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ABSTRACT: The widespread emergence of antibiotic drug
resistance has resulted in a worldwide healthcare crisis. In
particular, the extensive use of β-lactams, a highly effective
class of antibiotics, has been a driver for pervasive β-lactam
resistance. Among the most important resistance determinants
are the metallo-β-lactamases (MBL), which are zinc-requiring
enzymes that inactivate nearly all classes of β-lactams, including
the last-resort carbapenem antibiotics. The urgent need for
new compounds targeting MBL resistance mechanisms has
been widely acknowledged; however, the development of
certain types of compoundsnamely metal chelatorsis
actively avoided due to host toxicity concerns. The work herein reports the identification of a series of zinc-selective spiro-
indoline-thiadiazole analogues that, in vitro, potentiate β-lactam antibiotics against an MBL-carrying pathogen by withholding zinc
availability. This study demonstrates the ability of one such analogue to inhibit NDM-1 in vitro and, using a mouse model of
infection, shows that combination treatment of the respective analogue with meropenem results in a significant decrease in
bacterial burden in contrast to animals that received antibiotic treatment alone. These results support the therapeutic potential of
these chelators in overcoming antibiotic resistance.
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The ability to effectively treat bacterial infections is
indispensable to modern medicine and human health;

yet widespread drug resistance mechanisms harbored within
bacteria have blunted the efficacy of antibiotics, creating a
looming health crisis. The β-lactams are a large class of anti-
biotics that, despite decades of use, continue to be a mainstay
for treating infections caused by Gram-negative bacteria.
However, when employed against pathogens that have acquired
the ability to produce β-lactamase enzymes, the efficacy of
β-lactam antibiotics is severely compromised. Among the most
worrisome resistance determinants are the metallo-β-lactamases
(MBLs)a mechanistically distinct class of β-lactamase that
employs an active site zinc atom to help catalyze the hydrolysis
of the β-lactam ring.1 Although MBL-producing organisms
have not been shown to be intrinsically more virulent than
non-MBL-producing pathogens, the concern regarding the
former is their recalcitrance to the carbapenem-class β-lactam
antibiotics.2 Carbapenems are the most recent β-lactam to be
developed against a broad range of Gram-negative pathogens
and have been invaluable as a last-resort antibiotic to remedy
otherwise untreatable infections.1,3 Nevertheless, MBL-
producing pathogens are increasingly compromising the efficacy

of carbapenems. In addition to their insusceptibility to the
action of carbapenems, these organisms tend to harbor multiple
drug-resistance determinants, wherein insensitivity to amino-
glycosides and quinolones is common.4 Thus, for individuals
infected with an MBL-producing pathogen, treatment options
are extremely limited and the use of antibiotics with significant
toxicity, such as colistin, is increasing.5 Furthermore, because
dissemination of MBL genes occurs via mobile genetic elements,
the spread of such resistance enzymes is rapid, as illustrated
by the recent emergenceand now global health threatof the
MBL NDM-1.1,6

Antibiotic monotherapies are the traditional course of
treatment for bacterial infection; however, the use of drug
combinations is not unprecedented.7 Such combinations might
include two antibiotics that when co-administered result in
a synergistic interaction, or a nonantibiotic combined with an
antibiotic, with the former acting as an adjuvant to potentiate
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the activity of the latter. The success of adjuvant therapy is
exemplified by the clinical use of Zosyn and Augmentin
antibacterial compound combinations that are composed of a
β-lactam antibiotic (piperacillin and amoxicillin, respectively)
and a β-lactamase inhibitor (tazobactam and clavulanic acid,
respectively). Whereas the majority of β-lactamase class enzymes
are susceptible to β-lactamase inhibitors, the unique catalytic
mechanism of MBLs render these enzymes insensitive to such
compounds.8

Inhibitors of MBLs represent a serious unmet clinical need
that is exacerbated by the significant challenge of identifying
compounds that target this class of enzymes. Furthermore, of
those molecules that have activity against MBLs in vitro, there
is little published research describing in vivo results.6 A notable
exception is that reported by King et al., where the fungal
natural product, aspergillomarasmine A (AMA), was shown
to potentiate the action of meropenem against an NDM-1-
producing isolate of Klebsiella pneumoniae in an animal
infection model.9 Anti-MBL activity of AMA was shown to
occur via zinc removal from the MBL active site. Indeed, the
mechanism of zinc binding and metal sequestration by the
compound suggests that metal chelation may be a viable route
to the potentiation of β-lactam antibiotics in MBL-producing
pathogens.
Examples of chelators in clinical use are limited and are

generally reserved for disease states that require bulk metal
removal from the body, such as iron and copper overload, and
heavy metal toxicity.10 However, there is increasing research
toward the potential applications of chelators for medicinal
purposes that do not conform to their conventional use as metal
detoxifiers. In particular, the development of selective chelators
for the treatment of cancer11 and disease states associated
with metalloenzymes,12 as well as various neurodegenerative
diseases,13 is under active investigation. We speculated that
identification of a zinc chelator may have therapeutic potential
as an antibiotic adjuvant. Specifically, we reasoned that limiting
zinc availability in the bacterial cell should compromise the
activity of zinc-dependent metallo-β-lactamases, rendering the
bacterium susceptible to β-lactam antibiotics.
We recently reported the discovery of two related spiro-

indoline-thiadiazole divalent transition metal chelators that
were toxic to bacteria through a mechanism of intracellular
iron chelation.14 Although the antibacterial activity of these
chelators could be suppressed with excess iron, we found that
addition of the high-affinity iron siderophore enterobactin was
sufficient to reverse the activity of these compounds in growth
media depleted for transition metals. Furthermore, despite their
iron selectivity within bacterial cells, these compounds also
showed affinity in vitro to a series of divalent transition metals,
including zinc. In the work reported here, we sought to further
investigate the potential for developing zinc specificity in
the bacterial cell through systematic structural modification of
these spiro-indoline-thiadiazole leads. That goal was realized
with a series of spiro-indoline-thiadiazole metal chelators that
selectively perturb zinc homeostasis in a laboratory strain of
Escherichia coli. Furthermore, we tested a representative zinc-
specific analogue in an animal infection model and showed that
the compound was able to resensitize an NDM-1-producing
clinical isolate of K. pneumoniae to the action of meropenem,
without overt toxicity on the host.

■ RESULTS

Identification of a Compound Series That Perturbs
Zinc Homeostasis in E. coli K-12. Motivated by our recent
discovery of two spiro-indoline-thiadiazole analogues (SIT-1
and SIT-2) that bound various transition metals, yet selectively
perturbed iron homeostasis in E. coli, we assembled a series of
antibacterial spiro-indoline-thiadiazole analogues to investigate
their potential for zinc selectivity (Table 1). We sought to
identify small-molecule analogues that, rather than iron,
preferentially bind and disrupt the cellular equilibrium of
zinc. Our rationale to identify zinc-specific perturbants by
exploring spiro-indoline-thiadiazole analogues was based on the
hypothesis that chemical modifications to a known transition
metal chelator may result in a molecule that, within the
complex environment of a bacterial cell, favors zinc rather than
iron chelation. Iron and zinc are the most abundant transition
metals in bacteria, where E. coli has been shown to accumulate
concentrations of these metals in the range of 10−4 M.15,16

Our previous study revealed that antibacterial activity of the
chelators SIT-1 and SIT-2 could be suppressed by adding
exogenous zinc or iron to metal-depleted media. Nevertheless,
we found that the high-affinity iron siderophore enterobactin
was sufficient to reverse the activity, leading to the conclusion
that the compounds were selective perturbants of iron homeo-
stasis in cells. In these follow-up studies, we reasoned that if
exogenous zinc, but not iron, could suppress the lethal pheno-
type of a given analogue, then perturbation of zinc homeostasis
could be considered a possible mechanism of bacterial growth
inhibition. We tested 11 spiro-indoline-thiadiazole analogues
that were active against E. coli K-12 under transition metal-
depleted conditions and showed that five of those analogues
bore activity that could be suppressed by either ferrous chloride
or zinc chloride, where toxicity of the remaining six analogues
showed selective suppression by zinc chloride (Table 1).
As previously shown, the presence of the sulfur moiety within
the diazole backbone was required for both metal chelation
and antibacterial activity;14 hence, all analogues retained this
structural core. Analogues of the spiro-indoline-thiadiazole
backbone were chosen on the basis of (1) the availability of
commercial analogues and (2) the ease and yield of chemical
synthesis, which favored modifications at the R1 rather than R2
and R3 positions.
Having observed that the iron perturbants SIT-1 and SIT-2

could be suppressed with the addition of either iron or zinc, we
investigated the activity of the phenyl-spiro-indoline-thiadiazole
skeleton alone (SIT-3) and found likewise. As compound
SIT-1 possesses substituents at both the R1 and R3 positions,
we sought to investigate the metal suppression profiles for
analogues with a single modification at either the R1 or R3
carbon. Suppression of antibacterial activity by both iron and zinc
was retained in the absence of a methyl group at R1 and the
presence of a bromide atom at R3 (SIT-4). Compound SIT-Z1,
which retained the R1 methyl group yet lacked the R3 bromide,
showed a zinc-specific suppression profile. The respective zinc-
specific suppression of the antibacterial activity of SIT-Z1
prompted us to explore additional substitutions at the R1
position. In particular, analogues SIT-Z2, SIT-Z3, SIT-Z4,
SIT-Z5, and SIT-Z6 possessed various substitutions at the R1
position, and all showed zinc-specific suppression of antibacterial
activity. Given that the additions at the R1 position of the
Z-series of analogues are carbon-based moieties, we sought to
determine whether increasing the overall compound lipophilicity,
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Table 1. Structure−Activity Relationship between Spiro-Indoline-Thiadiazole Analogues and Their Antibacterial Activity Metal
Suppression Profilesa
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rather than substitutions specifically at the R1 position,
contributed to the observed compound suppression profiles.
Substitution of the R2 benzyl ring with a naphthyl moiety
increased the log P from 3.52 (SIT-3) to 4.51 (SIT-5) but
imparted no metal specificity to the suppression of antibacterial
activity. Thus, substitution at the R1 position alone appeared to
confer zinc-specific suppression.
E. coli Toxicity by Z5 Occurs Specifically via Chelation

and Perturbation of Zinc Homeostasis. Our observation
that the antibacterial activity of the Z-series of analogues could
be suppressed by zinc, but not iron, prompted us to ask whether
(1) the Z-series of compounds were capable of chelating
both zinc and iron and (2) if chelation does occur, whether the

Z-series exhibit a ligand−metal stoichiometry or denticity that is
unique between iron and zinc. We showed via crystal structure
determination that, like the known iron perturbant and metal
chelator, SIT-1,14 the merocyanine isomer of SIT-Z5 also
chelates ferrous iron with a 2:1 ligand/metal stoichiometry and
in a tridentate fashion (Figure S1). In contrast, however,
although a crystal structure of SIT-Z5 with zinc also revealed
a 2:1 ligand/metal stoichiometry, the denticity was bidentate
rather than tridentate (Figure 1). Specifically, the conspicuous
difference between the ligand−metal crystal structures of
SIT-1−Fe2+, SIT-Z5−Fe2+, and SIT-Z5−Zn2+ was that, in
the case of the latter, only atoms N(1′A) and S(1′A)but not
O(1A)were shown to reside in close enough proximity to the

Table 1. continued

aBlack bars indicate growth of E. coli alone; checkerboard bars show growth of E. coli in the presence of an inhibitory concentration of drug; gray bars
indicate growth of E. coli in the presence of both an inhibitory concentration of drug and an equimolar concentration of ferrous chloride; and hashed
bars reveal growth of E. coli in the presence of both an inhibitory concentration of drug and an equimolar concentration of zinc chloride.
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metal to form coordination bonds, indicating a tetrahedral
rather than octahedral coordination geometry. With the benefit
of a costructure for SIT-Z5 with zinc, and given that the Z5
analogue was the most potent of the series, we chose to focus
on this compound as the representative ligand to understand
the antibacterial mechanism of the Z-series of chelators.
Although we determined the capability of SIT-Z5 to form a

coordination complex with zinc, whether the chelator had
another biological effect on the bacterial cell remained unclear.
To aid us in answering this question, we used a subinhibitory
concentration of compound and screened it against a genomic
promoter−reporter collection composed of approximately
2000 bacterial strains, each of which harbored a plasmid
containing one of ∼2000 different E. coli K-12 promoters fused
to the green fluorescent protein gene (gfp)17 (Figure 2). This
collection enables dynamic, real-time monitoring of promoter
activity on perturbation with, for example, a bioactive chemical.
In performing this experiment we hypothesized that we would
be able to detect any bacterial processes affected by the presence
of SIT-Z5 via induction of promoter activity and, in turn,
fluorescence production. Interestingly, we found that only two
promoter gfp-containing strains resulted in an increase in
fluorescence activity: we observed 5- and 8-fold inductions of
promoter activity for the promoters driving expression of the
znuA and ykgM genes, respectively. ZnuA is a component of the
E. coli high-affinity zinc uptake system that has been shown to be
activated under zinc-depleted conditions.18 YkgM is a paralogue
of the ribosomal protein, RpmE, that has lost the zinc-binding
motif displayed by the latter protein19 and which has been
shown to undergo increased expression under conditions of zinc
limitation.20,21 It has been proposed that YkgM replaces the
function of RpmE under zinc-depleted conditions. The selective
activation of these zinc-dependent promoters suggested that
the mechanism of toxicity of SIT-Z5 against E. coli was indeed
due to a specific ability to chelate and perturb zinc homeostasis.
Zinc-Specific Suppression of Compound Activity

Correlates with Analogue-Induced Fluorescence of
ykgM and znuA Promoter gfp Strains. To confirm that

ykgM and znuA promoter induction was the result of our
proposed role for SIT-Z5 in perturbing bacterial zinc
homeostasis, we assayed all analogues against the ykgM and
znuA gfp-promoter strains. In particular, we aimed to verify that
the respective promoters were not simply sensitive to any
compound with a spiro-indoline-thiadiazole backbone, such as
compounds SIT-1 and SIT-2, which are known to be primarily
involved in disrupting bacterial iron homeostasis. We observed
that induction of both of the ykgM and znuA gfp-promoter
strains occurred in the presence of each Z-series analogue; in
contrast, however, none of the non-Z-series of compounds led
to increased expression of either of the respective gfp-promoter
strains (Figure 3). Thus, only those analogues showing
zinc-specific suppression of toxicity were found to activate
promoters involved in responding to zinc limitation, further

Figure 1. Single crystal structure of SIT-Z5−Zn2+ coordination
complex. Ellipsoids are at 50% probability. Unlabeled atoms represent
carbon, and hydrogen atoms are not shown. The naphthalene moieties
and one phenyl group adopted two possible orientations in the crystal,
represented here by disorder (dashed lines).

Figure 2. Replicate plot of gfp-promoter library screened against
a subinhibitory concentration of compound SIT-Z5. Dashed
lines represent 3σ above the average relative fluorescent units of all
strains.

Figure 3. Perturbation of bacterial zinc homeostasis is specific to the
Z-series of analogues. Individual strains of gfp-promoter strains, ykgM
(gray bars) and znuA (hatched bars), grown in Chelex 100-treated
minimal media were perturbed with a fourth of the concentration of
the various analogues required for bacterial growth inhibition, where
activation of the promoter strains was monitored via fluorescence. Bar
graphs represent the mean ± SD for three samples.
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reinforcing the conclusion that the Z-series of compounds were
involved in perturbing bacterial zinc homeostasis.
Compound SIT-Z5 Potentiates Carbapenem Activity

against an NDM-1-Positive Strain of K. pneumoniae.
Next, we endeavored to determine whether SIT-Z5 might
be capable of resensitizing a metallo-β-lactamase-producing
strain of bacteria to carbapenem class antibiotics. Thus, we
performed checkerboard assays of SIT-Z5 in combination with
the carbapenem antibiotic, meropenem, against an NDM-1-
harboring clinical isolate of K. pneumoniae. Synergy was evident
in the signature staircase pattern of growth in the pairwise
matrix of concentrations tested. When used in combination
with SIT-Z5, meropenem activity against K. pneumoniae
was potentiated, where the MIC of the antibiotic against
K. pneumoniae decreased from >2 to 0.25 μM (Figure 4a).

To assess whether the observed potentiation of meropenem by
SIT-Z5 was specific to the zinc-chelating properties of SIT-Z5,
we assayed whether synergism between the compound pair
could also be observed in the non-NDM-1-harboring bacterial
strain, E. coli BW25113. Interestingly, we showed that, although
profoundly synergistic against K. pneumoniae, the SIT-Z5−
meropenem combination showed an additive antibacterial
phenotype against E. coli (Figure 4b).
Next, we addressed whether synergy between SIT-Z5 and

meropenem against K. pneumoniae was specific to carbapenem
class compounds or whether SIT-Z5 was also capable of
potentiating the action of additional antibiotics. We found that,
although not as pronounced as when added in combination
with meropenem, compound SIT-Z5 also potentiated the
action of the carbapenem antibiotics imipenem, doripenem,
and biapenem (Figure S2). However, such potentiation was
not detected between SIT-Z5 and non-carbapenem β-lactams
or non-cell-wall-active antibiotics.
Compound SIT-Z5 Demonstrates in Vitro Inhibition of

NDM-1. We hypothesized that the mechanism of synergy
between SIT-Z5 and meropenem was due to an inhibition
of NDM-1 via zinc chelation by SIT-Z5 and a subsequent
resumption of meropenem activity. To determine whether

SIT-Z5 was indeed capable of inhibiting NDM-1, dose−
response assays were conducted in the absence of supplemental
zinc, where SIT-Z5 was found to inhibit NDM-1 with an IC50
value of 6.6 ± 1.3 μM (Figure 5). At the concentration of
SIT-Z5 tested, the MBL IMP-7 and serine-β-lactamase (SBL)
TEM-1 were not significantly inhibited. The MBL VIM-2
showed a slight dose-dependent inhibition (∼16%). SIT-Z5
was not soluble at higher concentrations and therefore could
not be appropriately assayed for inhibition of VIM-2. These
findings are consistent with reports in the literature in which
the strength of zinc binding by the respective enzymes is in the
order IMP > VIM > NDM.22−24 Collectively, these results are
suggestive of preferential inhibition of NDM-1 by SIT-Z5;
however, further study is required to substantiate this claim.

Analogues Specific to Zinc Perturbation Potentiate
Meropenem Activity against an NDM-1-Positive Strain
of K. pneumoniae. In addition to compound SIT-Z5, we
wanted to determine whether those analogues with antibacterial
activity that was specific to zinc perturbationnamely the
Z-series of analogueswere capable of synergizing with
meropenem against K. pneumoniae. With the exception of com-
pound SIT-Z1, we observed synergy between meropenem and
all zinc-specific perturbants when tested against K. pneumoniae,
although we did not detect potentiation of meropenem activity
when combined with any of the non-Z-series of analogues
(Figure S3). With respect to the lack of synergy between
SIT-Z1 and meropenem, a possible explanation for this may
be the relatively low log P value displayed by the respective
analogue as compared to all other compounds in the Z-series
(Table 1). Specifically, it may be that SIT-Z1 is capable of
infiltrating the outer membrane of E. coli K-12, but is unable to
do so against K. pneumoniae.

Compound SIT-Z5 Is Synergistic with Meropenem
against an NDM-1-Positive Strain of K. pneumoniae in a
Mouse Model of Infection. In light of host toxicity concerns
involving the therapeutic application of metal chelators, we
sought to determine whether SIT-Z5 was capable of potentiat-
ing the action of meropenem in vivo at doses not associated
with host toxicity, which was determined by examining weight
loss and the body condition of mice. As such, we identified a
preliminary dose of SIT-Z5 that was nontoxic to mice and then
assessed the therapeutic potential of this concentration during
infection. Specifically, mice were infected intraperitoneally
with a sublethal dose of the clinical isolate, NDM-1-harboring
K. pneumoniae. A single subcutaneous dose of drug was then
administered 30 min post infection, and the effects of mono-
therapy and combination treatment of SIT-Z5 and meropenem
on bacterial load in tissues was examined. Using a well-
documented K. pneumoniae challenge model, we found that
treatment with either SIT-Z5 or meropenem alone had no
effect on bacterial burden; however, co-administration of
the compounds resulted in a significant reduction of the
bacterial load detected in the liver (Figure 6a) and spleen
(Figure 6b).

■ DISCUSSION
The emergence of carbapenem-resistant Gram-negative
pathogens in concert with the lean antibiotic development
pipeline has resulted in a serious health crisis that will continue
to worsen unless new therapeutic measures are soon met. Of
particular concern are those strains of bacteria that, in addition
to being recalcitrant to the action of carbapenems, also harbor
resistance determinants to an array of additional antibiotics,

Figure 4. Potentiation of meropenem activity by SIT-Z5 is specific to
bacteria harboring metallo-β-lactamase resistance. The effects of
chemical−chemical interactions between meropenem and compound
SIT-Z5 against (a) a carbapenem-resistant strain of K. pneumoniae and
(b) a nonpathogenic laboratory strain of E. coli are represented by full
bacterial growth (blue squares) to complete growth inhibition (white
squares). Interactions are quantified by fractional inhibitory concen-
tration (FIC) indices,38 where values <0.5, 1, and >2 indicate
compound synergy, additivity, and antagonism, respectively. The
meropenem−SIT-Z5 profile against an NDM-1-harboring strain
revealed a profoundly synergistic chemical−chemical interaction with
an FIC index of 0.375. The compound pair against nonpathogenic E.
coli yielded an additive response represented by an FIC index of 1.
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such as in the case of NDM-1-producing pathogens.7 Drug-
resistant pathogenic Enterobacteriaceae have become a scourge
to nosocomial environments, as their resilience to the current
treatment strategies has afforded them the opportunity to
proliferate. Furthermore, innate resistance offered by the Gram-
negative outer membrane makes efforts to identify novel

antibacterial compounds exceedingly difficult. In this work
we explored a series of chelator analogues having structures
based on a spiro-indoline-thiadiazole chemical scaffold that we
recently reported as being an intracellular inhibitor of E. coli
growth through disruption of iron homeostasis via chelation.14

Given the susceptibility of Gram-negative bacteria to the

Figure 5. SIT-5Z shows dose-dependent inhibition of NDM-1 in vitro. SIT-5Z was assayed against purified enzyme as noted. NDM-1 showed dose-
dependent inhibition with an observed IC50 value of 6.6 ± 1.3 μM. VIM-2 showed minimal inhibition, whereas IMP-7 and TEM-1 were unaffected
by SIT-5Z. Error bars denote standard deviation of at least two technical replicates.

Figure 6. Compound SIT-Z5 resensitizes NDM-1-containing K. pneumoniae to meropenem in vivo. CD1 mice were infected with 2 × 106 cfu
K. pneumoniae ip. All groups of mice were treated with a subcutaneous injection of 10 mg/kg meropenem, 10 mg/kg SIT-Z5 inhibitor, or a
combination of both antibiotic and inhibitor. Control mice received diluting buffer. Mice were euthanized at 48 h post infection, and both the spleen
and liver were harvested. Bacterial load of both the (a) liver and (b) spleen were determined. Data were pooled from three separate experiments
(n = 12 per group). Significance was determined using a t test. (∗) p < 0.05; (∗∗) p < 0.01.
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respective chemical series, we hypothesized that the bioactive
scaffold would be a good starting point to investigate additional
chelator analogues that, rather than iron, chelate and perturb
bacterial zinc homeostasis. Zinc is required for the activity
of metallo-β-lactamases; thus, we reasoned that a chelator
whose antibacterial activity was due to zinc sequestration
might synergize with carbapenem antibiotics and resensitize
an otherwise antibiotic-resistant strain of Enterobacteriaceae
to the action of carbapenems. Indeed, we report here the
identification of a series of spiro-indoline-thiadiazole chelators
capable of potentiating carbapenem activity against a clinical
isolate of NDM-1-harboring K. pneumoniae. Furthermore, we
demonstrate in vivo that one such analogue shows promise as
a nontoxic chelator that resensitizes a metallo-β-lactamase
pathogen to the action of meropenem. We present compelling
evidence that the mechanism of action of these respective
compounds is via their ability to chelate and limit bacterial zinc
availability.
Chelators are generally known to be nonspecific and capable

of forming complexes with various metal species.25 Indeed,
such promiscuity with respect to metal binding is among the
most prominent features of chelators limiting their therapeutic
use. However, there are many features that contribute to the
governing principles of metal−ligand coordination chemistry,
including shape, solubility, lipophilicity, and kineticsall of
which affect the biological outcome of a chelator−chelate
relationship.10 Therefore, we reasoned that even subtle
modifications to the spiro-indoline-thiadiazole ligand skeleton
could influence the behavior of a given analogue when
introduced to the cellular environment.
Having previously established that compound SIT-1 was

specific to perturbing iron homeostasis,14 we began by exploring
the zinc versus iron specificity of this compound and analogues
thereof. In exploring a range of chemical modifications at the R1
positions we found that, for each of the analogues tested, the
presence of a moiety bonded to the R1 carbon alone resulted in
a zinc-specific activity suppression profile. This suggested that
a common characteristicsuch as lipophilicity, ligand/metal
stoichiometry, or coordination geometry of the metal−chelate
complexdetermined by the R1 moiety affected zinc-specific
suppression of antibacterial activity. In the first instance,
lipophilicity is a salient chemical feature that is known to
correlate with compound toxicity,26 a characteristic that we
observed to be consistent in the case of our analogues. Because
all modifications at the R1 position of the Z-series of
compounds are carbon-based substituents, we considered
whether lipophilicity also contributed to the observed metal
suppression profiles. However, we found no correlation between
lipophilicity and zinc-specific perturbation by the analogues.
Structural studies between Fe2+ and Zn2+, and each SIT-1 and
SIT-Z5, similarly indicated that neither was stoichiometry
responsible for the zinc specificity exhibited by SIT-Z5, because
the same 2:1 ligand/metal stoichiometry was observed for each
complex. However, insight was gleaned from the coordination
geometries of the various ligand−metal complexes because,
rather than an octahedral geometry that was indicated for
the SIT-1−Fe2+, SIT-1−Zn2+, and SIT-Z5−Fe2+ complexes, the
predicted conformation of the SIT-Z5−Zn2+ complex was
tetrahedral. Such findings raise the possibility that SIT-Z5 and,
potentially, all analogues within the Z-series are more stable in
the open merocyanine form when coordinated with Zn2+ in a
tetrahedral rather than an octahedral geometry. Alternatively,
the observed Zn2+ specificity conferred by the Z-series of

compounds may be due to the localization of such molecules
within the bacterial cell. Indeed, this study has revealed
a chemical trend whereby phenyl-spiro-indoline-thiadiazole
compounds with substitutions exclusively at the R1 position
are capable of undergoing zinc-specific suppression of
antibacterial activity. Interestingly, the zinc specificity displayed
by the respective Z-series of molecules is corroborated by our
results from both gfp-promoter experiments and chemical−
chemical interaction assays with K. pneumoniae. Screening a
gfp-promoter−reporter genomic collection revealed that, of
the approximately 2000 E. coli promoters, only znuA and ykgM
were induced by SIT-Z5. Both of these genes are known to be
up-regulated in response to zinc limitation.18,20,21 Indeed, such
observations are consistent with those of a previous study that
investigated the transcriptional response of E. coli to the
intracellular zinc chelator N,N,N′,N′-tetrakis(2-pyridylmethyl)-
ethylenediamine (TPEN).27 In the respective study, the only
zinc-related transcripts to be identified were ykgM, zinT
(formerly yodA), znuA, and znuC. We are unable to address
whether we would have identified increased activation of the
promoter for zinT as a promoter−GFP construct for the
respective gene is absent from the gfp-promoter−reporter
genomic library. In the case of znuC, the discrepancy between its
increased transcriptional response to TPEN and our inability to
identify promoter activation of the gene is less clear. ZnuA and
ZnuC are members of the same multiprotein zinc transporter,
where ZnuA serves as the periplasmic zinc binding protein and
ZnuC binds to ATP.18,28 It is possible that the direct interaction
between zinc and ZnuA results in greater transcriptional
sensitivity of znuA versus znuC when faced with a zinc replete
environment; however, such an explanation is purely spec-
ulative. Nonetheless, we confirmed specificity of activation of
ykgM and znuA by demonstrating that the activity of these
promoter−reporter strains was unaffected by the non-Z-series,
but was induced by all Z-series of analogues. Additionally, it was
striking to us that, with the exception of SIT-Z1, our
observation of zinc specificity against E. coli regarding the Z-
series of analogues correlated with the in vitro potentiation of
meropenem against NDM-1-producing K. pneumoniae. Collec-
tively, the results of these experiments suggest a distinct
mechanism of action by the respective compound series
against the bacterial cell. In turn,we argue that specifically
the Z-series of compounds disturb bacterial zinc homeostasis
via chelation and limitation of the metal and that such
perturbation is their primary, if not exclusive, antibacterial
mechanism of action.
In addition to establishing the Z-series of compounds as

perturbants of bacterial zinc homeostasis, the work herein also
revealed an important and potentially therapeutic application
for these molecules as adjuvants for the treatment of infec-
tions caused by carbapenem-resistant bacterial pathogens. By
demonstrating the in vitro inhibition of NDM-1 by SIT-Z5,
coupled with our in vivo observations that a nontoxic dose
of SIT-Z5 was effective at resensitizing an NDM-1-producing
strain of K. pneumoniae to meropenem activity, this work
positions SIT-Z5 as a promising candidate in the treatment of
metallo-β-lactamase-producing bacterial infections.
The use of chelators in medicine is often approached with

trepidation given their complicated drug safety profiles and
the many significant side effects associated with their use.29−31

However, this has not prevented the long-standing use of
chelators as therapeutic agents against iron overload disease,32,33

nor have discussion and research been thwarted regarding the
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development of new chelators for the treatment of various
neurodegenerative diseases13,34,35 and certain types of cancer.36

Thus, there exists a strong precedent for both current and
potential future uses of chelators as pharmaceuticals, which we
argue should be considered by both researchers and medical
practitioners within the field of infectious disease. Evaluating
the long-term effects of a short therapeutic course of SIT-Z5
is a necessary step toward a potential clinical future for the
respective chelator; however, our preliminary findings that SIT-
Z5 exhibits synergism with meropenem at a concentration that
is not overtly toxic to mice is highly encouraging.
NDM-1-harboring K. pneumoniae is among the most dreaded

and difficult-to-treat strains of pathogenic bacteria currently
plaguing the medical community. Due to the obstinacy of the
outer membrane, identifying new antibacterial small molecules
capable of infiltrating the respective barrier has proved
exceedingly challenging. Thus, rather than continuing with
the traditional antibiotic drug discovery regimentwhich is to
conduct chemical screens to identify new antibacterial small
molecules that target a single mechanisman alternative strategy
is to develop compounds that serve as adjuvants to current
antibiotics. The difficulty in achieving single-metal targeting by
a given chelator, coupled with grave toxicity concerns during
unsuccessful therapeutic attempts using EDTA for the treatment
of various maladies, has incited staunch misgivings about the
application of chelators in medicine.10 However, the relationship
between each chelator and its chelate is highly unique such that,
when applied to a system as complex as the cell, the biological
outcomes, including the degree of host toxicity, can be vastly
different. In the work herein we present a series of spiro-indoline-
thiadiazole compounds that, through chelation of zinc,
compromise the mechanism of metallo-β-lactamase antibiotic
resistance, thereby potentiating the activity of carbapenem
antibiotics and, in turn, reinstating efficacy of the drug class
against NDM-1-harboring K. pneumoniae.

■ MATERIALS AND METHODS
Bacterial Strains, Growth Media, and Reagents. E. coli

K-12 strain BW25113 was used for all experiments with the
exception of those strains contained in the gfp-promoter library,
where the background strain for the collection is E. coli
MG1655, and experiments involving the K. pneumoniae clinical
isolate. The gfp-promoter library was a kind gift from Uri
Alon and Michael Surette, and the K. pneumoniae strain was
gifted from Michael Mulvey to Gerard D. Wright. All growth
experiments were conducted in liquid media under aerobic
conditions in Chelex 100 resin (Bio-Rad)-treated M9 minimal
media. Minimal medium was composed of 1×M9 minimal salts
prepared from 5× M9 minimal salts stock (Sigma-Aldrich),
0.2% v/v Casamino acids (BD Biosciences), 10 μM of
each aromatic amino acid, L-tyrosine, L-tryptophan, and
L-phenylalanine, 1 μM thiamin, and 0.4% v/v glucose. Unless
stated otherwise, all reagents and chemicals, including the metal
salts ferrous chloride and zinc chloride, were purchased from
Sigma-Aldrich. Compounds SIT-1, SIT-2, SIT-3, SIT-4 and
SIT-Z5 were purchased from ChemBridge and dissolved in
DMSO. Compounds SIT-5, SIT-Z1, SIT-Z2, SIT-Z3, SIT-Z4,
and SIT-Z6 were synthesized (see the Supporting Information).
Minimum Inhibitory Concentration Determinations.

All bacterial strains were grown overnight at 37 °C with shaking
at 250 rpm in 5 mL of M9 minimal medium. Saturated cultures
were subsequently diluted 1:100 into M9 minimal media and
grown to an OD600 nm of 0.2 for growth in Chelex 100 resin-treated

M9 minimal medium. Bacteria were again diluted 1:100,000 into
Chelex 100 resin-treated M9 minimal medium containing the
final concentration of compound to be tested. Bacteria with
compound were incubated under stationary conditions at 37 °C,
and growth at OD600 nm was measured after 18 h unless stated
otherwise.

Screening Analogues against E. coli K-12 gfp-Promoter
Library. Strains from the gfp-promoter genomic library arrayed
in 96-well plates were inoculated from frozen stocks into fresh
M9 minimal medium containing 25 μg mL−1 kanamycin using
the Duetz cryoreplicator.37 Inoculated plates were shaken for
18 h at 37 °C and 200 rpm to achieve saturated cultures. Strains
were then subcultured at a 1:100 dilution by transferring 2 μL
of culture into 198 μL of M9 minimal medium containing
25 μg mL−1 kanamycin and returned to shaking at 37 °C and
250 rpm until bacteria reached an OD600 nm of 0.2. Strains
were then diluted 1:200 in Chelex resin-treated M9 minimal
medium with 25 μg mL−1 kanamycin, and samples were either
treated with one-fourth of the minimum inhibitory concen-
tration of analogue of interest or grown in Chelex resin-treated
M9 minimal medium alone. Bacteria were incubated at 37 °C
for 16 h, and growth was measured and recorded at OD600 nm.
Screening SIT-Z5 against the complete genomic library was
performed in duplicate; for all other analogues against znuA and
ykgM promoter strains, assays were conducted in triplicate.

Metal Suppression Experiments. E. coli BW25113 was
treated as described above for MIC experiments; however,
rather than testing the final 1:100,000 dilution of bacteria against
a range of compound concentrations, here we added bacteria
to double the previously established MIC of our compound of
interest, combined with an equimolar concentration of either
zinc chloride or iron chloride. Samples were then incubated
under stationary conditions at 37 °C, and bacterial growth was
measured at OD600 nm after 18 h. Results are represented as the
mean ± SD for three samples.

Crystallization Conditions and Crystal Structure
Determination. Maroon crystals of the SIT-Z5−Zn2+ and
SIT-Z5−Fe2+ complexes were each generated by slow evapora-
tion at ambient temperature of a 1:1 (v/v) methanol/
chloroform solution containing 1:1.2 (molar ratio) of SIT-Z5
powder and either ferrous chloride or zinc chloride. Crystals
of both SIT-Z5−Zn2+ and SIT-Z5−Fe2+ were observed after
3 weeks, and single-crystal X-ray crystallographic analyses were
conducted. Diffraction data for SIT-Z5−Zn2+ were obtained
using ω-scans via a Bruker SMART6000 CCD area detector
mounted on a fixed-χ three-circle D8 goniometer using a
Rigaku Cu rotating anode with cross-coupled mirrors and
Cu Kα radiation (λ = 1.54178 Å). SIT-Z5−Fe2+ data were
collected on the Bruker Smart Apex2 CCD instrument with a
Mo sealed tube source and a curved graphite monochromator
(Mo Kα radiation (λ = 0.71073 Å)). Data refinement was
accomplished using SHELXL (Sheldrick, refinement).

Chemical−Chemical Interaction Assays. For each assay
an 8 × 8 matrix was prepared at the appropriate drug con-
centration. Bacterial strains were grown for 18 h at 37 °C with
shaking at 250 rpm in 5 mL of M9 minimal medium. Saturated
cultures were subsequently diluted 1:100 into M9 minimal
medium and grown to an OD600 nm of 0.2. Bacteria were again
diluted 1:100,000 into Chelex 100 resin-treated M9 minimal
medium and added to the compound assay plate. Plates
were then incubated under stationary conditions at 37 °C,
where growth at OD600 nm was measured after 18 h unless
stated otherwise. Assays for each compound combination were
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performed in duplicate, and averaged values were used to
calculate the FIC index.
Dose−Response Enzyme Assays. Enzyme (final concen-

trations: NDM-1, 50 nM; IMP-7, 10 nM; VIM-2, 20 nM;
TEM-1, 1 nM) was incubated with SIT-5Z in serial 1:3
dilutions from 64 μM for 10 min. The buffer used was Chelex-
treated 50 mM HEPES (pH 7.5) with 0.01% Tween-20.
Inhibitor was diluted in DMSO and added for a final [DMSO]
of 2.5%. Addition of substrate (nitrocefin, final concentration =
20 μM) initiated reaction. Progress curves of hydrolysis at
37 °C were monitored at 490 nm in 96-well microplate format
using a Spectramax reader (Molecular Devices).
Mice. All animals were housed in a specific pathogen-free

unit in the Central Animal Facility at McMaster University.
All experimental protocols were approved by, and performed in
accordance with, the McMaster Animal Research Ethics Board.
Female 5−7-week-old CD1 mice were purchased from Charles
River.
Bacterial Infections. For all organ bacterial load experi-

ments, mice were infected intraperitoneally (ip) with a dose of
2 × 106 colony-forming units (cfu) of K. pneumoniae. Mice were
then euthanized 48 h post infection, and the spleen and liver
were harvested. Organs were placed into 1 mL of sterile PBS
on ice and then homogenized (Mixer Mill 400; Retsch). Organ
homogenates were then serially diluted in PBS and plated on
Brilliant Green agar (BD Biosciences) for cfu enumeration.
For all experiments, mice were treated 30 min post infection
with a specified subcutaneous dose of either diluting buffer,
meropenem, SIT-Z5 inhibitor, or a combination of both
antibiotic and inhibitor. Diluting buffer consisted of water/
ethanol/PEG-400 in a ratio of 1:1:1.6, respectively. DMSO was
the vehicle solvent for both meropenem and SIT-Z5, which was
added to the diluting buffer at 7.1%.
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