
to cells of the more highly abundant viable but nonculturable cell
(VBNC) phenotype, highly pure persister samples have yet to be iso-
lated (10). In the absence of such methods, we developed an approach
to measure metabolic activity in persisters that utilizes the phenom-
enon of metabolite-enabled aminoglycoside (AG) potentiation (9).
In brief, AG uptake is dependent on proton motive force, and there-
fore, this drug class has an impaired ability to kill deenergized cells (9).
The vast majority of persisters are dormant (7), and within such a
state AGs are ineffective (9). In previous work, we discovered that
specific metabolites produce AG killing of persisters and that such
potentiation is dependent on catabolism of the substrate to generate
proton motive force through respiration (9, 10). This study demon-
strated that persisters are metabolically active, and we have since
shown that the assay can be used to measure the metabolism of per-
sisters from antibiotic-treated cultures. Notably, the approach cir-
cumvents the need to segregate persisters from other cell types, be-
cause within antibiotic-treated populations that have reached the
second regime of biphasic killing, the only cells that remain culturable
are persisters. Therefore, survival data from samples treated with
an AG with or without a metabolite can be used to infer per-
sister catabolism (10). Using this assay, we analyzed the im-
pacts of AarcA, Acra, Acrp, AdksA, Afnr, Alrp, and ArpoS on the
ability of persisters to consume carbon sources and generate
proton motive force aerobically. We focused on these tran-
scriptional regulators due to their systems-level roles in regu-
lating metabolism and our overall goal to identify the molecu-
lar mediators responsible for establishing the persister
metabolic network. Collectively, these seven global regulators
govern diverse aspects of E. coli metabolism: CRP and Cra par-
ticipate in controlling the expression of many enzymes, includ-
ing those within central metabolism; Lrp is involved in regu-
lating amino acid metabolism; ArcA and FNR coordinate
control of aerobic and anaerobic respiration; and RpoS and
DksA are regulators of the general stress and stringent re-
sponses, respectively (17—24). Prior to measuring persister ca-
tabolism, we verified that 5 h of ofloxacin treatment was suffi-
cient to enumerate persisters within cultures of the wild type
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FIG 2 Aminoglycoside potentiation assays in persisters and mutants. (A) Persisters were treated with GENT (10 pg/ml) and carbon sources (normalized to 60
mM carbon) in M9 minimal medium for 2 h. After AG treatment, the persister survival fraction was calculated from the numbers of CFU present in the original
culture and after carbon source and GENT treatment. The survival fraction of each strain and treatment condition was normalized to that for the no-carbon-
source (DI H,O; double-distilled water [ddH,O] in the figure) control of the same strain. *, statistically significant difference (P =< 0.05) by comparison of each
carbon source-treated sample and the no-carbon-source control for each strain. (B to I) Survival fractions of E. coli MG1655 and its global regulator deletion
strains after being treated with GENT and carbon sources (black bars) or GENT, carbon sources, and 5 mM KCN (gray bars).

and the seven deletion strains (Fig. 1). Persisters were then gentamicin (GENT) (Fig. 2A). To quantify the level of GENT
subjected to the AG potentiation assay, where samples were potentiation that was metabolite independent, a no-carbon-
washed, resuspended in M9 medium, and exposed to a panel of  source control was included. We also included controls where
11 carbon sources (60 mM carbon) in the presence of 10 pg/ml  samples were treated with 5 mM KCN, in addition to carbon
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FIG 3 Complementation of the Acrp mutant. (A) Persister levels of the Acrp mutant, the Acrp mutant with pUA66 (empty vector), and the Acrp mutant with
pUAG66-crp were monitored for 5 h during OFL treatment. (B) Persisters were treated with GENT (10 pg/ml) and carbon sources (60 mM carbon) in M9 minimal
medium for 2 h. The persister survival fraction for each data point was normalized to that for the no-carbon-source (DI H,O; double-distilled water [ddH,O]

in the figure) control. %, statistically significant difference (P =< 0.05) by compariso

n of each carbon source-treated sample and the DI H,O control for each strain.

(C to E) Survival fractions of E. coli MG1655 Acrp (C), Acrp with pUA66 (D), and Acrp with pUA66-crp (E) after being treated with GENT and carbon sources

(black bars) or GENT, carbon sources, and 5 mM KCN (gray bars).

sources and GENT, to confirm that persister killing was con-
sistent with the mechanism of AG potentiation identified pre-
viously (10) (Fig. 2B to I).

Results from this screen demonstrated that, with the exception
of the Acrp mutant, glucose, fructose, and pyruvate strongly po-
tentiated AG killing in the persisters examined. In most cases, the
survival fraction of persisters treated with these three carbon
sources decreased by 100-fold or more. Upon inhibiting the elec-
tron transport chain with KCN, AG potentiation was significantly
reduced in all samples. From this screen, we found that the panel
of carbon sources tested could not potentiate the AG killing of
persisters derived from the Acrp mutant, suggesting an essential
role for CRP in establishing the metabolic network of persisters.

CRP is a key regulatory protein in persister metabolism. Re-
sults from the screen demonstrated that the deletion of crp, encod-
ing the cAMP receptor protein, eliminated the ability of metabo-
lites to stimulate AG killing of persisters. To confirm that the
reduction in potentiation was due to the loss of CRP, we cloned crp
under the control of its native promoter into pUA66, a low-copy-
number vector, to produce pUA66-crp. When persisters were enu-
merated in the Acrp mutant with pUA66-crp and the Acrp mutant
with pUA66 (empty control plasmid), the persister abundances
were comparable to the abundance for the Acrp mutant (Fig. 3A).
We then examined the effect of crp complementation on carbon
source metabolism and AG potentiation, and we found that
pUAG66-crp restored metabolic stimulation of AG killing in the
Acrp mutant, whereas pUA66 did not (Fig. 3B to E). Similar to the
findings for the Acrp mutant, a loss of CFU was not detected in
the Acrp mutant with pUA66, demonstrating that the vector did
not interfere with carbon source consumption or AG sensitivity.
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Since CRP activates catabolic gene expression when it is bound
to cAMP, which is synthesized by adenylate cyclase encoded by
cyaA, we generated a AcyaA mutant and its complementation
strains and assessed both persister levels and carbon source con-
sumption. Persister levels within the AcyaA mutant, the AcyaA mu-
tant with pUA66, and the AcyaA mutant with pUA66-cyaA were
found to be comparable (Fig. 4A), whereas AcyaA, much like Acrp,
resulted in a broad reduction in the array of carbon sources that per-
sisters could consume to potentiate AG activity (Fig. 4B to E). In
addition, pUA66-cyaA, but not the control plasmid (pUA66), re-
stored carbon source consumption to persisters.

We note that E. coli isolates lacking crp or cyaA may exhibit
increased tolerance toward AG (25-27). To ensure that the reduc-
tion in metabolite-enabled AG killing observed in the Acrp and
AcyaA mutants was due to alterations in persister metabolism
rather than an inability of AGs to kill these mutants, we assessed
whether GENT could kill the Acrp and AcyaA mutants in M9 mini-
mal medium, which was the medium used for the AG potentiation
assays. As depicted in Fig. 5, GENT could kill >99.5% of the Acrp and
AcyaA mutants (>100-fold reductions in CFU levels) within 2 h,
which was the length of time used in AG potentiation assays. This
demonstrated that the Acrp and AcyaA mutants could be killed with
the AG, medium, and time scale used in the persister catabolism as-
says, confirming that the lack of killing observed in Acrp and AcyaA
persisters was not due to AG tolerance but, rather, was due to a phe-
notypic inability to consume metabolites and potentiate AGs.

DISCUSSION

Metabolism has been emerging as a key modulator of persistence
(5, 28). Recent studies have demonstrated that metabolic stresses
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FIG 4 Complementation of the AcyaA mutant. (A) Persister levels of the AcyaA mutant, the AcyaA mutant with pUA66 (empty vector), and the AcyaA mutant
with pUA66-cyaA were monitored for 5 h during OFL treatment. (B) Persisters were treated with GENT (10 pg/ml) and carbon sources (normalized to 60 mM
carbon) in M9 minimal medium for 2 h. The persister survival fraction for each data point was normalized to that for the no-carbon-source (DI H,O;
double-distilled water [ddH,O] in the figure) control. *, statistically significant difference (P = 0.05) by comparison of each carbon source-treated sample and
the DI H,O control for each strain. (C to E) Survival fractions of E. coli MG1655 AcyaA (C), AcyaA with pUA66 (D), and AcyaA with pUA66-cyaA (E) after being
treated with GENT and carbon sources (black bars) or GENT, carbon sources, and 5 mM KCN (gray bars).

are important sources of persisters in both planktonic cultures
and biofilms (29-34). In fact, persistence can be regarded as a
metabolic program, where shutdown of metabolic processes par-
ticipates in entry into this quasidormant state, metabolic activity
during stasis maintains viability, and reactivation of metabolism is
required for reawakening and growth after the conclusion of an-
tibiotic treatment. The importance of metabolism is further high-
lighted by the discovery of antipersister strategies which depend
on metabolic stimulation in persisters (9, 35-38). These findings
advocate for the need for greater understanding of persister me-
tabolism. Unfortunately, measurement of persister metabolic ac-
tivities with standard methods is not currently possible, due to
inabilities associated with the isolation of persisters (10, 39, 40).
However, with the AG potentiation assay we are able to measure
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FIG 5 Sensitivity of E. coli MG1655 Acrp and MG1655 AcyaA to GENT. The
two strains were inoculated in M9-glucose to an ODy,, 0f 0.01 and propagated
for 6 h to exponential phase before being treated with 10 pg/ml of GENT for 2
h. The survival fraction was determined from the CFU counts at time zero and
2 h of GENT treatment.
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persister metabolism even in the presence of other cell types, such
as VBNC:s, because the method deduces metabolic activity from
culturability data, and the defining characteristic of persistence is
the retention of culturability following prolonged antibiotic treat-
ment (10). In addition, the AG potentiation assay not only iden-
tifies the carbon sources that persisters consume to drive proton
motive force generation but also simultaneously identifies the me-
tabolite adjuvants to be used with AGs to kill persisters, which is
important information that is therapeutically relevant (10).

With the AG potentiation assay, we directly assessed the con-
tribution of a set of global transcriptional regulators to persister
metabolism. We focused on these regulators, because we sought to
identify the cellular components responsible for defining the met-
abolic network in persisters and transcriptional regulation has
been found to play a pivotal role in metabolism (11, 12). Deletion
of any of the seven global regulators in our initial screen did not
significantly alter the stationary-phase persister levels, which is
consistent with previous observations (41). Interestingly, we
found that Acrp and AcyaA persisters consumed a narrower panel
of carbon sources than wild-type E. coli. CRP and CyaA are two
key players in catabolite repression/activation, regulating the
hierarchy of carbon source usage across diverse lineages of bacte-
ria. In E. coli, their vast regulon consists of 188 genes, and they
have been shown to play a role in a plethora of cellular processes,
including persister formation (31, 42—44). Here, our results have
now identified CRP and CyaA to be critical regulators of persister
metabolism.

When cellular concentrations of preferred carbon sources,
such as glucose, are low, CyaA is activated, resulting in the synthe-
sis and accumulation of cAMP. The binding of cAMP to CRP
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enables it to activate genes for the catabolism of secondary carbon
sources. The results presented here suggest that catabolic regula-
tion remains active in persisters, and the absence of either CRP or
CyaA has widespread effects on their metabolic networks. In par-
ticular, the ability of persisters to catabolize many substrates is lost
in Acrp and AcyaA mutants, thereby suggesting two mutational
routes that E. coli could use to avoid AG killing of persisters. Al-
ternatively, synthetic activation of CRP represents one possible
route to improve killing of persisters with AGs.
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