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ABSTRACT: Enterobacterales, a large order of Gram-negative bacteria, including Escherichia
coli and Klebsiella pneumoniae, are major causes of urinary tract and gastrointestinal infections,
pneumonia, and other diseases in healthcare settings and communities. ESBL-producing
Enterobacterales and carbapenem-resistant Enterobacterales can break down commonly used
antibiotics, with some strains being resistant to all available antibiotics. This public health
threat necessitates the development of novel antibiotics, ideally targeting new pathways in
these bacteria. Gram-negative bacteria possess an outer membrane enriched with lipid A, a
saccharolipid that serves as the membrane anchor of lipopolysaccharides and the active
component of the bacterial endotoxin, causing septic shock. The biosynthesis of lipid A is
crucial for the viability of Gram-negative bacteria, and as an essential enzyme in this process,
LpxH has emerged as a promising target for developing novel antibiotics against multidrug-
resistant Gram-negative pathogens. Here, we report the development of pyridinyl sulfonyl
piperazine LpxH inhibitors. Among them, ortho-substituted pyridinyl compounds significantly
boost LpxH inhibition and antibiotic activity over the original phenyl series. Structural and QM/MM analyses reveal that these
improved activities are primarily due to the enhanced interaction between F141 of the LpxH insertion lid and the pyridinyl group.
Incorporation of the N-methyl-N-phenyl-methanesulfonamide moiety into the pyridinyl sulfonyl piperazine backbone results in JH-
LPH-106 and JH-LPH-107, both of which exhibit potent antibiotic activity against wild-type Enterobacterales such as K. pneumoniae
and E. coli. JH-LPH-107 exhibits a low rate of spontaneous resistance and a high safety window in vitro, rendering it an excellent lead
for further clinical development.
KEYWORDS: antibiotics, Gram-negative bacteria, Enterobacterales, lipid A, LpxH, pyridinyl sulfonyl piperazine,
N-methyl-N-phenyl-methanesulfonamide

■ INTRODUCTION
Enterobacterales, a significant order within Gram-negative
bacteria, are responsible for a wide range of infections, such as
urinary tract and gastrointestinal infections, pneumonia,
meningitis, and sepsis. A major concern regarding Enter-
obacterales is the alarming rise of antibiotic resistance within
this group. These bacteria exhibit a remarkable ability to
develop resistance to multiple antibiotics through various
mechanisms, including the production of β-lactamases, efflux
pumps, and alterations in the bacterial cell wall.1 This
resistance significantly undermines the effectiveness of many
commonly used antibiotics, resulting in prolonged illnesses,
increased healthcare costs, and higher mortality rates.
Particularly worrisome is the rise of extensively drug-resistant
(XDR) and pan-drug-resistant (PDR) strains of Enter-
obacterales, such as extended-spectrum β-lactamase (ESBL)-
producing Enterobacterales and carbapenem-resistant Enter-
obacterales (CREs). Infections caused by these strains are
virtually untreatable with currently available antibiotics,
prompting the CDC and WHO to classify these bacteria as
serious and urgent threats.2,3 Driven by the emergence of

antibiotic-resistant strains and the limited efficacy of existing
treatment options, there is an urgent need for new antibiotics
against Enterobacterales.
Unlike Gram-positive bacteria, which have a single cell

membrane, Gram-negative bacteria, such as Enterobacterales,
have an additional outer membrane that serves as a protective
shield against antibiotic penetration (Figure 1A). This outer
membrane contains complex structures, such as lipopolysac-
charides (LPS), that play essential roles in maintaining the
bacterial structure, integrity, and interactions with the
environment and human hosts. Serving as the hydrophobic
anchor of LPS, lipid A and its constitutive biosynthesis are
required for bacterial viability and fitness in the human
host.4−6
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Lipid A biosynthesis, which is most thoroughly characterized
in Escherichia coli�a prototypical bacterium of the Enter-
obacterales, involves nine enzymes in the Raetz pathway
(Figure 1B).4 The fourth step�and the first membrane-
associated reaction in lipid A biosynthesis�the cleavage of the
pyrophosphate group of UDP-DAGn to form lipid X�is
carried out by one of three functional orthologs: LpxH in β-
and γ-proteobacteria,7 LpxI in α-proteobacteria,8 and LpxG in
Chlamydiae.9 Among these three enzymes, LpxH is most
widespread, functioning in ∼70% of Gram-negative bacteria,
including all clinically important Enterobacterales, such as K.
pneumoniae, E. coli, and others. Following the hydrolysis
reaction, five additional enzymes are required to generate
Kdo2-lipid A, which is sufficient to maintain bacterial viability
in most Gram-negative organisms.
Since LpxH activity is required for the biosynthesis of lipid A

and the integrity and functionality of the outer membrane,
disruption of LpxH activity can significantly impact bacterial
viability, virulence, and antibiotic resistance. Indeed, inhibition
or genetic depletion of LpxH leads to toxic membrane
accumulation of lipid A intermediates (i.e., the LpxH substrate
UDP-DAGn) and distortion of the inner membrane,10,11

resulting in an independent mechanism of bacterial killing in
addition to the disruption of lipid A biosynthesis. Consistent
with this notion, Acinetobacter baumanii can survive the loss of
lipid A through null mutations in genes encoding early-stage
lipid A enzymes (lpxA, lpxC, or lpxD). However, deletion of
lpxH alone is lethal due to the toxic accumulation of the LpxH
substrate.12 Additionally, resistance mutations to LpxC
inhibitors are most commonly found in the fabZ gene,13,14

resulting in compromised fatty acid biosynthesis that
rebalances reduced lipid A biosynthesis.14 In contrast,
resistance mutations to LpxH inhibitors, as shown in both
literature11 and our results below, occur almost exclusively in
lpxH and not in fabZ. This further supports the idea that the
toxic accumulation of the lipid A intermediate, UDP-DAGn

(substrate of LpxH), cannot be mitigated by reducing fatty
acid biosynthesis. These observations collectively underscore
the unique therapeutic potential of novel antibiotics targeting
LpxH in Gram-negative bacteria.
Understanding the structure and function of LpxH is critical

to harnessing its therapeutic potential and has been of great
interest in the field of antibacterial drug discovery. Research
efforts focused on elucidating the structure and biochemical
mechanisms of LpxH have provided valuable insights into its
function and potential as a drug target.15−17 To explore LpxH
as a new antibiotic target against multidrug-resistant Gram-
negative pathogens, we embarked on the development of LpxH
inhibitors derived from AZ1 (Figure 1B), a sulfonyl piperazine
inhibitor of LpxH identified through a high-throughput
phenotypic screen by AstraZeneca.11 To probe the molecular
details of its interaction with LpxH, we crystallized K.
pneumoniae LpxH in complex with AZ1 at 2.3 Å.18

Unexpectedly, our NMR study revealed that there were two
distinct conformations of LpxH-bound AZ1. Exploiting this
ligand-dynamics information, we designed a more potent LpxH
inhibitor, JH-LPH-33 (Figure 1B). Our crystal structure
analysis of JH-LPH-33 in complex with K. pneumoniae LpxH
confirmed our predicted binding mode, with the chloro group
filling in the hydrophobic pocket occupied by the terminal
methyl group of the 2 N-linked acyl chain shared by the
substrate UDP-DAGn and product lipid X. Excitingly, JH-
LPH-33 inhibited LpxH significantly more potently than AZ1.
Building on these successes, herein we describe our effort
toward the design, synthesis, and evaluation of a class of new
pyridinyl sulfonyl piperazine LpxH inhibitors with outstanding
antibiotic activity against wild-type Enterobacterales, such as K.
pneumoniae and E. coli.

Figure 1. Lipid A biosynthesis in E. coli. (A) Schematic illustration of the E. coli cell envelope. (B) Raetz pathway of lipid A biosynthesis in E. coli.
The inhibition of LpxH by the previously reported compounds AZ1 and JH-LPH-33 is indicated. Adapted from ref 19. Copyright 2021 American
Chemical Society.
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■ RESULTS AND DISCUSSION

Synthesis and Characterization of Pyridine and Other
Heteroaromatic Analogs of AZ1
Synthesis. After extensive exploration of the structural

modification of the indoline part of AZ1,18−22 we embarked on
the modification of the trifluoromethyl-substituted phenyl tail
part to further investigate the chemical space around AZ1.
Toward this goal, we synthesized AZ1 derivatives with the
trifluoromethylphenyl ring replaced with similarly substituted
heteroaromatic rings such as pyridine, thiazole, or thiadiazole.
The synthesis of these heteroaromatic analogs was accom-
plished following the procedures we have established for AZ1
(Scheme 1). Pd-mediated coupling of commercially available

aryl bromides (1a−e) and tert-butyl piperazine-1-carboxylate
(2) provided the Boc-protected N-pyridinyl and N-thiazolyl
piperazines 3a−e (Scheme 1A). Boc deprotection of 3a−e by
TFA followed by coupling of the resulting piperazines with
commercially available 1-acetylindoline-5-sulfonyl chloride (4)
proceeded smoothly to afford the desired pyridine and thiazole
analogs JH-LPH-86, 89, 88, 90, and 85 (5a−e). Coupling of
the commercially available 2-(piperazin-1-yl)-5-(trifluorometh-
yl)-1,3,4-thiadiazole (6) to 4 afforded the desired dithiazole
analog JH-LPH-87 (5f), albeit in low yield (15%) (Scheme
1B). In a similar manner, the pyrimidine analogue JH-LPH-93
(5g) was prepared starting from 2-bromo-4-(trifluoromethyl)-
pyrimidine (1g) (Scheme 1C).
Characterization. The activities of the derivatives of the

LpxH inhibitor, AZ1, with its trifluoromethyl-substituted
phenyl ring replaced with similarly substituted heteroaromatic
rings, were evaluated in our enzyme-coupled LpxH activity
assay (Figures 2A and S1).20 While AZ1 derivatives containing
substitutions with five-membered heteroaromatic rings (JH-
LPH-85 and JH-LPH-87) were generally less active than AZ1,
we found that compounds with the pyridine nitrogen at
different locations showed a distinct structure−activity
relationship (SAR). Pyridine rings containing nitrogen at the
para-position (JH-LPH-88) or meta-position (JH-LPH-89) to
the piperazine ring had IC50 values of 3182 nM and 2464 nM,
respectively, reducing the potency of AZ1 (IC50 = 360 nM) by
∼7−9 folds. In contrast, pyridine rings containing the nitrogen
atom at the ortho-positions to the piperazine ring (JH-LPH-86
and JH-LPH-90; Figure 2A) dramatically enhanced the
potency of LpxH inhibition over AZ1, reducing the IC50
value of AZ1 from 360 to 85 nM for JH-LPH-86 and 112
nM for JH-LPH-90, corresponding to a 3.2- to 4.2-fold
reduction of the IC50 values.
The binding modes of JH-LPH-86 and JH-LPH-90 were

determined by X-ray crystallography (statistics shown in Table
S1). Both compounds exhibited binding modes that aligned
closely with AZ1 in the crystal structure (Figure S2). Due to
the lack of an obvious structural explanation for the observed
SAR, we applied the symmetry-adapted perturbation theory
(SAPT)23,24 to investigate the noncovalent π−π stacking
between F141 of LpxH and the phenyl ring in AZ1 and the
pyridine ring of JH-LPH-86 and JH-LPH-90. Aromatic rings
are important moieties for biological interactions and protein−
drug interactions. As π−π (both stacking and T-shape), anion-
π, and cation-π are the main interaction types described in the
literature,25 we expected the noncovalent π−π stacking
between the side chain of F141 of LpxH and the aromatic
rings in AZ1, JH-LPH-86, and JH-LPH-90 to be a key
contributor to the binding free energy. Computational results
from SAPT2 + 3 (Table S2) revealed that JH-LPH-86/90 have
lower total interaction free energies compared to AZ1, with the
most significant difference (∼1 kcal/mol) from the repulsive
exchange term between the phenyl ring in AZ1 and the
pyridine rings in JH-LPH-86/90 toward F141 of LpxH, while
the differences among other energy components is lower than
0.5 kcal/mol. With one C atom in the phenyl ring replaced by
the N atom in the pyridine ring, the repulsive interaction
between JH-LPH-86/90 and F141 of LpxH is weaker than that
between AZ1 and F141 of LpxH. With all the components
(electrostatics, exchange, induction, and dispersion) combined,
the total interaction energy between JH-LPH-86/90 and LpxH
is ∼0.3 kcal/mol lower than that between AZ1 and LpxH,
supporting the experimental observation of the stronger LpxH

Scheme 1. Synthesis of Pyridine and Other Heteroaromatic
Analogs of AZ1

aPd2(dba)3 (5 mol %), JohnPhos (10 mol %), NaOt-Bu, toluene,
reflux, 15−18 h, 3a: 57%, 3b: 96%, 3c: 80%, 3d: 79%, 3e: 69%. b(i)
TFA, CH2Cl2, 25 °C, 2 h; (ii) 1-acetylindoline-5-sulfonyl chloride
(4), Et3N, 1,4-dioxane, 60 °C, 3 h; 25 °C, 14−15 h, 5a: 68%, 5b: 10%,
5c: 40%, 5d: 14%, 5e: 40% over two steps. c4, Et3N, 1,4-dioxane, 60
°C, 3 h; 25 °C, 14 h, 15%. d2, Pd2(dba)3 (5 mol %), JohnPhos (10
mol %), NaOt-Bu, toluene, reflux, 15 h, 53%. e(i) TFA, CH2Cl2, 25
°C, 2 h; (ii) 4, Et3N, 1,4-dioxane, 60 °C, 3 h; 25 °C, 14 h, 7% over
two steps.
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binding of JH-LPH-86/90 than AZ1. Since SAPT calculations
are highly sensitive to the starting conformations, a similar
analysis for the weaker JH-LPH-88 and JH-LPH-89 could not
be reliably conducted due to the lack of structural information
on their binding poses.
Encouraged by the significant enhancement of LpxH

inhibition by the two pyridine analogs, we asked whether the
enhanced potency of the ortho-nitrogen substituted pyridine
compounds JH-LPH-86 and JH-LPH-90 could be combined.
Therefore, we designed and synthesized a new analogue by
converting the pyridine ring to the pyrimidine ring (Scheme
1C). Surprisingly, we found that the pyrimidine ring analog
(JH-LPH-93) did not show further potency enhancement.
Instead, it displayed weaker inhibition than that of JH-LPH-86
and had an IC50 value of 100 nM (Figure 2A).
Chloro-Substitution of the Trifluoromethyl Pyridine
Compound Further Enhances Potency

Synthesis. We previously reported that the trifluoromethyl
substituted LpxH inhibitor AZ1 adopted two distinct

conformations when bound to LpxH, with the two
conformations correlated with a ring flipping event.18 This
led to the design of JH-LPH-33 with an additional chloro-
substitution at the meta-position. JH-LPH-33 dramatically
improved the potency of AZ1. To determine whether a similar
chloro incorporation is beneficial, we combined the chloro-
substitution at the meta-position in JH-LPH-33 (Figure 1) with
the pyridine group in JH-LPH-86 and designed the 2-chloro-4-
triflouromethyl pyridine analogue JH-LPH-92 (5h, Scheme 2).
Starting from commercially available 2-bromo-6-chloro-4-
(trifluoromethyl)pyridine (1h), Pd-mediated coupling of 1h
with tert-butyl piperazine-1-carboxylate (2) provided the Boc-
protected N-pyridinyl piperazine 3h. Boc deprotection of 3h
by TFA followed by coupling of the resulting piperazine with
1-acetylindoline-5-sulfonyl chloride (4) in the presence of
Et3N proceeded smoothly to afford the desired 2-chloro-4-
triflouromethyl-substituted pyridine analog JH-LPH-92. Acetyl
deprotection of JH-LPH-92 under acidic conditions, followed
by treatment with CDI and NH4OH, completed the synthesis

Figure 2. SAR of LpxH inhibitors. (A) Chemical structures and IC50 values of LpxH inhibitors. (B) Antibiotic activities against K. pneumoniae
10031.
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of the corresponding urea derivative JH-LPH-97 (7). The urea
derivative JH-LPH-97 was expected to have enhanced aqueous
solubility compared to JH-LPH-92.
Characterization. Similar to our previous report that the

doubly substituted phenyl ring with a trifluoromethyl and a
chloro group in JH-LPH-33 significantly enhances the potency
of AZ1, we found that the 2-chloro-4-trifluoromethyl
substituted derivatives (JH-LPH-92 and JH-LPH-97) of the
pyridine compound JH-LPH-86 further reduced the IC50 value
from 85 to 4.6 nM (JH-LPH-92) and 7.6 nM (JH-LPH-97),
corresponding to 11- to 18-fold further enhancement of the
LpxH inhibition (Figures 2A and S1). Our analysis of the
crystal structure of JH-LPH-92 bound to K. pneumoniae LpxH
(Table S1 and Figure S3) revealed a binding mode similar to
that of the previously reported phenyl compound, JH-LPH-33,
corroborating that the pyridine substitution of the phenyl
group is the main contributing factor to the enhancement in
potency.
Accompanying the dramatic improvement in the potency of

these compounds for LpxH inhibition over AZ1, there is a
corresponding enhancement of antibiotic activity (Figure 2B).
Even though the parent compound AZ1 and its disubstituted
derivative JH-LPH-33 displayed weak to modest antibiotic
activity when tested against K. pneumoniae 10031, with MIC
values of >64 and 1.6 μg/mL, respectively, the ortho-
substituted pyridine compounds JH-LPH-86, JH-LPH-92,
and JH-LPH-97 dramatically reduced the MIC values to
0.25, 0.08, and 0.10 μg/mL, respectively, corresponding to
∼16- to 25-fold reduction of the MIC values for the pyridine
compounds in comparison with their parent compounds
containing a phenyl ring (JH-LPH-86 vs AZ1; JH-LPH-92
and JH-LPH-97 vs JH-LPH-33).
With the significant enhancement of in vitro LpxH inhibition

by the pyridine group, some of these pyridine analogs, e.g., JH-
LPH-97, started to display measurable antibiotic activity
against WT E. coli 25922 (MIC = 13 μg/mL, Table 1).
Encouraged by this success, we embarked on the search for
additional structural motifs that would further improve the
potency of the LpxH inhibitors.
Incorporation of the
N-Methyl-N-Phenyl-Methanesulfonamide Group
In parallel with our lead optimization effort, researchers at
Uppsala University recently reported a screening effort, leading

to the discovery of a new LpxH inhibitor, JEDI-852, from the
PubChem Library (PubChem AID 573), which occupies the
active site of LpxH.26 Recognizing the overlapping structural
moiety between JEDI-852 and AZ1, the Uppsala team was able
to fuse the two compounds and create novel LpxH inhibitors
with MICs in the range of 0.5−1 μg/mL against K. pneumoniae
and 1−2 μg/mL against E. coli ATCC 25922.26 As the Uppsala
compounds were based on the pyrimidine series, which
showed weaker activity than the pyridine series in our analysis,
we investigated the effect of the N-methyl-N-phenyl-
methanesulfonamide group on our pyridinyl sulfonyl piper-
azine LpxH inhibitors by incorporating the N-methyl-N-
phenyl-methanesulfonamide group into our LpxH aniline and
indoline cores and prepared two pyridine-methylsulfonamide
hybrid analogs (JH-LPH-106 and JH-LPH-107; Figure 3A).
Synthesis. The syntheses of JH-LPH-106 (10) and JH-

LPH-107 (12) were achieved, as illustrated in Scheme 3.
Compound 8, which is the intermediate in the synthesis of JH-
LPH-97 (7 , Scheme 2), was coupled to 2-(N -
methylmethylsulfonamido)benzoic acid 9 (see the Supporting
Information for the synthesis of 9) in the presence of SOCl2
and Et3N to afford JH-LPH-106 (10). For the synthesis of JH-
LPH-107 (12), compound 3h was converted to aniline 11 via
Boc deprotection, coupling with 4-acetamidobenzenesulfonyl
chloride and Ac deprotection. Final coupling of 11 with 9
completed the synthesis of JH-LPH-107 (12) in a 70% yield.
Biological Activity of JH-LPH-106 and 107. Incorpo-

ration of the N-methyl-N-phenyl-methanesulfonamide group
into our pyridine compound scaffold yielded JH-LPH-106 and
JH-LPH-107 with an impressive enhancement of the potency.
The indoline compound JH-LPH-106 inhibited K. pneumoniae
LpxH with an IC50 value of 0.044 nM and E. coli LpxH with an
IC50 value of 0.058 nM, whereas the aniline compound JH-
LPH-107 inhibited both K. pneumoniae and E. coli LpxH with
an IC50 value of 0.13 nM (Figures 3B and S1 and Table 1).
Considering that JH-LPH-92, the parent compound of JH-
LPH-106, has an IC50 value of 4.6 nM against K. pneumoniae
LpxH, the incorporation of the N-methyl-N-phenyl-methane-
sulfonamide group resulted in a potency enhancement of
∼100-fold. Our crystal structural analysis of JH-LPH-106 and
JH-LPH-107 in complex with K. pneumoniae LpxH shows that
the N-methyl-N-phenyl-methanesulfonamide group forms
perpendicular π−π stacking with the side chains of Y125 and
F128 and hydrogen bonds with R80 of the enzyme, both of
which would contribute to a significant enhancement of the
binding affinity (Table S1 and Figure S4). These compounds
are considerably more potent than the Uppsala lead
compounds, EBL-3647 and EBL-3599, which were reported
to inhibit E. coli LpxH with IC50 values of 2.2 and 3.5 nM,
respectively.26 Since these assays were done using different
substrate concentrations, we converted the IC50 values to Ki
values based on the modality of competitive inhibition, as
reported previously.18 The pyridine-derived LpxH inhibitors
JH-LPH-106 and JH-LPH-107 inhibited E. coli and K.
pneumoniae LpxH enzymes with Ki values from 0.02−0.05
nM, whereas the Uppsala compounds EBL-3647 and EBL-
3599 had much weaker Ki values from 1.7−2.6 nM.
The superior potency of pyridine compounds JH-LPH-106

and JH-LPH-107 against E. coli and K. pneumoniae LpxH is
nicely reflected by the dramatic enhancement of the antibiotic
activities of these compounds, which is evident by the large
sizes of the killing zones of JH-LPH-107 against wild-type K.
pneumoniae 10031 and E. coli 25922 in the bacterial disc

Scheme 2. Synthesis of 2-Chloro-4-triflouromethyl Pyridine
Analogs

aPd2(dba)3 (5 mol %), JohnPhos (10 mol %), NaOt-Bu, toluene,
reflux, 15 h, 56%. b(i) TFA, CH2Cl2, 25 °C, 2 h; (ii) 1-acetylindoline-
5-sulfonyl chloride (4), Et3N, 1,4-dioxane, 60 °C, 3 h; 25 °C, 14 h,
83% over two steps. cc-HCl, EtOH, reflux, 2 h. d(i) CDI, DMAP,
MeCN, 90 °C, 24 h; (ii) NH4OH, 90 °C, 16 h, 45% over two steps.
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diffusion assays (Figure 3D). When measured using the liquid
broth microdilution assay, JH-LPH-106 had MIC values of

0.63 μg/mL against WT E. coli 25922 and 0.04 μg/mL against
K. pneumoniae 10031, whereas JH-LPH-107 had MIC values of

Table 1. LpxH Inhibitors and Characterizationa

a*: Assayed against K. pneumoniae LpxH except for values in parentheses, which were assayed against E. coli LpxH. #: Value from Cho et al. PNAS
2020. ND: Not determined.
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0.31 μg/mL against E. coli 25922 and 0.04 μg/mL against K.
pneumoniae 10031 (Table 1 and Figure 3E). Both compounds
significantly outperformed the Uppsala lead compounds EBL-
3647 and EBL-3599 with reported MIC values of 2.0 μg/mL
against E. coli 25922 by 3- to 6.5-folds.
Time-Kill Kinetics, Spontaneous Resistance Mutation, and
In Vitro Safety

JH-LPH-107 appears to be a bactericidal antibiotic against the
K. pneumoniae 10031, reducing bacterial viability by > 1000-

fold within 6 h and preventing regrowth up to 24 h at or above
the MIC (Figure S5). The rate of spontaneous resistance
mutations to the LpxH inhibitor, JH-LPH-107, was evaluated
in K. pneumoniae 10031 and E. coli 25922, resulting in a
frequency range of 2.0−2.5 × 10−9 at 4× MIC and 0.9−1.4 ×
10−9 at 8× MIC (Table 2). The isolated resistant mutations
were exclusively present in the target lpxH gene, with the most
prevalent mutations mapped to F141 (F141L in K. pneumoniae
lpxH and F141L, F141C, and F141S in E. coli lpxH);
additional mutations F128C and R80C in E. coli were also

Figure 3. Incorporation of JEDI-852, from the PubChem Library (PubChem AID 573), enhances the potency of LpxH inhibitors. (A) Uppsala and
Duke LpxH inhibitors. (B) Dose-dependent LpxH inhibition curves by JH-LPH-106 (top panel) and JH-LPH-107 (lower panel). (C) Ki values of
LpxH inhibitors assayed against E. coli LpxH (EcLpxH) and K. pneumoniae LpxH (KpLpxH) (D) Antibiotic activity of JH-LPH-107 against wild-
type K. pneumoniae 10031 (Kp 10031) and E. coli 25922 (Ec 25922) in the bacterial disc diffusion assay. (E) MICs of Uppsala and Duke
Compounds. Values of Uppsala compounds (EBL-3647 and EBL-3599) are reported by Huseby et al.26

Scheme 3. Synthesis of Pyridine-Methanesulfonamide Hybrid Analogs (JH-LPH-106 and JH-LPH-107)

a(i) SOCl2, reflux, 18 h; (ii) Et3N, 0 to 25 °C, 4 h, 68%. b(i) TFA, CH2Cl2, 25 °C, 2 h; (ii) 4-acetamidobenzenesulfonyl chloride, Et3N, 1,4-
dioxane, 60 °C, 3 h; 30 °C, 15 h, 51% over two steps. cc-HCl, EtOH, reflux, 2 h, 51%. d(i) SOCl2, reflux, 18 h; (ii) Et3N, 0 to 25 °C, 4 h, 70%.
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observed (Table 2). These mutations correspond to LpxH
interactions with the pyridine group (F141 and F128) and N-
methyl-N-phenyl-methanesulfonamide (R80), respectively. Of
note, this result is in sharp contrast with the spontaneous
resistance mutations isolated for inhibitors of LpxC, the second
enzyme of the lipid A biosynthetic pathway. Most resistance
mutations to LpxC inhibitors did not reside within the lpxC
target gene but instead occurred in the fabZ gene in the fatty
acid biosynthetic pathway.13,14 This rebalancing of phospho-
lipid and lipid A biosynthesis counteracted the effect of LpxC
inhibition.14 As the inhibition of LpxH leads to toxic
membrane accumulation of lipid A intermediates (i.e., the
LpxH substrate UDP-DAGn) and distortion of the inner
membrane,10,11 resulting in an independent mechanism of
bacterial killing in addition to disruption of lipid A biosyn-
thesis, inhibition of LpxH cannot be overcome by mutations in
the fabZ gene.
JH-LPH-107 appeared to be safe in vitro: when evaluated

against HEK293 or HepG2 cells, it did not cause any
significant cytotoxicity at 100 μM (63 μg/mL) (Figure
S6AB). Considering its MICs of 0.31 μg/mL and 0.04 μg/
mL against E. coli 25922 and K. pneumoniae 10031,
respectively, JH-LPH-107 has a large safety index of >100-
fold, rendering it a promising lead for further development into
clinical therapeutics.

■ CONCLUSIONS
We have developed a new series of sulfonyl piperazine LpxH
inhibitors with enhanced in vitro activity and MIC values.
Incorporation of a pyridine ring, but not a pyrimidine ring, into
the AZ1 structure dramatically enhances the LpxH inhibition
by analogs. We showed that the pyridine ring can also be
incorporated in the disubstituted JH-LPH-33 scaffold and
additionally merged with JEDI-852 from the PubChem Library
(PubChem AID 573), discovered by the Uppsala team, to yield
superior antibiotics against wild-type Enterobacterales, with
the lead compound JH-LPH-107 displaying MICs of 0.31 and
0.04 μg/mL against E. coli 25922 and K. pneumoniae 10031.
JH-LPH-107 has low spontaneous resistant mutation rates of
2.0−2.5 × 10−9 at 4× MIC and 0.9−1.4 × 10−9 at 8× MIC and
has no significant cytotoxicity against HEK293 or HepG2 cells
at >100-fold of the MIC. These significant advancements have
highlighted LpxH as a viable antibiotic target, particularly
against multidrug-resistant Enterobacterales, such as the
extended-spectrum β-lactamase (ESBL)-producing Enterobac-
terales and CREs, that pose serious threats to public health.

■ EXPERIMENTAL SECTION

Synthesis of LpxH Inhibitors
Details of the synthesis and characterization of LpxH inhibitors are
presented in the Supporting Information.
Computational Details
Theoretical calculations were performed to investigate the non-
covalent interactions between F141 of LpxH and the aromatic rings of
AZ1 and JH-LPH-86/90 with the SAPT23 at the SAPT2 + 3 level27

using the Psi4 package.28 All calculations were performed with the
aug-cc-pVDZ basis set29,30 using the truncated crystal structures. To
reduce the computational cost, both LpxH and the ligands were
truncated. For LpxH, the phenyl group involved in the π−π stacking
was kept, and the rest of the molecule was replaced with a methyl
group. For AZ1 and JH-LPH-86/90, the molecules were truncated at
the N−S bond. Geometries used for the calculations are documented
in the Supporting Information.
MIC Assay
The MIC assay was conducted following protocols adapted from the
National Committee for Clinical Laboratory Standard’s broth
microdilution methods,31 utilizing 96-well plates as previously
outlined.18,21,22 Briefly, bacterial cultures grown overnight were
diluted to an OD600 of 0.006 in cation-adjusted Mueller−Hinton
medium containing 7% DMSO, then incubated at 37 °C for 22 h with
varying inhibitor concentrations. After overnight incubation, each well
received 10 μL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT, 5 mg/mL) for 3 h. Subsequently, the culture
was solubilized with 2-propanol, and the results were determined by
measuring the difference in UV absorbance at 570 and 690 nm. MIC
values were defined as the lowest compound concentration inhibiting
bacterial growth, with UV readings within 4-fold of those from the
wells containing no bacteria.
Enzymatic Assay for LpxH Inhibition
The LpxE-coupled LpxH activity assay20 was performed following
established procedures using the GB1-K. pneumoniae LpxH-His10
fusion protein and GB1-E. coli LpxH-His10 fusion protein.18,21,22

Two reaction mixtures were prepared: Mixture 1 consisted of 20 mM
Tris−HCl (pH 8.0), 0.5 mg/mL BSA, 0.02% Triton X-100, 1 mM
MnCl2, 1 mM DTT, 10% DMSO, and 200 μM substrate (UDP-
DAGn), while Mixture 2 contained the same buffer components but
replaced the substrate with LpxH (20 ng/mL and 10 ng/mL for K.
pneumoniae LpxH and E. coli LpxH, respectively) and 2× inhibitor. In
the cases of LPH-106 and LPH-107, 10-fold less LpxH was used, and
the overall time course of the assay was expanded. After preincubation
of the mixtures at 37 °C for 10 min, the reaction was initiated by
combining an equal volume of Mixture 2 with Mixture 1 at 37 °C.
The final reaction mixture comprised 100 μM substrate, 10 ng/mL K.
pneumoniae LpxH (1 ng/mL K. pneumoniae LpxH or 0.5 ng/mL E. coli
LpxH for LPH-106 and LPH-107), and 1× inhibitor. At designated
time points, 20 μL aliquots of the reaction mixture were quenched by
the addition to wells containing 5 mM EDTA in a 96-well half a rea

Table 2. Spontaneous Resistance Mutation to JH-LPH-107
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plate to halt the LpxH reaction. Aquifex aeolicus LpxE (5 μg/mL) was
then added, followed by a 30 min incubation at 37 °C before
quenching the LpxE reaction with formic acid (final concentration:
3.75 M). The malachite green reagent (Sigma-Aldrich, catalog
MAK307) was diluted 5-fold into the solutions, incubated for 30
min at room temperature, and absorbance at 620 nm was measured.
All measurements were conducted in triplicates, and the standard
error was calculated. The IC50 values were extracted from the fitting of
the dose−response curve of =

+ [ ]
v
v

1

1
i

o
I

IC50

. Under the mode of

competitive inhibition, IC50 = KI*(1 + [S]/KM), with the substrate
KM = 68.1 μM and 61.7 μM for LpxH enzymes from K. pneumoniae
and E. coli, respectively.7,18

Cloning and Purification of KpLpxH
Cloning and purification of KpLpxH for crystallography studies were
conducted following previously documented procedures.18,21,22 In
summary, KpLpxH was inserted into a modified pET21b vector
(Novagen/Millipore Sigma), resulting in the LpxH fusion protein
featuring a C-terminal TEV protease site (ENLYFQGS) followed by a
His10 tag. BL21 STAR (DE3) E. coli cells (Thermo Fisher Scientific)
transformed with the vector were cultured in LB medium at 37 °C
until reaching an OD600 of 0.5 and then induced with 1 mM IPTG for
an additional 3 h at 37 °C before being harvested by centrifugation.
The protein purification process was conducted at 4 °C. Cell pellets
obtained from 8 L of induced culture were suspended and lysed in
120 mL of lysis buffer, consisting of 50 mM phosphate-citrate, 20 mM
MES (pH 6.0), 600 mM NaCl, 10% sucrose, 5 mM 2-
mercaptoethanol, 10 mM imidazole, and 0.1% Triton X-100, using
a French press. Centrifugation at 40,000×g for 40 min removed cell
debris, and the resulting supernatant was applied to a column
containing 20 mL of HisPur Ni2+-NTA resin (Thermo Fisher
Scientific), pre-equilibrated with 100 mL of lysis buffer. Following
extensive washing with purification buffer composed of 20 mM
phosphate-citrate, 20 mM MES (pH 6.0), 300 mM NaCl, 5% glycerol,
5 mM 2-mercaptoethanol, and 40 mM imidazole, LpxH was eluted
from the column through a stepwise increase in imidazole
concentration from 40 to 500 mM in the purification buffer.
Subsequent concentration for further purification was achieved
through size-exclusion chromatography (Superdex 200; GE Health-
care Life Sciences) in FPLC buffer containing 20 mM MES (pH 6.0),
600 mM NaCl, 1 mM DTT, and 5% glycerol.

Co-crystallization of KpLpxH with Various Inhibitors
The FPLC peak fractions containing K. pneumoniae LpxH were
pooled and concentrated for crystallization. Compounds JH-LPH-86,
JH-LPH-90, JH-LPH-92, JH-LPH-106, and JH-LPH-107 were added
to the LpxH solution in two steps to minimize the DMSO
concentration while still ensuring more than a 1:1 concentration of
LpxH to compounds. First, a 1:1 molar ratio of each compound was
added to the FPLC fraction prior to concentrating them to the final
concentration. Then, another 1:1 ratio of the compounds was added
after concentrating the FPLC fractions immediately before setting up
the crystal trays. Protein crystals were grown using the sitting-drop
vapor diffusion method at 20 °C. Each drop was prepared by mixing 1
μL of the protein solution with 1 μL of the reservoir solution.
The final drop solution for JH-LPH-86 contained 1 mg/mL LpxH,

0.14 mM JH-LPH-86, 10 mM MES (pH 6.0), 100 mM NaCl, 0.5 mM
DTT, 2.5% glycerol, 0.8% DMSO, 0.05 M sodium acetate pH 5.0, and
18% v/v PEG 400.
The final drop solution for JH-LPH-90 contained 1.2 mg/mL of

LpxH, 0.16 mM JH-LPH-90, 10 mM MES (pH 6.0), 100 mM NaCl,
0.5 mM DTT, 2.5% glycerol, 0.8% DMSO, 0.05 M HEPES pH 7.0,
and 18% w/v PEG 400.
The final drop solution for JH-LPH-92 contained 1.25 mg/mL of

LpxH, 0.16 mM JH-LPH-92, 10 mM MES (pH 6.0), 100 mM NaCl,
0.5 mM DTT, 2.5% glycerol, 0.8% DMSO, 0.05 M sodium acetate pH
5.0, and 17% w/v PEG 400.
The final drop solution for JH-LPH-106 contained 1.1 mg/mL

LpxH, 0.15 mM JH-LPH-106, 10 mM MES (pH 6.0), 100 mM NaCl,

0.5 mM DTT, 2.5% glycerol, 0.8% DMSO, 0.05 M HEPES pH 6.5,
and 18% w/v PEG 400.
The final drop solution for JH-LPH-107 contained 0.91 mg/mL

LpxH, 0.1 mM JH-LPH-107, 10 mM MES (pH 6.0), 100 mM NaCl,
0.5 mM DTT, 2.5% glycerol, 0.8% DMSO, 0.05 M sodium acetate pH
4.5, and 16% v/v PEG 400.
Diffraction quality protein crystals were harvested after 1−2 weeks

and soaked for 5−15 min with a cryoprotectant composed of mother
liquor diluted 40% additionally containing 30% glycerol, 100 μM
MnCl2, 1% DMSO, and 20 μM of the respective compound.
Time-Kill Kinetics
For time-kill kinetics, individual colonies of K. pneumoniae 10031 were
selected and grown to OD600 = 1.0 prior to 1000× dilution into 10
mL of LB media containing 1% DMSO and 0×, 0.5×, 1×, 2×, 4×, 8×,
or 16× MIC JH-LPH-107. The cultures were then grown at 37 °C for
24 h. Aliquots were taken from each sample at various time points
between 1 and 24 h and diluted in LB media in serial 1:10 dilutions. 5
mL droplets of each sample and its serial dilutions were spotted on LB
agar plates and incubated at 37 °C for 24 h. The CFU/mL was
calculated from the lowest dilution that maintained countable
individual colonies.
Spontaneous Resistance Development
To assess the rate of spontaneous resistance mutations, target strains,
E. coli 25922 and K. pneumoniae 10031, were first grown on antibiotic-
free LB agar plates. Individual colonies were selected (5−6/strain)
and grown to OD600 = 1 before being resuspended in 1/10th of their
original volume. Subsequently, 0.1 mL of each concentrated culture
was taken to determine the initial CFU/mL, and 0.2 mL of each
culture was plated on LB agar plates containing either 4 or 8× MIC
JH-LPH-107. After 48 h of incubation at 37 °C, all resulting colonies
were passaged a second time on a fresh 8× MIC JH-LPH-107 plate
and allowed to grow for an additional 48 h. At this time, the resulting
colonies were counted and sent for sequencing to determine the
resistance mutations occurring. The frequency of resistance is
calculated as the ratio of the growth found on the JH-LPH-107
supplemented agar plate to the density of the initial inoculum.
In Vitro Cytotoxicity Assay
To determine the toxicity of JH-LPH-107, a CellTiter-Glo 2.0 cell
viability assay was utilized, which measures the number of
metabolically active cells based on the ATP content. In this assay,
HEK-293 or HepG2 cells were plated in a 96-well plate format with
1000 cells per well and given 24 h to adhere. JH-LPH-107 was then
added by serial dilution from 100 to 0.39 μM, and HEK-293 or
HepG2 cells were incubated for 24 h. The CellTiter-Glo 2.0 cell
viability assay kit (Promega) was used according to the manufacturer’s
instructions, with the substrate being diluted at a 1:1 ratio. A total of
100 μL of this mixture was added to the cells and incubated for 5 min
at room temperature before luminescence values. Luminescence
values were normalized to the DMSO control. The assay was
performed in triplicate.

■ ASSOCIATED CONTENT
*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00731.

Detailed descriptions of all synthetic procedures, 1H
NMR data, X-ray data collection and refinement
statistics, SAPT calculations, dose−response curves of
inhibitors tested against K. pneumoniae LpxH, compar-
ison of the crystal structures of JH-LPH-86, JH-LPH-90,
and AZ1, overlay of the crystal structure of the K.
pneumoniae LpxH/JH-LPH-92 complex with that of the
K. pneumoniae LpxH/JH-LPH-33 complex, expanded
interaction network surrounding the N-methyl-N-
phenyl-methanesulfonamide moiety of JH-LPH-106
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and JH-LPH-107, time-kill kinetics of JH-LPH-107
against K. pneumoniae 10031, and cytotoxicity of JH-
LPH-107 (PDF)
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