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ABSTRACT: Persisters are a small fraction of drug-tolerant bacteria without any genotype
variations. Their existence in many life-threatening infectious diseases presents a major challenge
to antibiotic therapy. Persistence is highly related to toxin−antitoxin modules. HipA (high
persistence A) was the first toxin found to contribute to Escherichia coli persistence. In this study,
we used structure-based virtual screening for HipA inhibitors discovery and identified several
novel inhibitors of HipA that remarkably reduced E. coli persistence. The most potent one
decreased the persister fraction by more than five-fold with an in vitro KD of 270 ± 90 nM and an
ex vivo EC50 of 46 ± 2 and 28 ± 1 μM for ampicillin and kanamycin screening, respectively.
These findings demonstrated that inhibition of toxin can reduce bacterial persistence
independent of the antibiotics used and provided a framework for persistence treatment by
interfering with the toxin−antitoxin modules.
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In the whole world, about 15 million in 57 million annual
deaths are caused by infectious diseases.1 Drug tolerance is

the major contributor to the therapeutic failure of antibiotics.
Bacterial persistence is one of the most important mechanisms
of drug tolerance and increases the risk of multidrug resistance
and extensive drug resistance. It plays particularly prominent
roles in many chronic infectious diseases, such as syphilis
(Treponema pallidum), Lyme disease (Borrelia burgdorferi), and
tuberculosis (Mycobacterium tuberculosis).2 Persisters were first
described in 1944 by J. W. Bigger, who discovered that a small
subpopulation of Staphylococcus aureus (about one in 100,000
cells) survived when exposed to penicillin.3 These surviving
bacteria, which are genetically identical to the antibiotic-
sensitive population, are highly tolerant to antibiotics, yet their
descendants show the same drug sensitivity as the original
cultures.4

The multidrug tolerant persisters exhibit heterogeneous
growth4 that is highly related to type II toxin−antitoxin (TA)
modules.5−7 A typical type II TA module comprises a large
toxin protein and a corresponding small antitoxin protein, both
of which are encoded on a single operon. Toxins inhibit DNA
replication, cleave mRNA, inhibit translation, thereby arresting
cell growth and conferring multidrug tolerance.8−10 Antitoxins
neutralize the toxicity of toxins by forming a complex with
them. Furthermore, both antitoxins and antitoxin−toxin
complexes can bind to the regulatory region of the operons,
inhibiting their transcriptions.
TA modules are redundant and universal in bacteria with

about 88 in M. Tuberculosis and 37 in E. coli. In E. coli, there are
three TA module families. Two of them, MazEF and RelBE,
have the toxin proteins of RNA endonuclease.11 Single

knockout of the RNA endonucleases shows little effect on
persister survival. Only when more than five of them are
knocked out, the persister survival decreases significantly.12

HipBA is a special TA module with the HipA toxin being a
serine kinase.13 It is one of only a few molecules that are
validated tolerance-related factors.7,10 HipA was first discovered
by Moyed et al., who isolated a high persistence mutant, HipA7,
which presented a much higher persister fraction, nearly 10−2.14

Ectopic overexpression of HipA increases the persister fraction
by 10,000-fold.8 Excessive existence of HipA toxin were
demonstrated to be able to phosphorylate the elongation
factor Tu (EF-Tu)13 and/or GltX:tRNAGlu,15 inhibit the
translation of proteins, or activate the (p)ppGpp stringent
response,16,17 thus making the normal cells jump to persistence
state.
The important role that toxins play in persister formation

makes the toxins potential targets for the development of drugs
for the treatment of multidrug tolerant persisters. To our
knowledge, no inhibitors of HipA or other toxins have been
reported until now. In this study, we used computational based
virtual screening and in vitro/ex vivo experimental tests to
discover novel inhibitors of toxin HipA that can reduce E. coli
persistence.
In 2009, Schumacher et al. solved the crystal structure of

HipA D309Q mutant with an ATP analogue in the ATP
binding pocket and a substrate peptide of EF-Tu (PDB code:
3FBR)13 (Figure 1a). To discover HipA inhibitors, we used this
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structure with the residue 309 mutated back to Asp to carry out
structure-based virtual screening (see details in Supporting
Information). The crystal structure of HipA S150A mutant was
not used because the residues 133−155 in the hydrophobic
core and residues 185−193 in the activation loop are absent.18

Virtual screening was conducted using two compound libraries,
the Chemdiv kinase (26,478 kinase inhibitors and analogues)
and the SPECS compounds libraries (November 2009 version,
201,007 compounds), using the molecular docking program
Glide (Schrödinger LLC, New York, NY). The standard
precision mode of Glide was used first, followed by the extra
precision mode (see details in Supporting Information). After
computational and manual selection, 30 compounds from the
Chemdiv kinase library and 160 compounds from the SPECS
compound database were purchased for subsequent tests
(Figure 1b).
Surface plasmon resonance (SPR) tests were performed to

measure the direct binding strengths of the 190 selected
molecules to HipA. As HipA is toxic to E. coli and difficult to
express, while the HipA D309Q mutant is not toxic and still
binds ATP with an affinity comparable to the wild type,8,13,19

we expressed the D309Q mutant protein (referred to as
HipA(D309Q) below) for SPR tests. The purified protein with
the purity of >90% was verified to be in a folded state by
circular dichroism and bound ATP with a dissociation constant
(KD) of 43 ± 2 μM (Supplementary Figure S1), consistent with
Schumacher’s result.13 HipA(D309Q) was subsequently used
for SPR primary tests, which identified 30 compounds that
bound to it (see details in Supporting Information).
The ex vivo antipersistence effects of the 30 compounds,

which showed binding abilities to HipA(D309Q) in SPR assay,

were further tested by treating E. coli cultures (with DMSO as a
control), and then exposed the cultures to ampicillin,
quantifying the surviving colonies. Colony-forming units per
milliliter (CFU/mL) of the cultures without exposing to
ampicillin were also quantified for the calculation of persister
fraction (see details in Supporting Information). The results
showed that the persister fraction of control is about 10−4

(Supplementary Figure S2a), which is consistent with a
previous study.7 Twenty compounds showed significant
inhibition activities at the concentration of 250 μM
(Supplementary Figure S2a), while six of them also showed
cell cytotoxicity at this concentration (Supplementary Figure
S2b). In all the 14 molecules that significantly reduced E. coli
persistence without cytotoxicity, four compounds, 1, 2, 3, and 4
(shortened for PKUMDL-LTQ-101, PKUMDL-LTQ-201,
PKUMDL-LTQ-301, and PKUMDL-LTQ-401, respectively)
exhibited the most potent antipersistence effects, which were
further analyzed.
Compared to the control with the persister fraction setting as

100%, compounds 1, 2, and 3 decreased the persister fraction
by about five-fold at the concentration of 250 μM (p < 0.001,
two-tailed Student’s t test), and compound 4 decreased the
fraction by two- to three-fold (p < 0.01) (Figure 1c). Though
these four compounds decreased the persister fraction by less
than 1 order of magnitude because of the low basic persister
fraction of E. coli, the antipersistence activities of these
compounds are comparable with five RNA nuclease knock-
outs.12 The chemical structures of the four compounds are
shown in Figure 1d. All the four compounds passed the PAINS-
remover, which filters out the compounds with substructural
features that are pan-active in many biochemical assays.20

The antipersistence effects of the four compounds were
further validated by quantifying their half effective concen-
trations (EC50). All the four compounds reduced the persister
fraction in a dose-dependent manner (Figure 2). Compound 3

has the lowest EC50 (46 ± 2 μM; see Figure 2c and Table 1),
while the EC50s for the other three compounds ranged from 84
(2) to 126 μM (1) (Figure 2 and Table 1). To confirm that the
antipersistence effects of the compounds were caused by
inhibiting toxin HipA, we performed the persister assay on hipA
knockout strain (ΔhipA, purchased from NBRP-E. coli at NIG).
As expected, treating ΔhipA E. coli with ampicillin decreased

Figure 1. (a) ATP binding pocket (surface representation) of
HipA(D309Q) (PDB code: 3FBR) and ATP analogue (stick format)
inside it. (b) The virtual screening scheme used to identify candidate
E. coli HipA inhibitors. (c) The percentage survivals of the four potent
compounds (black bars) compared to the DMSO control (white bar).
*P < 0.5, **P < 0.01, ***P < 0.001. Data are presented as the mean ±
SEM of three replicates. (d) The chemical structures of the four novel
HipA inhibitors.

Figure 2. Dose-dependent reduction of E. coli persisters by
compounds 1 (a), 2 (b), 3 (c), and 4 (d). Data are presented as
the mean ± SEM of three independent replicates.
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the persister fraction from 1.35 × 10−4 to 3.61 × 10−5

(Supplementary Figure S3a). Moreover, the most potent
inhibitor of HipA, compound 3, no longer decreased the
persister fraction of ΔhipA strain even at the concentration of
200 μM (Supplementary Figure S3b).
We then used SPR to quantitatively measure the direct

binding affinities of the four compounds to HipA. All the four
compounds showed dose-dependent binding responses to
HipA (Figure 3). The kinetic pattern for HipA binding of
compound 1 was typical fast-on and fast-off, while the binding
curves of compound 2 showed a slow-on, slow-off pattern. The
kinetic pattern for HipA binding by compounds 3 and 4 was
slow-on, fast-off. Compound 3 also exhibited the lowest KD

(0.27 ± 0.09 μM) (Figure 3c and Table 1), while the KD for the
other three compounds was 54 ± 2 μM for 1, 43 ± 3 μM for 2,
and 35 ± 2 μM for 4 (Figure 3 and Table 1). The in vitro
binding affinities correlated well with the ex vivo antipersistence
effects. These results validated that the four compounds
reduced the bacterial persisters by binding to HipA.
We also modeled the binding mode of the four compounds

to HipA using the molecular docking program Glide. The
docking scores of the compounds are in accordance to their
EC50s, especially of compound 3, which has the lowest
predicted docking score (−10.31 kcal/mol) and the lowest
EC50 and KD, too (Table 1). The complex model shows that
compound 3 interacts with HipA by forming: (a) π−π stacking
with residues Phe236 and Tyr331; (b) hydrophobic inter-
actions with residues Val98, Ile179, Lys181, Val233, Phe236,
Gln252, and Tyr331; (c) hydrogen bonds with Gln257, Lys313,
Ser316, Tyr331, and Asp332 (Figure 4).

Theoretically, inhibition of HipA toxin has no connection
with antibiotic types. So, we changed the antibiotic from
ampicillin, an antibiotic blocking bacterial cell wall synthesis, to
kanamycin, an antibiotic inhibiting bacterial protein translation.
Assays with kanamycin showed that compound 3 decreased the
persister fraction by more than 1 order of magnitude with an
EC50 of 28 ± 1 μM (Figure 5c and Table 1). Compound 4
showed a better EC50 value of 43 ± 3 μM when screened in the
presence of kanamycin (Figure 5d and Table 1). Consistent
with the former results, compounds 1 and 2 also reduced the
persisters by about five-fold, while 4 decreased the persisters by
three- to four-fold (Figure 5). These results confirmed that the
inhibitors against HipA can dramatically decrease the persisters
and that it is independent of the antibiotic stress conditions.

Table 1. Novel HipA Inhibitors Discovered with Corresponding KD, EC50s, and Docking Scores

compd database ID KD (μM) EC50 (Amp)a (μM) EC50 (Kan)
b (μM) score (kcal/mol)

1 F725−1337 54 ± 2 126 ± 9 111 ± 1 −10.17
2 AK-968/37053102 43 ± 3 84 ± 5 101 ± 4 −9.817
3 AQ-149/43243674 0.27 ± 0.09 46 ± 2 28 ± 1 −10.31
4 AF-399/41182128 35 ± 2 116 ± 10 43 ± 3 −9.29

aEC50(Amp) is the EC50 screened by 100 μg/mL ampicillin. bEC50(Kan) is the EC50 screened by 50 μg/mL kanamycin. Data are presented as the
mean ± SEM of three replicates.

Figure 3. Left panel: SPR dose−response curves of compounds 1 (a),
2 (b), 3 (c), and 4 (d). Right panel: data at equilibrium fitted with the
Hill model.

Figure 4. Binding mode of compound 3 (stick) to HipA (cartoon)
predicted by molecular docking. The residues that interact with
compound 3 are highlighted in line format. The hydrogen bonds are
represented in yellow dashes.
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In the present study, we successfully identified several novel
inhibitors of HipA toxin by using computational structure-
based virtual screening and in vitro and ex vivo experimental
tests. The most potent inhibitor, 3, bound to HipA with a
dissociation constant of 270 nM and inhibited E. coli
persistence with EC50 values of 46 and 28 μM when screened
in the presence of ampicillin and kanamycin, respectively.
Zhang and colleagues21 used similar strategy and discovered
inhibitors of sortase A, which protect mice from S. aureus
bacteremia without slowing down the bacterial growth. Until
now, no inhibitors of any toxins have been developed. This
work for the first time demonstrates that inhibition of toxin in
toxin−antitoxin modules can interfere with persister formation
and provides a new strategy to treat bacterial persistence.
Neither the four compounds described in this letter nor their

structure analogues were reported to inhibit HipA toxin or
bacterial persistence before. The structure of compound 3 has
been shown to inhibit Trypanosoma brucei leucyl-tRNA
synthetase with an IC50 of >50 μM.22 Its analogues have
been reported to inhibit GluN2C23 and Pim124 but no bacterial
targets. No biological activities of the other three compounds
have been reported. Thus, the compounds identified in the
present work provide novel scaffolds for further optimization.
Allison and colleagues have proposed a strategy by providing

the bacteria with saccharides that change persisters to normal
cells by stimulating the metabolism of persisters.25,26 However,
their strategy is only effective for aminoglycoside antibiotics,
and the sugar concentrations required to evoke a response in
persisters are in millimolar range. Our strategy to inhibit HipA
toxin is independent of the antibiotic types, which is more
generally applicable. Other than sugars, brominated furanones,
which were primarily found to inhibit quorum sensing, present
the ability to sensitize persister cells to antibiotics27−29 with the
effective concentration to dramatically decrease the persister
fraction being in the micromolar range. However, the targets of
brominated furanones are not clear. The compounds by
inhibiting toxin HipA identified in this study can decrease the
persister fraction by more than five-fold and showed good
antipersistence activities.
In summary, we present a new strategy toward fighting

multidrug tolerant persisters by targeting the toxin HipA in
toxin−antitoxin system. We also demonstrated that the novel

inhibitors of toxin HipA identified in the present work reduced
the bacterial persistence independent of the antibiotic types
used. Besides HipA, other toxins can also be targeted for
antipersistence drug development.
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