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ABSTRACT: We recently reported on small-molecule inhibitors
of the GroES/GroEL chaperone system as potential antibiotics
against Escherichia coli and the ESKAPE pathogens but were unable
to establish GroES/GroEL as the cellular target, leading to cell
death. In this study, using two of our most potent bis-sulfonamido-
2-phenylbenzoxazoles (PBZs), we established the binding site of
the PBZ molecules using cryo-EM and found that GroEL was the
cellular target responsible for the mode of action. Cryo-EM
revealed that PBZ1587 binds at the GroEL ring−ring interface
(RRI). A cellular reporter assay confirmed that PBZ1587 engaged
GroEL in cells, but cellular rescue experiments showed potential
off-target effects. This prompted us to explore a closely related
analogue, PBZ1038, which is also bound to the RRI. Biochemical
characterization showed potent inhibition of Gram-negative chaperonins but much lower potency of chaperonin from a Gram-
positive organism, Enterococcus faecium. A cellular reporter assay showed that PBZ1038 also engaged GroEL in cells and that the
cytotoxic phenotype could be rescued by a chromosomal copy of E. faecium GroEL/GroES or by expressing a recalcitrant RRI
mutant. These data argue that PBZ1038’s antimicrobial action is exerted through inhibition of GroES/GroEL, validating this
chaperone system as an antibiotic target.

■ INTRODUCTION
GroEL, an 800 kDa homotetradecameric ATP-dependent
chaperone, along with its 70 kDa homoheptameric cochaper-
one, GroES, assists in the folding of newly translated and
stress-denatured proteins. GroEL is arranged as a back-to-back
protomer, with only one of the two rings participating in
refolding tasks at a time due to nested allostery [Monod−
Wyman−Changeux within each GroEL ring and Koshland−
Nemethy−Filmer (KNF) between GroEL rings].1−10 While
the GroES/GroEL chaperone system is thought to assist in the
refolding of approximately 10% of the Escherichia coli
proteome, more than a dozen essential proteins require this
chaperone system for their initial folding or refolding after
stress�a function that cannot be compensated for by other
classes of molecular chaperones.1−3,5,8 As a result, GroES and
GroEL are themselves essential proteins, and loss of expression
or function leads to bacterial cell death.2,11 Thus, we have been
exploring GroES/GroEL chaperonins as antimicrobial targets
and have identified and derivatized numerous inhibitors against
them, many of which exhibit potent and selective antibacterial
effects in liquid culture.12−14

The ESKAPE pathogens (divided into Gram-positive
pathogens Enterococcus faecium and Staphylococcus aureus and

Gram-negative pathogens Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa, and Enterobacter species)
make up the most common healthcare-associated antibiotic-
resistant bacteria. It is estimated that millions of people
become infected with these pathogens, leading to the deaths of
tens of thousands every year in the USA alone.15,16 The
discovery of new antimicrobials to treat these diseases
represents an unmet need as only one mechanistically unique
antibiotic has been introduced to the clinic in the last 20 years,
and its effectiveness is limited only to the Gram-positive
ESKAPE pathogens.17−19 The GroES/GroEL chaperone
system is known to be essential for the survival of both
Gram-negative and Gram-positive ESKAPE pathogens,20−25 so
we aim to develop a new class of inhibitors targeting GroES/
GroEL in these bacteria. We previously screened approx-
imately 700,000 molecules against the E. coli GroES/GroEL
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system, an effective surrogate for canonical GroES/GroEL
chaperonins, and characterized changes in the refolding activity
of these chaperones.26 Potent inhibitors were subsequently
evaluated for their ability to inhibit the survival of E. coli and
other medically relevant pathogens, including the ESKAPE
pathogens.13 Our most potent derivatives (from the
sulfonamido-2-arylbenzoxazole scaffold series of compounds)
inhibit the growth of E. coli when the AcrA-TolC-AcrB efflux
system is disrupted, as do some ESKAPE pathogens, but
despite the high sequence similarity between their GroES/
GroEL chaperone systems, uniform inhibition was not
observed.12,27 Disruption of the AcrA-TolC-AcrB efflux system
was required in E. coli to allow compound accumulation as it
was discovered that the phenylbenzoxazole (PBZ) compounds
are substrates of this system. Several testable hypotheses could
explain these effects: variable penetration and/or accumulation
of inhibitors within each pathogen, off-target effects, differing
on-target engagement due to sequence variance among the
molecule-binding sites of these homologues, or differences
modulating GroEL allostery and related functional activities.

We first expressed and characterized GroES/GroEL protein
complexes from the ESKAPE pathogens27,28 to later test
whether molecule inactivity against some of the ESKAPE
pathogens was due to suboptimal engagement of their GroES/
GroEL chaperone systems. The ATPase and refolding rates for
each GroES/GroEL system (except S. aureus GroES/GroEL,
which could not be expressed) along with the complicated
nested allostery exhibited by GroEL4,6,7,9,10 were analyzed.28

Although differences were noted for allosteric transition points
and ATPase rates between the ESKAPE pathogen and E. coli
GroES/GroEL, our observations suggest that the mechanism
of ESKAPE GroES/GroEL-client refolding for each ESKAPE
pathogen is like that of the most well-studied homologue, E.
coli GroES/GroEL. Furthermore, size-exclusion chromatog-
raphy coupled with multiangle light scattering, native
polyacrylamide gel electrophoresis (PAGE), charge detection
mass spectrometry,29,30 and/or negative stain EM supported
that each ESKAPE pathogen GroEL maintained a tetradeca-
meric, 800 kDa, back-to-back double ring chaperone form
similar to E. coli GroEL.28

PBZ1587 (Figure 1), a derivative from the sulfonamido-2-
arylbenzoxazole scaffold series, is one of our most potent
inhibitors of E. coli GroES/GroEL refolding activity.12,31

Through a series of structural, biochemical, and biological
methods, we demonstrate how key amino acid differences
within this binding site of Gram-negative GroELs resulted in
reduced potency against Gram-positive (E. faecium) GroEL.
However, mode of action studies in E. coli revealed potential
off-target effects from PBZ1587, so we turned our attention to
another potent compound from this class, PBZ1038.
Biochemical and modeling studies support that PBZ1038
also binds the ring−ring interface (RRI), and genetic and
chemical biological studies show that PBZ1038 engages GroEL
in bacteria and that this is the primary mechanism of its
antibiotic action. Overall, this study outlines the activity
profiles of two PBZ compounds and provides strong evidence
that the PBZ1038 engagement of GroES/GroEL in bacteria
leads to antibiotic activity. These observations, along with past
genetic data, provide a sound basis for targeting GroES/GroEL
as an antibiotic development strategy.

■ RESULTS AND DISCUSSION
Cryo-EM Reveals That PBZ1587 Binds at the RRI of E.

coli GroEL. We previously identified and developed a series of
bis-sulfonamido-2-PBZ compounds that provided some of our
most potent GroES/GroEL inhibitors to date based on the
biochemical ATPase and refolding activity of E. coli GroES/
GroEL.12,31 Among these compounds, PBZ1587 exhibited
antibacterial effects in E. coli; however, it remained unresolved
whether the inhibitor was functioning on-target against
GroES/GroEL. To rectify this gap in knowledge, we performed
cryogenic electron microscopy (cryo-EM) to visualize where
PBZ1587 binds to E. coli GroEL (Figure 1, Tables S1 and S2).
Comparing our 3.4 Å apo GroEL structure (PDB ID 9C0C)
from E. coli to our 3.3 Å liganded structure (PDB ID 9C0B)
reveals a high-occupancy density consistent with the size and
structure of PBZ1587 at all seven inter-ring contact points of
the RRI (Figures 1A−C and S1). Association of the ligand also
induces a noticeable ∼3° interprotomer twist, seemingly
disrupting ring−ring communication (KNF-type allostery)
required in the refolding process (Figure 1D).

Figure 1. Cryo-EM reveals that PBZ1587 binds at the RRI of E. coli
GroEL. (A) E. coli GroEL apo structure (PDB ID 9C0C). (B)
Structure of PBZ1587. (C) E. coli GroEL + PBZ1587 bound at RRI
(PDB ID 9C0B). Right, PBZ1587 density is shown. (D) Overlay of E.
coli GroEL ± PBZ1587, aligned on the bottom protomer. Right,
graphic illustration of the protomer twist upon ligand binding. All
samples were set up with a 20-fold molar excess of PBZ1587.
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E. coli GroEL Residue Interactions with PBZ1587.
Because GroEL is a homotetradecamer, the residues at each of
the seven ring−ring intercontact points are identical. Each
interface consists of two opposing monomers (one from each
protomer) within close contact (GroEL equatorial domains
make up this back-to-back structure). At the RRI, PBZ1587
interacts with up to a dozen adjacent residues (Figure 2A)
including van der Waals interactions between M111, V438,
and V442 side chains with the PBZ scaffold core; cation−pi
interactions between R445 and the benzylamine and thiophene
chloride end-capping aryls; and likely hydrogen bonding and/
or charge−charge interaction between the E102 and K105 side
chains with the sulfonamide linkers through a theoretically
ordered water molecule. While A106 is present within the
binding site, it does not appear to be within the range of
participating in van der Waals interactions with PBZ1587.

Changes in PBZ1587-Mediated Inhibition of MDH
Refolding Assay Activity with PBZ1587-GroEL Binding-
Site Mutants Support Cryo-EM Binding-Site Data. Ten
GroEL mutants were constructed to determine whether E. coli
GroEL residues in close contact with PBZ1587 by cryo-EM are
important for the PBZ1587-GroEL interaction. PBZ1587 was
tested in our established biochemical GroEL refolding assay
using malate dehydrogenase (MDH) as the enzymatic reporter
being refolded by the chaperonin system. Mutations made to
disrupt the potential GroEL-PBZ1587 interactions included:
E102A and K105A (to abolish hydrogen bonding and charge−
charge interactions); M111A, V438A, V438G, V442A, and
V442G (to abolish or diminish van der Waals interactions);
V438L and V442L (to determine if these van der Waals
contacts could be strengthened by optimizing the bond
distances or abolished by repulsive forces due to steric effects);
and R445A (to abolish the cation−pi interactions); see Figure

Figure 2. E. coli GroEL residue interactions with PBZ1587. (A) Two closeup views of the PBZ1587 binding site at the RRI of E. coli GroEL derived
from the cryo-EM structure (PDB ID 9C0B). E. coli GroEL residues from both protomers are shown (identical six amino acids per protomer with
residues on protomer “-b” labeled to distinguish these amino acids from the opposing monomer). (B) Predicted interactions of the E. coli GroEL
residue with PBZ1587. Pink spheres represent amino acids on the “-b” protomer in Figure 2A. Green spheres represent amino acids on the
opposing protomer in Figure 2A. Red spheres indicate theoretical water molecules. Dashed lines indicate potential residue−molecule interactions
and are not to scale. See Table S3 for interaction distances and residue movements measured with PyMOL (apo vs liganded cryo-EM structures).
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2 and Table S3 for the proposed interactions. The M111A and
V438G GroEL mutants were found to be lethal to E. coli
(dominant-negative) and thus could not be recombinantly
expressed. We assumed that these mutants destabilized the
RRI of GroEL or otherwise hindered GroEL refolding activity
to levels incompatible with cellular survival. Of the remaining
eight GroEL mutants, none exhibited dominant-negative
effects; thus, we were able to obtain a folding-functional
chaperone to examine whether any of the mutations exhibited
resistance to the inhibitory effects of PBZ1587 (Figure S2).
IC50 values with PBZ1587 were at least 10-fold weaker for
E102A, K105A, R445A, V438A, and V442G GroEL mutants in
the refolding assay compared to those of WT GroEL (Figure
3A,B).

These data indicate that the highlighted residue interactions
with PBZ1587 are critical for binding or inhibition of
chaperonin activity. The E102A and K105A mutations are
responsible for the loss of hydrogen bonding interactions,
whereas the R445A mutations result in the loss of cation−pi
interactions (Figure 2 and Table S3). Critical van der Waals
interactions between PBZ1587 and V438 and V442 have also
been lost or diminished with V438A and V442A mutations due
to the increased GroEL-PBZ1587 interaction distance. We
predict that the longer hydrophobic side chains of the V438L
and V442L GroEL mutants allow van der Waals contact with
PBZ1587 to be maintained (compared to the alanine mutant
counterparts) (Figures 2 and 3 and Table S3). Furthermore,
decreased sensitivity to PBZ1587 with the V442G mutant may
be explained by the lack of a hydrophobic interaction with
PBZ1587 or increased flexibility of the amino acid at this
position. In all, these data validate the GroEL-PBZ1587
binding site interactions, as identified in the cryo-EM structure.

E. coli and Gram-Negative ESKAPE GroELs Are
Selectively Inhibited by PBZ1587 and Contain a
Greater Number of Conserved PBZ1587-Contact Resi-
dues Than That of E. faecium GroEL. The extent of
PBZ1587-mediated inhibition of ESKAPE GroES/GroEL
refolding activity was measured by using the above MDH
refolding activity assay to determine if PBZ1587 is active
against these chaperones. Although potent inhibition of Gram-
negative ESKAPE pathogen GroES/GroEL by PBZ1587 was
noted, E. faecium (Gram-positive ESKAPE) GroES/GroEL
PBZ1587-mediated inhibition was notably weaker (Figure 4A).
Prompted by the striking difference between the ESKAPE
pathogen Gram-negative chaperones and the Gram-positive
chaperone biochemical response to PBZ1587, we aligned E.
coli and ESKAPE GroEL sequences corresponding to the RRI
residues uncovered with our E. coli-PBZ1587 structure to
identify if differences in these amino acids could explain the
discrepancy in potency (Figure 4B). E. coli GroEL-PBZ1587
contact residues were found to be more conserved in Gram-
negative ESKAPE GroELs than in Gram-positive ESKAPE
GroELs. Residue differences for P. aeruginosa GroEL (Gram-
negative ESKAPE pathogen with the lowest overall amino acid
identity compared to E. coli GroEL) and E. faecium GroEL
were compared to the PBZ1587 E. coli GroEL binding site
residues. The only difference in the PBZ1587-binding region in
E. coli compared to that in P. aeruginosa GroEL is the
replacement of V422 with a leucine at the same position. We
note that V442L E. coli GroEL mutants are potently inhibited
by PBZ1587, which would explain why P. aeruginosa GroEL is
inhibited to a similar extent as E. coli GroEL (Figures 3 and
4A,B). All other Gram-negative ESKAPE pathogen GroELs are
inhibited potently by PBZ1587, and amino acid alignment of
the PBZ1587-binding region supports the similarity of the
binding sites for these various GroEL chaperones (Figure 4B).
For E. faecium GroEL, nearly half of the residues at the E. coli
GroEL-PBZ1587 binding site are different but retain similar
characteristics (M111 is replaced by alanine in E. faecium,
V438 is replaced by threonine in E. faecium, and V442 is
replaced by isoleucine in E. faecium) (Figure 4B). Revealed by
modeling was E. coli GroEL V442L with PBZ1587 at the RRI
(Figure 4C). Conversely, PBZ1587 was not found at the RRI
(or any other site) when incubated with E. faecium GroEL
(Figure 4D). These data suggest that the PBZ molecules
discussed (PBZ1587 and 1038) would not be expected to have
broad-spectrum antibacterial activity. However, the data also

Figure 3. Changes in PBZ1587-mediated inhibition of MDH
refolding assay activity with PBZ1587-GroEL binding site mutants
support cryo-EM PBZ1587 binding site data. (A) PBZ1587-mediated
inhibition of refolding activity for WT and mutant GroEL. WT E. coli
GroES was included in each refolding experiment. (B) Tabulated
values from (A). All experiments were performed in triplicate, and
errors were expressed as the standard error of the mean (SEM). Rapid
cell death was observed with M111A and V438G GroEL expression
(dominant-negative) and could not be studied. All measurements
were made with a 3-fold dilution series of PBZ1587 from 0.1 mM to
1.7 nM.
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provide a structural basis to synthesize PBZ derivatives that
would be effective against Gram-positive bacteria. Adjacent
residues (with the exception of A106 later discussed) were not
investigated to determine what impact, if any, they may have
on the orientation of the six potential interacting residues in
question and how this may have modulated drug affinity at this
site.
E. faecium GroEL Residue N106 May Sterically Hinder

PBZ1587-GroEL Binding. In addition to the residues
forming interactions with PBZ1587, a key difference in the

proposed PBZ1587-binding site for E. coli and E. faecium
GroEL is pocket size, dictated by residue 106 (alanine vs
asparagine, respectively) (Figures 4 and 5A,B). We hypothe-
sized that the less bulky A106 residue allows PBZ1587 entry
and residence within the E. coli RRI. Conversely, when the E.
faecium GroEL structure was overlaid onto that of E. coli
GroEL, N106 appeared to sterically hinder or obstruct
molecule binding in the pocket (Figure 5C). GroEL residue
106 mutants were made to explore whether modification of
this residue could sensitize E. faecium GroEL (N106A) or

Figure 4. E. coli and Gram-negative ESKAPE GroELs are selectively inhibited by PBZ1587 and contain a greater number of conserved PBZ1587-
contact residues than that of E. faecium GroEL. (A) IC50 values for PBZ1587-mediated inhibition of E. coli and ESKAPE GroEL MDH refolding
activity. Respective GroES from each strain were used in the assay. S. aureus GroES/GroEL could not be expressed/purified (untested). IC50 values
for data were obtained in triplicate using a 3-fold dilution series from 0.1 mM to 1.7 nM, and the error was expressed as SEM. (B) Clustal Omega
(EMBL-EBI) multiple sequence amino acid alignment between ESKAPE and E. coli GroELs. Potential PBZ1587-E. coli GroEL contact residues
from our cryo-EM structure (Figure 2) and the corresponding ESKAPE GroEL-aligned residues are outlined in black. S. aureus and E. faecium are
Gram-positive, and all others are Gram-negative bacteria. (C) Closeup view of the PBZ1587 binding site at the RRI for modeled P. aeruginosa
GroEL from the E. coli GroEL cryoEM structure with the L442 V mutation (shown in red). Only Leu442 is different from E. coli GroEL in this
region. (D) Closeup view of RRI for E. faecium GroEL from the cryoEM structure (PDB ID 9C0D), highlighting several amino acid substitutions
different from E. coli GroEL in this region. Residue numbers are shifted due to a 1-residue deletion of N433 in Gram-positive GroEL. E. faecium
T437 aligns with V438 in E. coli GroEL, and E. faecium I441 aligns with V442 in E. coli GroEL.
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make E. coli GroEL (A106N) resistant to PBZ1587. E. coli
A106N and A106N/M111A (the bulkiness of the asparagine
mutant was initially predicted to clash with M111, and thus,
the A106N/M111A mutant was made to compensate for steric
hindrance) were expressed and purified for biochemical
analysis. We were surprised to find that M111A was now
tolerated when coupled with the A106N mutation. Unfortu-
nately, E. faecium N106A and N106A/A111 M GroEL
mutations were lethal to the organism when expressed
(dominant negative effects) and could not be studied. E. coli
A106N and A106N/M111A GroEL mutants retained refolding
activity (Figure S2). E. coli A106N and A106N/M111A GroEL
were more resistant to PBZ1587-mediated inhibition in the
client-refolding reporter assay, in line with E. faecium GroEL
biochemical observations (Figure 5D). Barring other variables,
differential PBZ1587 engagement among ESKAPE GroES/
GroEL chaperone systems may explain the variance in
sensitivity to PBZ1587 in ESKAPE pathogens.
PBZ1587 Engages GroEL in the Cell but Shows Off-

Target Effects, Whereas GroEL Targeting Is Likely the
Primary Mode of PBZ1038 Action. To support on-target
activity in bacteria, a reporter system utilizing mutated eGFP
(D117/G116) was employed (previously developed by the
Horovitz group32,33). This fluorescent reporter remains
unfolded after translation and can be folded to its native
fluorescent state only by the GroES/GroEL chaperone system.
We employed acrB knockout (ΔacrB) (multidrug efflux pump
deficient) E. coli cells34,35 expressing either E. coli GroES/
GroEL or E. faecium GroES/GroEL with a plasmid expressing
D117/G116 eGFP and monitored fluorescence signal in the
presence of increasing doses of PBZ1587 (Figure 6A). In the
presence of the E. faecium GroES/GroEL, the EC50 was shifted

approximately 4-fold, arguing that PBZ1587 engages GroEL in
the cells (Figure 6A,E). To test if GroEL was responsible for
the PBZ1587 cellular mode of action, ΔacrB E. coli expressing
E. coli GroES/GroEL or ΔacrB E. coli expressing E. faecium
GroES/GroEL were treated with increasing doses of PBZ1587;
however, there was no significant shift in the observed CC50 in
the presence of E. faecium GroES/GroEL (Figure 6B,E).
Despite engaging GroEL (Figure 6A), the lack of a shift in
CC50 argued that PBZ1587 had off-target effects in the cells.
Because of the putative off-target effects of PBZ1587, we next
examined a related PBZ analogue, PBZ1038, with para-
phenolic end-capping groups (Figure 7B). Of all our PBZ
series analogues, PBZ1038 is the most potent at inhibiting
GroEL ATPase and client protein-folding functions. We first
measured the PBZ1038 effects in the eGFP reporter strain and
observed a 5-fold increase in EC50 in the presence of E. faecium
GroES/GroEL relative to E. coli GroES/GroEL (Figure 6C,E),
indicating GroEL engagement in the cells. To test if GroEL
inhibition was responsible for the antibacterial activity, we used
the ΔacrB E. coli expressing E. coli GroES/GroEL or the ΔacrB
E. coli expressing E. faecium GroES/GroEL and observed an 8-
fold shift in CC50 values for PBZ1038 (Figure 6D,E). These
data argued that GroEL was the target, leading to the observed
activity.
PBZ1038 Binds the RRI and Shows Decreased

Activity against E. faecium GroES/GroEL Refolding of
MDH. To determine if PBZ1038 bound in a manner similar to
that of PBZ1587, we first used AutoDock to predict the
binding site and pose of PBZ1038 (Figure 7B), which showed
PBZ1038 bound to the RRI at the same position as PBZ1587
and assumed a similar orientation (Figure 7A). Our initial
attempts to get PBZ-GroEL costructures by cryoEM used

Figure 5. E. faecium GroEL residue N106 may sterically hinder PBZ1587-GroEL binding. (A) E. coli GroEL RRI highlighting alanine106 as an
accommodating residue of PBZ1587 from the cryoEM structure (PDB ID 9C0B). (B) Modeled E. faecium GroEL RRI from the cryoEM structure
(PDB ID 9C0C), highlighting asparagine106 acting to sterically hinder PBZ1587 binding. (C) Superimposition of PBZ1587 from E. coli docked
with GroEL from E. faecium (PDB ID 9C0D), highlighting steric incompatibility (1.5 Å distance between N106 and PBZ1587). (D) PBZ1587-
mediated inhibition of refolding activity for E. coli, E. faecium, and mutant GroELs. WT E. coli GroES was included in each refolding experiment.
IC50 values for data were obtained in triplicate with a 3-fold dilution series from 0.1 mM to 1.7 nM, and the error was expressed as SEM.
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PBZ1038; however, we observed a large amount of
precipitation upon addition of the compound and observed
no compound occupancy in the structures. We assumed this
was due to compound solubility as PBZ1587 is much more
soluble than PBZ1038. As anticipated, PBZ1038 also showed a
large shift when tested against E. faecium GroES/GroEL-
mediated MDH refolding with no effects on native MDH
(Figure 7C), further confirming similar binding to that for
PBZ1587. Finally, using the GroEL mutants reported in
Figures 3 and 5, we tested the effects of these RRI mutants on
the PBZ1038 inhibition of GroES/GroEL-mediated MDH
refolding (Figure 7D). In each case, we saw shifts like those for
PBZ1587, including increased potency in the case of the
V442L mutant (Figure 7D,E). Collectively, these data support
the notion that PBZ1038 binds to GroEL in the same position
as PBZ1587 and has a similar mechanism of inhibition.
Expression of GroEL Mutants Rescues PBZ1038

Cellular Toxicity in ΔacrB E. coli. As a further confirmation
of GroEL inhibition being the driver of antibacterial effects, we
expressed three of the mutants that showed the largest IC50
shifts in the MDH-refolding assay in the E. coli strain MC4100.
In the presence of PBZ1587, we observed no shift in CC50
(data not shown). However, in the presence of PBZ1038, the
V438A mutant showed an approximately 8-fold shift in CC50,
and the A106N and A106N/M111A mutants showed >20-fold

shifts in CC50 (Figure 8A,B, S3A,B, S4A,B, and S5A,B). We
also observed that these CC50 shifts correlate with the level of
expression of the given mutants (uninduced vs induced in
Figures S3−S5). Collectively, these data argue for GroEL
inhibition as the primary mode of antibacterial action.

■ CONCLUSIONS
Cryo-EM, molecular modeling, and mutagenesis studies
uncovered the GroEL RRI as the binding site of two of our
lead chaperone inhibitors, PBZ1587 and PBZ1038. Both PBZ
compounds were found to potently inhibit the refolding
activity of E. coli and the Gram-negative ESKAPE pathogen
GroES/GroEL but not the Gram-positive ESKAPE pathogen
E. faecium GroES/GroEL. Biochemical inhibition of E. coli
GroES/GroEL refolding activity was more sensitive to the PBZ
compounds than E. faecium GroES/GroEL. However, despite a
shift in the inhibition of eGFP in a cellular reporter assay (23.2
vs 80.2 μM), PBZ1587 failed to show a statistically significant
shift in CC50 when E. faecium was the only copy of GroES/
GroEL in E. coli cells. There was also no shift in CC50 when
PBZ1587-resistant mutants were expressed in E. coli cells (data
not shown). However, PBZ1038 showed a robust shift in CC50
in the presence of E. faecium chaperonin and a shift in EC50 in
the eGFP reporter assay in the presence of E. faecium

Figure 6. PBZ1587 engages GroEL in the cell but shows off-target effects, whereas GroEL targeting is likely the primary mode of PBZ1038 action.
(A) MG1655 ΔacrB E. coli expressing the D117/G116 eGFP reporter and either E. coli GroES/EL or E. faecium GroES/EL in the chromosome
treated with PBZ 1587. Values for OD600 and the fluorescent signal were normalized to DMSO-treated cells, and then each fluorescent signal was
normalized to the final OD600. (B) PBZ1587 dose response in MG1655 ΔacrB E. coli with a chromosomal copy of E. coli GroES/EL or in MG1655
ΔacrB E. coli with a chromosomal copy of E. faecium GroES/EL replacing the endogenous copy. (C) eGFP reporter in strains from A with
PBZ1038. (D) PBZ1038 dose response in the same strains as B. (E) Tabulated CC50 and IC50 values from A to D. Experiments were completed in
at least triplicate with a 3-fold dilution series from 0.1 mM to 1.7 nM, and the error was expressed as SEM.
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chaperonin. Furthermore, the recalcitrant RRI mutants were
able to rescue E. coli cells when expressed off of plasmids in the
presence of PBZ1038. To our knowledge, this is the first report
of a small-molecule exerting antimicrobial effects established
through on-target-mediated inhibition of cellular GroEL
activity. Future work will include modifying the current
PBZ1038 scaffold to improve penetration and accumulation
of Gram-negative pathogens using the eNTRy rules.36,37

■ EXPERIMENTAL SECTION
Preparation of Samples for Cryo-Electron Microscopy.

Purified complexes of 6 mg/mL E. coli GroEL and 7.1 mg/mL E.
faecium GroEL were prepared without PBZ1587 or in the presence of
a 20-fold molar excess of the PBZ1587 ligand in buffer comprising 50
mM Tris pH 7.5, 150 mM NaCl, 2 mM TCEP, and <1% dimethyl
sulfoxide (DMSO). Complexes treated with a ligand were incubated
for 5 min at 4 °C prior to plunging. Quantifoil 300 mesh R1.2/1.3
UltrAuFoil Holey gold films were glow discharged for 25 s with Pelco
Easiglow 91000 (Ted Pella, Inc.) in ambient vacuum. Four μL of the

sample was applied and blot-plunged using a manual plunge freezer in
a 4 °C cold room with >95% humidity. Grids were blotted for ∼3 s
and immediately plunged into a liquid ethane pool cooled by liquid
nitrogen.
Cryo-EM Data Acquisition. Cryo-EM data were collected on a

Thermo-Fisher Talos Arctica transmission electron microscope
operating at 200 keV using parallel illumination conditions.38

Micrographs were acquired using a Gatan K2 Summit direct electron
detector, operated in electron counting mode, with a total electron
exposure of 54 e−/Å2. The Leginon data collection software39 was
used to collect micrographs at 36,000× nominal magnification (1.15
Å/pixel at the specimen level) with a nominal defocus set to 0.8−1.2
μm under focus. Stage movement was used to target the center of four
1.2 μm holes for focusing, and an image shift was used to acquire
high-magnification images in the center of each of the four targeted
holes. 1013 micrographs were collected at 1.15 Å pixel for liganded E.
coli, 276 for apo E. coli, 287 for liganded E. faecium, and 341 for apo E.
faecium complexes.
Cryo-EM Image Analysis. Cryo-EM movies were transferred to

Warp v1.0.940 for motion correction, CTF correction, and particle

Figure 7. PBZ1038 binds the RRI and shows decreased activity against E. faecium GroES/GroEL refolding of MDH. (A) PBZ1038 docked onto E.
coli GroEL (PDB ID 9C0B) with contact residues labeled. (B) Structure of PBZ1038. (C) PBZ1038-mediated inhibition of refolding activity for E.
coli GroES/EL (black), E. faecium GroES/EL (red), or native MDH (blue). (D) PBZ1038-mediated inhibition of the refolding activity of WT and
mutant GroELs. (E) Tabulated values from C and D. Experiments were completed in triplicate with a 3-fold dilution series from 0.1 mM to 1.7 nM,
and the error was expressed as SEM.
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picking. 26,066 particles, 12,714 particles, 4621 particles, and 13,898
particles were picked for liganded E. coli, apo E. coli, liganded E.
faecium, and apo E. faecium complexes, respectively. Particles were
extracted with a 256 pixel box size and imported to cryoSPARC
v3.3.241 for cleanup based on two-dimensional classification and all
subsequent processing steps. Initial models were generated ab initio
from selected particles and used to seed homogeneous or NU-
refinement of all-quality particles. Per-particle defocus and up to
fourth-order optical aberrations were corrected in cryoSPARC’s NU-
refinement protocol, and symmetry was automatically applied at this
step when noted. After visualization that all E. faecium particles were
apo, they were pooled and refined together to generate the final apo
map.
Atomic Model Building and Refinement. Model building and

refinement were initiated with published models for E. coli GroEL.
Restraints and the original PDB for PBZ1587 were generated with the
GRADE server.42 Iterative rounds of model building and refinement
were performed in PHENIX v1.19.243 and Coot 0.9-pre EL revision
898344 until reasonable agreement between the model and data was
achieved. UCSF Chimera and ChimeraX45 were used to interpret the
EM reconstructions and atomic models, as well as to generate figures.
Bacterial Strains and Plasmids. The bacterial strain used for

expression of WT E. coli GroES/GroEL and mutant E. coli GroEL was
T7 Express E. coli (camR) (NEB).

E. faecium GroESL was expressed in an MG1655 knock-in strain27

(containing chromosomal E. faecium groESL (camR), which replaced
E. coli groESL) using E. faecium groESL cloned into pET21b (ampR)
along with pCS6 (T7 RNA polymerase helper plasmid, specR)46 for
overexpression (single copy, chromosomal expression yields much
lower protein than plasmid overexpression). A similar procedure was
used for P. aeruginosa GroESL using an MG1655 knock-in strain

containing chromosomal P. aeruginosa groESL (camR), which replaced
E. coli groESL.

Cell viability assays were performed in acrB knockout E. coli
(kanR).34,35 acrB knockout E. coli (kanR) containing E. faecium groESL
[chromosomal E. faecium groESL (camR), which replaced E. coli
groESL] was generated by P1 phage transduction47 using the MG1655
knock-in strain containing E. faecium groESL as above.

The D117/G116 eGFP plasmid (pET28a, T7-promoted, kanR) was
provided by the Amnon Horovitz group32,33 for overexpression in E.
coli and was subsequently subcloned into pET21b (T7-promoted,
ampR).

The Trc-promoted E. coli GroES/GroEL plasmid (ampR) was used
for overexpression. GroEL mutants were generated using this parent
plasmid by the Naismith method.48

Protein Expression and Purification. The Trc-promoted E. coli
GroES/GroEL plasmid (ampR) was transformed into T7 Express E.
coli (camR) with overnight positive selection on 0.1 mg/mL ampicillin
and 0.025 mg/mL chloramphenicol LB agar plates. Single colonies
were picked and grown overnight in LB media (shaking at 250 rpm,
37 °C) and then diluted 1:25 in 250−500 mL of terrific broth (2 L
baffled flask) containing 0.1 mg/mL ampicillin. OD600 was monitored,
and protein expression was induced at an OD600 of 0.8 with 1 mM
IPTG. Expression was allowed to continue for up to 4 h at 37 °C,
after which cells were pelleted at 7200 g for 10 min at 4 °C. Pellets
were resuspended in 50 mM Tris pH 7.4, 50 mM KCl, 1 mM DTT,
and 1 mM PMSF and homogenized using Microfluidizer LM10. The
lysate was clarified by centrifugation (22,000g for 45 min) at 4 °C.
The clarified lysate was loaded onto pre-equilibrated FFQ resin
(Cytiva) and eluted using a 0 to 1 M NaCl (containing 50 mM Tris
pH 7.4, 1 mM DTT buffer) gradient over 10 column volumes.
GroEL-containing fractions were pooled, stirred, and slowly adjusted
to 1.2 M ammonium sulfate at 4 °C, followed by clarification at 4 °C
for 45 min at 22,000g. The clarified pool was added to a pre-
equilibrated source 15ISO (Cytiva) and eluted over 1 column volume
with 50 mM Tris pH 7.4, 50 mM KCl, 150 mM NaCl, and 1 mM
DTT. Pooled GroEL fractions were dialyzed against buffer containing
50 mM Tris pH 7.4, 150 mM NaCl, and 1 mM DTT and then stored
at 4 °C or flash-frozen for future use.

T7-promoted E. faecium groESL (pET21b, ampR) along with PBAD-
promoted pCS6 (T7 RNA polymerase helper plasmid, specR) were
transformed into MG1655 knock-in bacteria (camR) (containing
chromosomal E. faecium groESL, which replaced E. coli groESL) with
overnight positive selection on 0.1 mg/mL ampicillin, 0.05 mg/mL
spectinomycin, and 0.025 mg/mL chloramphenicol. All expression
steps from above were identical, with the exception of induction with
0.2% arabinose. The E. faecium GroEL purification was performed as
described above.

E. coli and E. faecium GroES were expressed as described above,
with the following exceptions: GroES was loaded onto preequilibrated
FFQ resin (Cytiva) and eluted using a 0 to 1 M NaCl (containing 50
mM Tris pH 7.4, 1 mM DTT buffer) gradient over 10 column
volumes. GroES-containing fractions were pooled and adjusted to pH
4.6 using 50 mM sodium acetate pH 4.6 buffer. pH-adjusted GroES
was added to a preequilibrated FFSP (Cytiva) column and eluted over
10 column volumes using a 0 to 1 M NaCl (containing 50 mM Tris
pH 4.6, 1 mM DTT buffer) gradient. GroES-containing fractions were
pooled, concentrated, and loaded onto a preequilibrated Hiload 26/
600 Superdex 75 (GE) and eluted in less than one column volume in
buffer containing 50 mM Tris pH 7.4, 300 mM NaCl, and 1 mM
DTT buffer. GroES fractions were analyzed by SDS−PAGE for
purity, as well as by native PAGE and/or electron microscopy (in
concert with GroEL) for proper quaternary structure. Pooled fractions
were concentrated and stored at 4 °C or frozen for future use.

E. coli Growth Inhibition Assay. In LB media, acrB knockout
cells (kanR)34,35 were grown overnight shaking (250 rpm) at 37 °C
with positive antibiotic selection (0.05 mg/mL kanamycin). In the
morning, cells were diluted 1:5 in fresh LB medium (without
antibiotics) and grown for 2 h with continued shaking as above. After
2 h, cells were diluted to an OD600 of 0.0125 with fresh LB media
(without antibiotics) and incubated with PBZ1587 or PBZ1038 (3-

Figure 8. Expression of GroEL mutants rescues PBZ1038 cellular
toxicity in ΔacrB E. coli. (A) PBZ1038 dose response in MC4100
ΔacrB E. coli expressing an empty vector (black circles), wild-type
GroEL (red circles), V438A GroEL (blue circles), A106N GroEL
(green circles), or A106N/M111A GroEL (black squares). (B)
Tabulated CC50 values for MC4100 ΔacrB E. coli expressing the
indicated GroEL mutants and IC50 values for dMDH refolding.
Experiments were completed in triplicate using a 3-fold dilution series
from 0.1 mM to 1.7 nM, and errors were expressed as SEM.
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fold dilution series from 0.1 mM to 1.7 nM final concentration) or
DMSO and added to a 384-well plate at a volume of 0.1 mL. Plates
were then covered with an oxygen-permeable membrane (Breathe-
Easy, Diversified Biotech) and incubated in a stationary 37 °C
incubator for 24 h. Plates were read using a SpectraMax ID5 plate
reader at 600 nm absorbance at the end time point.
D117/G116 eGFP Assay. The T7-promoted D117/G116 eGFP

plasmid32,33 (pET21b, ampR) was transformed into acrB knockout E.
coli (kanR) or acrB knockout E. coli (kanR) with E. faecium groESL
(camR) replacing E. coli groESL and underwent positive antibiotic
selection overnight on LB agar plates. Colonies were next grown
overnight with positive antibiotic selection in LB medium and diluted
1:5 with fresh LB medium (without antibiotics). A maximum of 1 mL
of each culture (in a 15 mL culture tube) was grown to an OD600 of
0.6 and induced with 1 mM IPTG after incubating with PBZ1587 or
PBZ1038 for 15 min. 0.15 mL from each sample was removed after 90
min and centrifuged at 5000g for 5 min. After centrifugation, the
supernatant was discarded, and cells were resuspended in 0.15 mL of
M9 media and then plated into a 96-well plate (black plate, clear
bottom, Corning costar 3603). OD600 and eGFP fluorescence (475
nm excitation/515 nm emission) were obtained using a SpectraMax
ID5 plate reader. Data were generated in at least triplicate, with
averages plotted using GraphPad Prism 6.0.
Refolding Assay. Refolding of denatured MDH (dMDH) by the

ESKAPE GroES/GroEL chaperonin systems was performed as
previously reported with E. coli GroESL.14 Five mg/mL MDH from
porcine heart (Sigma) was diluted 1:1 with denaturation solution (7
M guanidine, 50 mM Tris pH 7.4, 50 mM DTT) for 1 to 3 h at room
temperature before forming a binary complex (83.3 nM GroEL and
20 nM dMDH) in 50 mM Tris pH 7.4, 50 mM KCl, 10 mM MgCl2, 1
mM DTT, and 0.1% Tween 20 (the final guanidine concentration is
less than 1 mM and does not significantly alter chaperonin function).
GroES was added (100 nM final concentration) to the binary
solutions, and a volume of 30 μL was dispensed into a clear 384-well
plate (Greiner). In addition to GroES, GroEL, and dMDH solution
(binary solution), three controls were tested to ensure assay
reliability: (1) native MDH-only control (to measure the maximum
MDH activity rate), (2) dMDH-only control (to measure
spontaneous refolding activity), and (3) GroEL and dMDH only
(to measure the ability of GroEL to trap and hold dMDH without
GroES-assisted refolding). To each of the four solutions, 20 μL of
ATP solution (in binary buffer) at a concentration of 2.5 mM was
added to start the refolding process. The assay was incubated at 37 °C
and quenched with 10 μL of 0.6 M EDTA pH 8.0 at multiple time
points (for determination of refolding kinetics). To determine the
extent of dMDH refolded, 20 μL of assay solution (50 mM Tris pH
7.4, 50 mM KCl, 1 mM DTT, 0.1% Tween 20, 20 mM sodium
mesoxalate, and 2.4 mM NADH) was added to all wells, followed by
monitoring absorbance values at 340 nm using a SpectraMax ID5
plate reader. The procedure (single time point exception) was also
used to determine the extent of refolding inhibition with PBZ1587 or
PBZ1038 by incubating each solution with PBZ1587 or PBZ1038 at
the appropriate concentration (3-fold dilution series from 0.1 mM to
1.7 nM) before the binary complex was formed. Absorbance readings
were taken every 5 min until absorbance values reached their minima.
Rate determination and figure generation were done by plotting data
in GraphPad Prism 6.0. All data were generated at least in triplicate.
AutoDock Simulations. Molecules of PBZ (1587, 1038) were

prepared in ChemDraw Version 22.2 (PerkinElmer). Schrödinger
Maestro version 13.7 was selected for ligand conformational search,
and docking was performed using our solved Cryo-EM structure of E.
coli GroEL. Each molecule was docked, and the minimum energy
outputs for each interaction are displayed. Figures for each model
were created by using UCSF ChimeraX.
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