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To address the growing need for new antimicrobial agents, we explored whether inhibition of
bacterial signaling machinery could inhibit bacterial growth. Because bacteria rely on two-
component signaling systems to respond to environmental changes, and because these systems
are both highly conserved and mediated by histidine kinases, inhibiting histidine kinases may
provide broad spectrum antimicrobial activity. The histidine kinase ATP binding domain is
conserved with the ATPase domain of eukaryotic Hsp90 molecular chaperones. To find a
chemical scaffold for compounds that target histidine kinases, we leveraged this conservation.
We screened ATP competitive Hsp90 inhibitors against CckA, an essential histidine kinase in
Caulobacter crescentus that controls cell growth, and showed that the diaryl pyrazole is a
promising scaffold for histidine kinase inhibition. We synthesized a panel of derivatives and
found that they inhibit the histidine kinases C. crescentus CckA and Salmonella PhoQ but not C.
crescentus DivJ; and they inhibit bacterial growth in both Gram-negative and Gram-positive
bacterial strains.

2009 Elsevier Ltd. All rights reserved.
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With the worldwide rise in the frequency of drug-resistant bacterial infections, we face a critical clinical need for new therapies.™
One strategy to address this need involves the development of antimicrobial agents that target novel bacterial functions, and one such
class of targets is the two-component signaling (TCS) system, the signaling machinery employed by bacteria to respond to diverse
environmental signals such as nutrients, quorum signals, and ions (Figure 1A)."*® Bacteria rely on TCS pathways, which are mediated
by histidine kinases (HKs) and absent in humans,™ to respond to extracellular changes. This ability to respond and adapt is crucial for
survival in the harsh environments that bacteria encounter;'® hence several HKs are essential, including WalK (YycG) in
Staphylococcus aureus® and CckA in Caulobacter crescentus.” This suggests that disrupting TCS pathways will provide a novel
strategy for antibiotic drug discovery, because they play central roles in bacterial physiology.

Inhibition of HK function by targeting the conserved catalytic machinery of HKs is a promising strategy to disrupt TCS pathways.®
12131719 ypon activation, typically from its extracellular signaling domain interacting with its target ligand, HKs bind ATP at the
catalytic and ATP-binding (CA) domain and catalyze the transfer of the y-phosphate of ATP to a conserved histidine residue on the HK
dimerization and histidine phosphotransfer (DHp) domain (Figure 1A)."*** HKs participate in a signaling cascade that transfers this
phosphate group from the conserved, phosphorylated histidine on a HK to a conserved aspartic acid in a response regulator domain
found on a response regulator protein (RR), the HK’s cognate signaling partner (Figure 1A)."*? Typical RRs are multi-domain
proteins harboring both a response regulator domain and a DNA-binding domain. Activation of the RR by phosphorylation triggers the
RR to bind to DNA and activate gene transcription, eliciting a genetic response to the extracellular stimulus (Figure 1A).** ATP
competitive inhibitors are one method for inhibiting these kinases, and this strategy has the potential to globally inhibit all bacterial
histidine kinases, thereby affording broad-spectrum antibacterial activity." ** Indeed, recent drug discovery efforts in this area have
demon%trgtgjzghat inhibitors of multiple HKs display growth inhibition against both Gram-positive and Gram-negative bacterial
strains.” ~" ™

To find a lead molecules, we asked whether inhibitors of eukaryotic Hsp90 chaperones could serve as potent lead molecules for
HKs. Histidine kinases are members of the GHKL superfamily that includes four families of functionally diverse proteins: the HKs, the
Hsp90 molecular chaperones, the MutL DNA-mismatch-repair enzymes, and the DNA-remodeling DNA gyrases. This superfamily is
defined by the Bergerat fold, a unique ATP-binding domain crucial for ATP binding and hydrolysis and one that is not found in other
protein families (Figure 1B).* The shared structural and sequence homology in the Bergerat fold of HKs with Hsp90 molecular
chaperones suggested that Hsp90 inhibitors could also inhibit HKs (Supplemental Figure 1). Because cancer cells are often reliant on
the activity of Hsp90 to properly fold oncogenes, Hsp90 is an important drug target in its own right for the treatment of cancer, and
many inhibitors of Hsp90 have been developed, providing a selection of potential molecules for our screening efforts.”>* This strategy
showed early success: Guarnieri and co-workers demonstrated that radicicol (Figure 2), a potent Hsp90 inhibitor, weakly bound to the
Salmonella PhoQ HK with a Kq = 715 uM," and in a follow- up study with a small library of Hsp90 inhibitors, they found one hit, JH-11-
126, that also bound weakly with a Ky = 391 pM.” Neither of these studies, however, demonstrated antimicrobial activity of their hits.
Similarly, Boibessot et al. reported their rational design of HK inhibitors based on inhibitors of DNA gyrase. They found that their
inhibitors, which used a thiophene scaffold, inhibited both WalK and PhoR in vitro and demonstrated broad-spectrum antibacterial
activity.® With these efforts as inspiration, we explored whether Hsp90 inhibitors could be repurposed as antibiotics by inhibiting
histidine kinases.

To this end, we purchased six commercially available Hsp90 inhibitors (Figure 2: NVP-AUY922,% CCT018159,” BIIB 021, PU
H71,* and CUDC-305%) and tested them against the CckA histidine kinase from Caulobacter crescentus, which is a nonpathogenic,
Gram-negative bacterium that is a member of a-proteobacteria, and it serves as a model system for bacterial cell development and two-
component signal transduction.® 3 Crucially, CckA is essential in C. crescentus, and its activity is required for controlling cell-cycle
progression as well as the transcription of more than 90 genes.”" **" Moreover, CckA is conserved throughout a-proteobacteria, *
including the plant pathogen Agrobacterium tumefaciens® and the zoonotic pathogen Brucella abortus.*’ To determine which Hsp90
inhibitors interacted with CckA, we formulated the inhibitors in DMSO and measured the increase in thermal stability of CckA ina
ThermoFluor thermal shift assay at an inhibitor concentration of 30 uM (Table 1).** This assay—alternatively called differential
scanning fluorimetry* “—has recently been used in a fragment-based discovery effort against the CA domain of HKs,"" in a screen for
small molecules that bind the HK extracellular receptor domain of the Staphylococcus aureus WalK ,“>“® and in a screen to identify
amino acids that bind the extracellular domain of HK chemoreceptors in Pseudomonas syringae,*” highlighting its broad utility in HK
drug discovery and biochemistry. We used a construct of CckA (CckA-A3), comprised of amino acids 190-562 that includes its DHp
domain, its CA domain where ATP binds, and the first of its two Per-Arnt-Sim (PAS) domains that are involved in mediating
signaling.”***° We chose this construct because of its ease of expression and purification from E. coli and its favorable thermal
denaturation properties in ThermoFluor assays. As a positive control for thermal stabilization of CckA-A3, we found a thermal shift of
3.5 £ 0.3 °C using 10 MM AMPPNP, a non-hydrolyzable ATP analog. We discovered that only two Hsp90 inhibitors—NVP-AUY 922
and CCT018159—shifted the melting temperature of CckA-A3 greater than 1.5 °C relative to the DMSO-only control (Table 1),
suggesting that both these inhibitors bound tightly to CckA-A3.

Hsp90 inhibitors NVP-AUY922 and CCT018159 also inhibited CckA activity in vitro. We measured inhibition against CcCkA-ATM,
a construct of CckA spanning amino acids 70-691 that contains the entire cytosolic portion of CckA and includes an N-terminal Hisg-
tag for affinity purification,>*° using a continuous ATPase assay that couples the formation of ADP from ATP hydrolysis to NADH
oxidization using a pyruvate kinase/lactate dehydrogenase (PK/LDH) coupling system.**? In this assay we followed the oxidation of
NADH by monitoring the decrease in absorbance of NADH at 340 nm as a function of time. This assay measures the activity of any
ATPase in the reaction mixture, and contaminant ATPase could lead to false positive activity. To ensure we were only measuring CckA
activity, we purified a kinase-dead variant—CckA-ATM H322A>—using identical purification methods as the wild-type variant, and
we demonstrated that its activity is negligible relative to the wild-type (Supplemental Figure 4). We screened all six Hsp90 inhibitors
against CckA-ATM and found that only NVP-AUY 922 and CCT018159 significantly inhibited CckA-ATM below 50 uM, thereby
corroborating our ThermoFluor results (Table 1).



NVP-AUY922 and CCT018159 share structural similarity. Both feature a central five-membered heterocycle—NVP-AUY 922
includes an isoxozole, whereas CCT018159 includes a pyrazole—that connects two aromatic rings, one of which is a resorcinol ring
that is essential for binding to Hsp90.” > To explore the structure-activity relationship (SAR) of this scaffold, we synthesized a small
panel of CCT018159 analogs. We chose to focus on analogs of CCT018159 because these inhibitors could be readily synthesized in
three steps and because our thermal shift data suggested CCT018159 interacted with CckA more tightly than NVP-AUY 922,
Furthermore, these pyrazole derivatives have been reported during the development of CCT018159 as an Hsp90 inhibitor.> > This
library was designed to allow us to explore the steric and electronic effects of the 4-position of the resorcinol ring, because substitutions
at this position were shown to be important for activity against Hsp90,% ** and we asked whether similar effects played a role in HK
inhibition. Likewise, we designed inhibitors with and without a 5-methyl pyrazole core to explore steric effects of the pyrazole ring.
Finally, we explored three different aromatic rings off the pyrazole 4-position to ask whether increased polar character and size affects
potency and solubility.
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Figure 1. (A) Atypical TCS pathway. The conserved histidine residue (H) is illustrated on the HK (cyan) in the DHp domain. Likewise, the conserved
aspartic acid residue (D) on the RR (yellow) is shown. (B) A structure-based alignment®* of the CA domain of the CckA HK (PDB 5IDM?®, cyan) and the
ATPase domain of yeast Hsp90 (PDB 1AMW™, magenta). Co-crystalized nucleotides (AMPPNP, CckA; ADP, Hsp90).are shown as ball-and-sticks. Core
structurallfgatures surrounding the nucleotides are highly conserved. These domains share 12% sequence identity. RMSD of aligned C,, atoms is 1.92 A (87
residues).
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Figure 2. Hsp90 inhibitors. Guarnieri et al. demonstrated that radicicol 2
and JH-11-126" bind the PhoQ HK.



We synthesized a small library of diaryl pyrazoles following synthetic schemes described by Cheung® and Drysdale.*® Inhibitors
were prepared in two or three steps from commercially available resorcinols and phenylacetic acids. Scheme 1 shows the synthetic
route to 3,4-diarylpyrazoles 5a—e with a methyl group at the 5-position of the pyrazole ring. This three-step synthesis begins with
forming dihydroxyphenyl ketones 3a—e via Friedel-Crafts acylation of the respective resorcinols and substituted phenylacetic acids
using boron trifluoride diethyletherate (BF;*OEt,) as a Lewis acid catalyst. These products were then refluxed with acetic anhydride in
the presence of potassium carbonate to form alkylated isoflavones 4a—e, which are then converted to the final 3,4-diaryl pyrazoles 5a—e
by the heating the isoflavones with hydrazine hydrate. To synthesize inhibitors 7a—d, which lacked a 5-methyl group on the pyrazole
ring, we used a one-pot method®’ to synthesize isoflavones 6a—d, followed by pyrazole ring formation. In Scheme 2 isoflavones 6a—d
are first formed by Friedel-Crafts acylation between resorcinols and substituted phenylacetic acids using BF;*OEt,, followed by
addition of freshly prepared N,N’-dimethyl(chloromethylene) ammonium chloride, the Vilsmeier reagent, which we generated in a
separate reaction between PCls; and DMF. The second step of this scheme involves the formation of unalkylated pyrazoles 7a—d by
refluxing 6a—d with hydrazine hydrate in a manner similar to the final step of Scheme 1.

We then tested these inhibitors against CckA using both thermal shift binding assays and ATP hydrolysis assays (Table 1). Our
results show that inhibitors 5a, 5b, and 5¢ were the most potent out of this series. We found that the 4-chlororescorcinol group was
important for potency (compare 5b to 5d and 5e, Table 1), while the substitution pattern of the aromatic ring at the 4-position had less
of an impact on binding. The methyl substitution at the 5-position of the pyrazole ring also increased potency (compare 5b to 7b, Table
1). The ICs, values for inhibition of yeast Hsp90 ATPase activity in the presence of 370 pM>**® or 400 pM* ATP have been reported
by others for six compounds in this study (radicicol, 0.26 uM;*® CCT018159, 7.1 uM;* 5a, 1.65 uM;* 5b, 1.7 uM;* 5c¢, 0.65 uM;> and
5d, 36.9 uM>"). Comparing our biochemical results for inhibition of CckA (Table 1) to those against Hsp90, we see that this series of
diaryl pyrazoles shows greater potency for yeast Hsp90 than for CckA by approximately a factor of ten. Radicicol, however, is very
potent against Hsp90 but very weakly potent against CckA, highlighting that despite the similarity of these molecular targets, there is
selectivity in inhibitor binding between the two proteins.
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Table 1. ThermoFluor and inhibition data against the CckA HK.

Compound CckA-A3 thermal shift® CckA-ATM inhibition®
AT, £SD (°C) ATPase ICs / uM

Radicicol 09+04 184 (160-212)

NVP-AUY922 1.8+0.2 7.3 (6.2-8.6)

CCT018159 4002 28.0 (20.6-38.1)

BIIB 021 0.7+05 87% activity at 250 uM*

PU H71 0.5+04 61% activity at 250 uM*

CUDC-305 0.4+05 79% activity at 250 uM*

AMPPNP 35+0.3° n.t.

5a 45+02 17.5 (16.1-19.0)

5b 5.0+05 12.3 (10.8-14.0)

5¢ 53+1.0 11.2 (9.7-13.0)

5d 25+0.1 46.0 (39.4-53.7)

5e 41+05 18.6 (16.1-21.4)

7a 35+0.6 33.6 (27.8-40.7)

7b 42+05 32.7 (28.5-37.6)

7c 3.3+03 32.3(29.5-35.4)

7d 35+12 56.9 (48.4-66.8)

 Mean thermal shift of T,,, the midpoint of the thermal denaturation curve, relative to DMSO control; n = 4-6; conditions included
1.6 UM kinase and 30 uM of each compound; thermal melt curves are shown in Supplemental Figures 2-3; SD = standard deviation.

® Mean thermal shift of T,,, the midpoint of the thermal denaturation curve, relative to ultrapure water control; n = 4; conditions
included 1.6 UM kinase and 10 mM AMPPNP; thermal melt curves are shown in Supplemental Figure 2; SD = standard deviation.

© ICs (95% confidence interval); n = 2; conditions included 5 uM kinase and 100 pM ATP; n.t. = not tested.

¢ Highest concentration of compound test was 250 LM percent activity represents the residual ATPase activity measured at this
concentration.

12,13 8,17,19

Inhibition of multiple HKs may provide broad-spectrum antibacterial activity, and recent drug discovery efforts against
HKs have focused on the development of pan-HK inhibitors. To test whether the compounds described here inhibit HKs other than
CckA, we measured the inhibition of two additional HKs, Salmonella typhimurium PhoQ, which is involved in Mg?" sensing and is
required for virulence,*® * and Caulobacter crescentus DivJ, which regulates cellular differentiation.®® * We chose PhoQ and DivJ as
targets because of their diversity in the ATP-binding site: in the N-box of the HK catalytic core?* ® sits a residue conserved as a Phe,
Tyr, His, or Ala, and the aromatic amino acids are unique to HKs among GHKL family members.®* % Residues at this position sit
above ATP, and aromatic sidechains—for example, Tyr393 in E. coli PhoQ (Supplemental Figures 1 and 5)°*—make n—n stacking
interactions with the adenine ring. Wilke and Carlson hypothesized that these residues could be exploited to endow selectivity toward
HKs," and because PhoQ has Tyr, DivJ has Phe, and CckA has Ala at this position, we felt this suite of HKs could help define the role
this residue position played in inhibitor binding. We note that at this same position Hsp90 contains an Ala residue (Supplemental
Figure 1), as does CckA. We expressed and purified C. crescentus DivJ and Salmonella typhimurium PhoQ. Each construct included
the DHp-CA domains necessary for catalysis, with the DivJ construct*® ® spanning residues 188-585 and including an N-terminal Hise-
tag, and the PhoQ construct spanning residues 257-487" and including an N-terminal Hise-SUMO tag for affinity purification and
protein solubility.® We used a radioactive phosphotransfer assay in a dot blot format® that measures the transfer of the y-*P-phosphate
from [y-**P]-ATP to the HK. This assay has been used to quantify the in vitro activity of CckA and DivJ both in solution and on
liposomes.® Initially, we screened all Hsp90 inhibitors and our synthesized diaryl pyrazoles at 500 pM against DivJ and PhoQ,
quantifying the percent autophosphorylation relative to a DMSO-only control. Inhibitors showed selectivity between these HKs:
treating with diaryl pyrazoles or NVP-AUY922 lowered PhoQ phosphotransfer activity to 9-87% of an untreated control but failed to
lower DivJ phosphotransfer activity, with only CCT018159 showing DivJ activity below 85% (70% activity, Table 2). Hsp90 inhibitors
BIIB 021, PU H71, and CUDC-305 showed little-to-no inhibition of either PhoQ or DivJ, which is consistent with our results with
CckA (Table 1). We then selected a subset of these inhibitors—NVP-AUY922, CCT018159, 5b, 5¢, and 7c—to characterize their dose-
response activity against all three HKs in a phosphotransfer assay. Inhibition assays confirmed the selectivity these inhibitors show:
they inhibit CckA-ATM (ICso = 14-44 uM) more potently than PhoQ (ICs, = 238-270 uM), and they show no measurable inhibition at
800 uM against DivJ. CCT018159 inhibited all activity of DivJ at 800 uM, which represented a very steep dose-response between 400
1M and 800 uM, suggesting a non-specific mechanism® of CCT018159 against DivJ, which we attribute to aggregation of DivJ at high
CCT018159 concentrations (see below). These data suggest that the topology of the HK active site shows diversity that may be difficult



to globally exploit, and they highlight that diaryl pyrazoles may not effectively exploit the conserved aromatic rings as a selectivity
filter between HKs and Hsp90.

Table 2. Inhibitory data against multiple histidine kinases.

Compound PhoQ DivJ PhoQ inhibition” DivJ CckA-ATM
autophosphorylation®*  autophosphorylation® ICey / UM inhibition” inhibition”
Mean % activity £ SD  Mean % activity + SD ICsy / UM ICsp / UM

Radicicol 86 + 10 123+ 13 n.t. n.t. n.t.

NVP-AUY922 73+3 109 + 16 56% activity at 800 uM° No inhibition . 28 (21-37)

CCT018159 9+7 70+8 261 (200-339) No inhibition®. 30 (21-45)

BIIB 021 87+8 128 + 2 n.t. n.t. n.t.

PU H71 103+ 12 122 + 14 n.t. n.t. n.t.

CUDC-305 110+ 23 96 + 17 n.t. n.t. n.t.

5a 45+3 115+5 n.t. n.t. n.t.

5b 66+8 118+ 20 238 (195-289) No inhibition 14 (10-20)

5¢ 35+2 113+ 20 270 (220-332) No inhibition 28 (18-42)

5d 76 +2 117 +9 n.t. n.t. n.t.

5e 36+3 118+6 n.t. n.t. n.t.

7a 63 + 10 92+12 nit. n.t. n.t.

7b 62+ 4 112 +6 n.t. n.t. n.t.

7c 63+4 117+ 14 48% activity at 800 pM°® No inhibition 44 (30-65)

7d 87+10 85+ 10 n.t. n.t. n.t.

% Relative phosphotransfer as a percentage of DMSO-only control, which gives 100% activity; n = 3; conditions included 4.5 uM
kinase, 3 uM ATP, and 500 uM of each compound; SD = standard deviation.

® 1Cs, (95% confidence interval); n = 2; conditions included 4.5 uM kinase and 3 pM ATP; n.t. = not tested.

¢ Highest concentration of compound test was 800 pUM; percent activity represents the residual ATPase activity measured at this
concentration.

¢ No inhibition observed at 400 M CCT018159; at 800 M, complete inhibition is observed, which we attribute to non-specific
aggregation.

First generation HK inhibitors were found to demonstrate non-specific inhibition through protein aggregation,® ® and recent HK

inhibitor discovery efforts have shown the utility of gel-based aggregation studies to identify aggregators.'” ** % To assess whether the
inhibitors caused-non-specific protein aggregation, we screened inhibitors against all four proteins to determine whether inhibitors
caused HK aggregation under the conditions we measured our biochemical assays. After incubation of compounds with each HK, we
separated each reaction by native polyacrylamide gel electrophoresis (hative-PAGE) and visualized protein migration with colloidal
coomassie staining. We included negative controls of DMSO and ultrapure water, and we included Congo Red, a known protein
aggregator that displays nonspecific enzyme inhibition through aggregation,” as a positive control. Inhibitors reported in this study did
not aggregate CckA at up to 333 uM (Figure 3), and a subset of these inhibitors screened against DivJ and PhoQ demonstrated no
aggregation at 400 uM, and only CCT018159 caused aggregation at 800 uM with DivJ (Figure 3). These results are consistent with our
phosphotransfer assay results for CCT018159 with DivJ, where we observed no inhibition at 400 uM and complete inhibition at 800
MM (Table 2), and we attribute this behavior to aggregation of DivJ by CCT018159. We note that CCT018159 does not aggregate
PhoQ at 800 uM, suggesting that native-PAGE aggregation studies have some target-based bias.
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Figure 3. Gel-based aggression studies using Native-PAGE. Congo Red is a positive control for protein aggregation. (A) Conditions: 4.5 pM CckA-ATM,
333 uM compound, 5% (v/v) DMSO. (B) Conditions: 4.5 pM CckA-A3, 333 uM compound, 5% (v/v) DMSO. (C) Conditions: 4.7 nM PhoQ, 400 or 800 pM

compound, 10% (v/v) DMSO, 10% (v/v) glycerol. (D) Conditions: 4.5 uM DivJ, 400 or 800 pM compound, 10% (v/v) DMSO, 10% (v/v) glycerol. We denote
protein shifts indicative of protein aggregation (*).

In addition, first generation HK inhibitors also caused membrane damage and hemolysis,” demonstrating a general cytotoxicity that
suggested those early chemical leads were poor starting points for antibiotic development. In an effort to define whether the inhibitors
described in this study demonstrate adverse effects on cell membranes, we screened inhibitors in a hemolysis assay for cell lysis. We
incubated 0.5 mM of each compound with citrated sheep red blood cells, and we determined the percentage of cell lysis by measuring
the absorbance of hemoglobin at 540 nm in cleared cell lysates in the presence of each compound compared to a positive control treated
with 1% (v/v) Triton X-100, which causes complete cell lysis and release of hemoglobin (Table 3). We found that the inhibitors
reported here show minimal hemolysis of sheep.red blood cells with only CCT018159 (14%) and 5e (15%) showing hemolysis greater
than 3% among diaryl pyrazoles. Inhibitors CCT018159 and 5e are the only diaryl pyrazoles reported here that contain an ethyl

substituent at the 4-position of the resorcinol ring, suggesting that placing a nonpolar substituent at this position leads to undesirable
effects on membrane integrity.

To determine the mechanism of inhibition of diaryl pyrazoles against CckA, we measured the enzyme activity while varying both the
concentration of substrate ATP and inhibitor 5b. Given the structural similarity between HKs and Hsp90, we hypothesized that analogs
of CCT018159 would bind the HK ATP-binding site and therefore be competitive inhibitors of HKs because crystallographic studies of
Hsp90 with CCT018159 (PDB 2BRC)” or NVP-AUY922 (PDB 2VCI)® show that these inhibitors bind to the ATP-binding site of
Hsp90. Using our ATPase coupled enzyme assay with CckA-ATM, we measured the initial velocity at each inhibitor concentration and
substrate concentration (Figure 4). The data were fit to enzyme inhibition models with shared Vinay, Km, and K; parameters.” The data fit
best to a competitive model of inhibition, which is consistent with our hypothesis that these inhibitors bind to the ATP-binding site of

CckA. Given the close structural similarity among the diaryl pyrazoles, we predict that other diaryl pyrazoles inhibit HKs competitively
with ATP.
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Figure 4. Inhibitor 5b inhibits the CckA HK competitively with ATP.
Inset, Lineweaver-Burk plot. Initial rates were measured in triplicate, and the
mean and standard deviation are shown: The best fit values (95% confidence
interval) for a competitive inhibition model are shown. 5 uM CckA-ATM was
used.

Because 5b inhibited CckA competitively, we asked which molecular interactions mediated binding to the ATP-binding site. To
predict these interactions, we performed molecular docking studies of 5a—e and 7a—d with both CckA and PhoQ. For these calculations,
we chose crystal structures of the CA domains of C.crescentus CckA (PDB 51DM?®) and E. coli PhoQ (PDB 11D0°) that each contained
the ATP-analog AMPPNP and a fully defined ATP lid, a flexible loop involved in nucleotide binding.** ®* We prepared the targets using
the OEDocking toolkit’ by retaining a fragment of AMPPNP (AMPPNP trimmed back to 9-methyladenine) and two conserved water
molecules that make direct polar interactions with the adenine ring of AMPPNP. Using HYBRID," which uses a ligand-guided
approach to docking, we docked the diaryl pyrazole inhibitors, NVP-AUY922, and AMPPNP to each target with constraints for polar
interactions with both retained water molecules and a conserved Asp (Asp479 in CckA; Asp415 in E. coli PhoQ) in the D/G1-box that
hydrogen bonds to the N6 exocyclic amine of ATP. The top-scoring predicted binding modes of 5b are shown in Figure 5A-B, and
Supplementary Figures 6=7 show.the remaining top-scoring docking results. The docking poses of AMPPNP compared closely
(RMSD <0.8 A for 11 atoms) with identical atoms in the guide ligand, suggesting a successful re-docking of the ligand and validation
of this method (Supplementary Figures 6—7). The docking modes of 5b in both CckA and PhoQ were nearly identical (Figure 5A-B),
suggesting the key binding interactions between CckA and PhoQ are similar. Importantly, the predicted binding pose suggests that 5b
makes direct hydrogen-bonding interactions with the D/G1-box conserved Asp in the active site through both hydroxyl groups of the
resorcinol ring. This interaction is an important recognition element for the GHKL super family®*: it is a key element in the binding of
ATP-competitive inhibitors against Hsp90 (for example, Figure 5C°), and this same interaction is seen in the PhoQ-radicicol structure
(PDB 3CGY), the sole crystal structure of an HK bound with a ligand other than an ATP analog at the ATP-binding site." These poses
help explain, in part, the SAR we observe, where the 4-chlororesorcinol derivatives 5a—c and 7a—c are more potent than the
ethylresorcinol 5e and resorcinol (5d, 7d) derivatives. Substituents at the 4-position of the resorcinol ring are predicted to occupy a
pocket largely composed of hydrophobic residues with a single, conserved Asn “lid” of the N-box (Leu446-Met472-Val386-Asn389 in
PhoQ; Leu510-Phe536-Val431-Asn434 in CckA). The predicted inhibitor binding modes suggest that larger aliphatic substituents such
as 4-ethyl in CCT018159 and 5e may not provide an optimal fit in to this pocket, while inhibitors lacking any substitution at 4-
resorcinol position do not complement this pocket. The 4-chlororesorcinol derivatives may inhibit best because they include a
substituent at the 4-resorcinol position that fills this pocket with enough polar character to limit unfavorable hydrophobic interactions
with the conserved Asn “lid”. The most common pose for inhibitors 5a—e, which contain a 5-methyl group on the pyrazole ring,
positions the 5-methyl group pointed out toward solvent in PhoQ and within 2.4 A of Thr499 and 3.6 A of Phe497 in CckA. We are
unable to explain the increased potency of this series relative to 7a—d, but we speculate that perhaps it makes favorable hydrophobic
contacts with the flexible ATP-lid. Taken together, these data suggest the active sites of two different HKs accommodate diaryl
pyrazoles via similar chemical interactions.

Moreover, the predicted poses of the diaryl pyrazole inhibitors illustrate a potential strategy for developing HK-selective inhibitors
from this series. Our PhoQ docking model for all the inhibitors described here show an important n—x stacking interaction with Tyr393
of the conserved N-box, which is a hydrophobic interaction observed between the adenine ring of AMPPNP and PhoQ (PDB 11D0°%)
(Figure 5B, Supplementary Figure 7). This same n—= stacking interaction has been reported for similar docking studies with



compounds that share little structural similarity with the diaryl pyrazole scaffold, suggesting that this interaction is key for maintaining
productive ligand-protein interactions at the ATP-binding site of HKs.% *"® HKs conserve Ala, Tyr, Phe, and His at this site of the N-
box (Supplementary Figures 1 and 5),% **® and because the aromatic residues Tyr, Phe, and His are conserved only in HKs among
the GHKL family members, Wilke and Carlson proposed exploiting this interaction as a selectivity filter between HKs and gyrase B,
MutL, and Hsp90." Our docking results support this hypothesis. A structure-based sequence alignment of the CA domain of HKs with
the Hsp90 ATPase domain shows that Hsp90 bears an Ala residue (Ala4l, yeast; Ala55, human) at the end of the N-box where PhoQ
bears Tyr393 (Supplementary Figure 1). This smaller residue opens additional space within the N-box helix in Hsp90 compared to
PhoQ, and consequently, in crystals structures of diaryl pyrazoles bound to Hsp90—for example Hsp90 bound with VER-49009 (PDB
30WB?), a close structural analog of 5b (Figure 5C)—the pyrazole ring pivots toward the N-box helix relative to the docking mode
calculated for PhoQ and CckA (Figure 5A-B). A structural alignment of the PhoQ-5b docking result with Hsp90-VER-49009
illustrates that the PhoQ HK is likely unable to accommodate the Hsp90-like binding mode because of direct steric interactions with
Tyr393 (Figure 5D). Therefore, we hypothesize that molecules that maintain the favorable n—= interactions with the N-box aromatic
residues and the hydrogen-bonding interactions with the D/G1-box Asp and ordered waters in the active site but are unable to pivot may
provide selectivity for HKs over Hsp90 inhibitors. What is striking is that CckA harbors Ala at this same position (Ala438), yet the
predicted binding mode adopts the PhoQ-like trajectory of the diaryl pyrazole rather than the Hsp90-like made. It is tempting to suggest
that N-box aromatic residues are not strictly necessary to differentiate the HK active site from an Hsp90 active site, and we believe
structural evidence of a diaryl pyrazole bound to CckA bound would help resolve this outstanding question. We note that one possible
strategy to select for HK inhibition over Hsp90 inhibition could include exploiting the F-box,"** a sequence motif that appears N-
terminal to the ATP-lid, that contains at least one Phe residue, and that is conserved in HKs but not other GHKL members.** Our
docking results (Figure 5A-B) place this motif approximately 10.5 A away from the C4-position of the pyrazole ring among our diaryl
pyrazoles, suggesting that derivatives at the pyrazole C4-position may be able to exploit this motif. Future work will focus on the design
of derivative molecules that bind the HK fold but have lost interaction with Hsp90 and other GHKL family members.

Figure 5. (A) Predicted binding mode of 5b with the CckA CA domain. The top-scoring pose of 5b with CckA (PDB 5IDM?®) is shown. (B) Predicted
binding mode of 5b with the PhoQ CA domain. The top-scoring pose of 5b with PhoQ (PDB 11D0°) is shown. For (A) and (B) the HK is cyan with key
conserved HK elements highlighted (N-box, orange; D/G1-box, green; ATP lid, slate blue; G2-box, white/grey), amino acid sidechains within 5 A of 5b are
shown as lines, 5b is yellow sticks, the conserved Asp that hydrogen bonds to the exocyclic ATP nitrogen is green sticks, and the conserved first Phe of the F-
box is shown as transparent, cyan spheres. (C) Co-crystal structure (PDB 30WB?®) of human Hsp90 with VER-49009, a close structural analog of 5b. Hsp90 is
magenta, and motifs conserved with HKs are highlighted as above. (D) Docked binding mode of 5b with PhoQ overlayed with VER-49009 from Hsp90. PhoQ
Tyr 393 is shown as transparent, orange spheres.

We next aimed to demonstrate that the inhibitory activity of CCT018159 analogs against HKs in vitro translated to an in vivo model.
We used the broth-dilution method to determine the minimum inhibitory concentration (MIC) of these compounds (Table 3).” We
tested inhibitor susceptibility against model Gram-positive (B. subtilis YB886™) and Gram-negative strains (E. coli DC2® " and C.
crescentus NA1000™). In terms of conservation of the HKs we assayed for biochemical inhibition among these three bacterial strains,
CckA and Divd are only found in C. crescentus, and PhoQ is only found in E. coli. Because we did not know whether these inhibitors
would cross into the bacterial cytoplasm, where the ATP-binding domains of HKs reside, we used E. coli DC2, which is a strain
hypersensitive to antibiotics due to increased cell permeability.”® " Inhibitors were most potent against E. coli DC2, which we expected
based on the increased susceptibility to antibiotics this strain exhibits, and were least potent against C. crescentus, a Gram-negative
strain (Table 3). Inhibitor 5b, which effectively inhibited both CckA and PhoQ in vitro, was also effective at inhibiting bacterial growth
of each strain. Generally, the chlororesorcinol derivatives 5a—c and 7a—c were more potent than the ethylresorcinol 5e and resorcinol
(5d, 7d) derivatives. Comparing inhibitor 5b to our lead molecule CCT018159, we see that while 5b inhibits and stabilizes CckA better
than CCT018159 (Table 1), CCT018159 inhibits antimicrobial growth at lower concentrations for both C. crescentus and B. subtilis. Of
the Hsp90 inhibitors we originally screened (radicicol, NVP-AUY922, CCT018159, BIIB 021, PU H71, and CUDC-305), only the
diaryl pyrazole CCT018159 inhibited C. crescentus and B. subtilis growth at or below 300 uM, and radicicol, which Guarnieri
demonstrated bound weakly to Salmonella PhoQ HK" " and which we found only weakly inhibited CckA, did not inhibit bacterial
growth. We note that CCT018159 demonstrated mild hemolysis effects at 0.5 mM and aggregated DivJ at 0.8 mM, suggesting that its
mechanism of action may be due in part to membrane disruption. Future experiments will explore the mechanisms of antimicrobial
action, including whether these inhibitors cause membrane disruption against bacteria, and whether they display bacteriostatic or
bactericidal effects.



The diaryl pyrazoles reported here demonstrate similar potency with recently described HK inhibitors (Figure 6). Recent drug
discovery efforts have utilized virtual screening (Liu,™ Lv,"* Velikova'’), fragment-based screening (Velikova'’), structure-based drug
design (Boibessot®), and high-throughput screening methods (Wilke™), and each method has yielded promising lead scaffolds for
antibiotics targeting HKs. Our method, which focuses on repurposing drug-like molecules that inhibit a conserved superfamily member,
demonstrates that lead molecules of comparable efficacy may be developed using rational design approaches. In biochemical assays for
either ATPase activity (this study, Liu,” and Lv**) or phosphotransfer assays (this study, Boibessot,® Velikova,'” and Wilke'®), the ICs,
values span roughly two orders of magnitude. For example Wilke 11" has an ICs, of 1.21 pM against T. maritima HK853, and 5d has
an 1Cs, of 238 uM against S. typhimurium PhoQ (Figure 6). Compared to the best HK inhibitors described to date (Lv H2-81' and Liu
H5-33," which have ATPase ICs, values of 24 uM against Staphylococcus epidermidis WalK and MIC values against Gram-positive S.
epidermidis of <2 pg mL™), our inhibitors show similar biochemical activity but are less active at inhibiting bacterial growth. We have
not tested our inhibitors against WalK or S. epidermidis, so these differences may be target specific. Furthermore, only Wilke and co-
workers, who measured drug binding by displacement of a fluorescently labeled ATP-analog," and this study have demonstrated direct
competition of inhibitors with ATP; thus it remains possible that other reported HK inhibitors work by another mechanism that leads
them to be more potent in vivo. Because the biochemical assays use different ATP concentrations, and HKs have a wide range of K,
values for ATP (~ 2.4-300 uM, see Trajtenberg’®), we note that direct comparisons between each study should be made with caution.
That said, two general trends appear. First, each inhibitor typically shows a range of potencies for HKs (Figure 6), suggesting one
pharmacophore may not be able to potently inhibit HKs universally. And second, the MIC values for Gram-negative bacteria typically
are higher than Gram-positive strains. For example, Boibessot 6d° has an MIC that is 4.5x higher for E. coli than B. subtilis, while
Velikova and co-workers'’ found that $1.13 did not affect E. coli growth at 500 ug mL ™ despite having-an MIC of 8 ug mL " against S.
aureus (Figure 6). In this study, we found that 5b has a comparable MIC between C. crescentus and B. subtilis. These strain-related
differences may be attributed in part to membrane permeability: like Wilke and co-workers,*® we used E. coli DC2, a strain with a
compromised cell membrane,” " and found higher potency of our diaryl pyrazoles with this strain compared to C. crescentus, which is
not hypersensitive to antibiotics. Recent work by Velikova and co-workers involving encapsulation of HK inhibitors in e-poly-L-lysine
capped nanoparticles supports this hypothesis.?® For example, they demonstrated that capped nanoparticles harboring inhibitor Velikova
S$1.13 had an MIC against E. coli CFT 073 of 25 ug mL™, which is more than tenfold lower than Velikova S1.13, and these effects were
attributed to the ability of e-poly-L-lysine capped nanoparticles to associate with the bacterial outer membrane, followed by release of
the HK inhibitor cargo inside the cell, thereby bypassing the protective outer membrane Gram-negative bacteria contain.” In addition,
these effects may be explained by the fact that E. coli does not contain essential HKs,** ®* whereas C. crescentus has four (CckA, CenK,
DivL, PetR),**" and B. subtilis has one (YycG, which is also known as WalK or VicK).*> ® Future experiments will focus on
distinguishing between these two potential modes of action.

Finally, we recognize that the diaryl pyrzoles, like many other HK inhibitors (Figure 6), inhibit growth only at relatively high
concentrations (>150 uM), which suggests the antimicrobial effects may occur from either inhibiting multiple HKs, or by inhibiting off-
target enzymes or by damaging effects on the bacterial cell membrane. Given that 5b and 5¢ inhibit both CckA and PhoQ (Table 2) in
vitro, albeit with increased potency for CckA by an order of magnitude, the effects we see on C. crescentus may be due to inhibition of
multiple HKs. An outstanding question is whether these growth inhibition effects on C. crescentus are due to CckA inhibition, and we
are currently developing experiments to test this directly. At this time, we cannot rule out that antimicrobial activity occurs from off-
target inhibition or from membrane damage.

In summary we report that repurposing diaryl pyrazole-based, ATP-competitive Hsp90 inhibitors as antibiotics targeting HKs is a
promising strategy for the development of novel antibacterial agents. We synthesized and evaluated derivatives of CCT018159 and
discovered that the presence of a'chlororesorcinol ring was the most important structural feature for increasing potency with this series.
Inhibitor 5b demonstrated favorable properties both for biochemical inhibition of CckA, an essential HK in C. crescentus, and PhoQ, a
HK in Salmonella that is essential for virulence, as well as inhibiting growth of three bacterial strains. Interestingly, despite the
conservation of the Bergerat fold ATP-binding domain between Hsp90 and HKs, we discovered that not all Hsp90 inhibitors are
effective HK inhibitors. This series represents a promising start toward the development of antibiotics that disrupt bacterial signaling
pathways. Because these diaryl pyrazole inhibitors also inhibit Hsp90, further development of this series will focus on both increasing
the antimicrobial activity and increasing HK inhibition while decreasing Hsp90 inhibition.
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Table 3. Hemolysis data against sheep red blood cells and antimicrobial activities against three bacterial strains.

Compound MIC values / pM (ug ml™)°

Hemolysis® E. coli C. crescentus B. subtilis

Mean % hemolysis + SD DC2" " NA1000" YB886"
Radicicol 0x1 >300 (>109) >300 (>109) >300 (>109)
NVP-AUY922 1+1 37.5-75 (17-35) >300 (>140) >300 (>140)
CCT018159 14 +10 37.5-75 (13-26) 150-225 (53-79) 112.5 (40)
BIIB 021 6+8 >300 (>95.6) >300 (>96) >300 (>96)
PU H71 1+1 75-225 (38-115) >300 (>154) >300 (>154)
CUDC-305 3+1 4.7-75 (2-33) >300 (>133) >300 (>133)
5a 1+1 37.5-75 (11-23) 225 (68) 150 (45)
5b 342 37.5-75 (12-25) 225 (74) 150-225 (50-74)
5¢ 242 75 (27) 225 (81) 112.5-150 (40-54)
5d 2+2 75-150 (22-44) >300 (>89) >300 (>89)
5e 15+ 2 75 (24) 225 (73) 112.5 (36)
7a 0+1 37.5 (11) 150-225 (43-65) 225 (65)
7b 0+1 37.5(12) 225 (71) 150 (48)
7c 1+1 37.5-75 (13-26) 150-225 (52-78) 112.5-225 (39-78)
7d 3+2 37.5-112.5 (11-32) >300 (>85) >300 (>85)

 Mean relative hemolysis of citrated sheep red blood cells at.0.5 M compound, 10% (v/v) DMSO, reported as a percentage of the
positive control Triton X-100; n = 4; n = 8 for the controls; SD = standard deviation.

® Minimum inhibitory concentration measured using the broth-dilution method; (MIC in pg mL* units, calculated from MIC in
MM and MW of each compound); n = 2-3; ranges indicate the MIC values measured in replicate experiments; concentrations of 300
UM were the highest measured.
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Figure 6. Comparison of 5b to previously reported HK inhibitors. Structures of HK inhibitors with selected biochemical and biological data from earlier
studies are shown, and compound names include the lead author surname and the compound name from each study (Boibessot®, Lv*, Liu®®, Velikova®’, Wilke™).
G" = Gram positive strain; G~ = Gram negative strain. MIC values in each study were reported either in units of pug mL™ or pM. For ease of comparison, we
calculated each corresponding value using the compound MW, and we denoted (*) these calculated values.
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