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ABSTRACT: The first committed step of lipid A biosynthesis is catalyzed by UDP-(3-O-((R)-3-hydro-
xymyristoyl))-N-acetylglucosamine deacetylase, a metal-dependent deacetylase also known as LpxC. Because
lipid A is essential for bacterial viability, the inhibition of LpxC is an appealing therapeutic strategy for the
treatment of Gram-negative bacterial infections. Here we report the 1.79 Å resolution X-ray crystal structure
of LpxC fromYersinia enterocolitica (YeLpxC) complexedwith the potent hydroxamate inhibitor CHIR-090.
This enzyme is a nearly identical orthologue of LpxC from Yersinia pestis (99.7% sequence identity), the
pathogen that causes bubonic plague. Similar to the inhibition of LpxC from Escherichia coli, CHIR-090
inhibits YeLpxC via a two-step slow, tight-binding mechanism with an apparent Ki of 0.54 ( 0.14 nM
followed by conversion of the E 3 I to E 3 I* species with a rate constant of 0.11 ( 0.01 min-1. The structure of
the LpxC complex with CHIR-090 shows that the inhibitor hydroxamate group chelates the active site zinc
ion, and the “tail” of the inhibitor binds in the hydrophobic tunnel in the active site. This hydrophobic tunnel
is framed by a βRβ subdomain that exhibits significant conformational flexibility as it accommodates
inhibitor binding. CHIR-090 displays a 27 mm zone of inhibition against Y. enterocolitica in a Kirby-Bauer
antibiotic assay, which is comparable to its reported activity against other Gram-negative species including E.
coli andPseudomonas aeruginosa. This study demonstrates that the inhibition of LpxC should be explored as a
potential therapeutic and/or prophylatic response to infection by weaponized Yersinia species.

Septic shock is one of the leading causes of death in hospital
intensive care units and results from severe hypotension and
multiple organ failure associated with bacterial sepsis. Sepsis is
a systemic inflammatory response to infection: specifically,
macrophage activation by endotoxin, which is also known as
lipopolysaccharide (LPS).1 Approximately 106 lipopolysaccharide
molecules constitute the outer leaflet of the outer membrane
of a Gram-negative bacterium (1). This “protective sheath”
makes Gram-negative bacteria impermeable to many commercial
antibiotics.

Each LPS molecule contains an immunodominant and highly
variable repeating oligosaccharide known as the O-antigen, a
core polysaccharide, and lipid A, a hydrophobic membrane
anchor typically bearing six fatty acids. Lipid A is required for
proper LPS assembly and cell viability, and bacteria with
defective lipid A biosynthetic pathways are markedly more

sensitive to antibiotics (2-5). Given that lipid A is essential for
bacterial survival, and is also the toxic component of LPS,
inhibition of the lipid A biosynthetic pathway will not only kill
Gram-negative bacteria but may also reduce the concentrations
of immunoreactive lipid A shed from dying cells. Accordingly,
inhibitors of this pathway may represent leads for the develop-
ment of more potent antibiotics for the treatment of sepsis and
septic shock. Additionally, such inhibitors could be developed as
therapeutic and/or prophylatic drugs against weaponizable bac-
teria capable of causing more severe infections, such as Yersinia
pestis, which causes bubonic plague.

The first committed step of lipid A biosynthesis is catalyzed by
UDP-(3-O-((R)-3-hydroxymyristoyl))-N-acetylglucosamine dea-
cetylase, a metal-dependent deacetylase also known as LpxC
(Figure 1A) (6-9). X-ray crystal structures have been reported
for LpxC from the Gram-negative bacteria Aquifex aeolicus
(AaLpxC) (10) and Pseudomonas aeruginosa (PaLpxC) (11), as
well as various ligand complexes of AaLpxC (12-16). The
structure of AaLpxC has also been determined in solution by
NMR methods (17, 18), and the NMR structure of its complex
with the potent, slow-binding hydroxamate inhibitor CHIR-090
(Figure 1B) has been reported (19, 20). These studies have
illuminated active site features important for catalysis, including
a hydrophobic tunnel framed by a small, flexible βRβ domain
that accommodates the 3-hydroxymyristoyl groupof the substrate.
No structures ofLpxC enzymes fromweaponizableGram-negative
pathogens have been determined to date, however, and such
information is vital as we contemplate the response to potential
bioterrorism threats in the 21st century.
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Here, we report the X-ray crystal structure of LpxC from
Yersinia enterocolitica, the Gram-negative bacterium that causes
yersiniosis. Although yersiniosis can resolve itself without anti-
biotic treatment (21), LpxC from Y. enterocolitica (YeLpxC)
serves as a readily studied and nearly identical orthologue of
LpxC from Y. pestis. The 306 amino acid sequence of YeLpxC
shares 99.7% amino acid sequence identity (only one substitu-
tion, R174C) with LpxC from Y. pestis. The structure reported
here is that of the YeLpxC-CHIR-090 complex. CHIR-090 is a
slow, tight-binding inhibitor that was originally reported in a
patent describing new antimicrobial agents (22) and later studied
for activity against LpxC enzymes from A. aeolicus and Escher-
ichia coli (20, 23). In this study, CHIR-090 inhibits YeLpxC with
an apparent initialKi of 0.54( 0.14 nM and a rate constant for a
second step (conversion of E 3 I to E 3 I*) of 0.11( 0.01min-1; this
inhibition is slightlymore potent compared to the values reported
for inhibition of AaLpxC and E. coli LpxC (EcLpxC) (20, 23).
Analysis of the enzyme-inhibitor complex yields further struc-
tural insight toward the development of more potent and broad-
specificity inhibitors against a wide range of Gram-negative
pathogens and suggests that CHIR-090 is well suited for devel-
opment as a broad-spectrum Gram-negative antibiotic.

MATERIALS AND METHODS

Cloning and Protein Expression. The LpxC gene was
amplified from Y. enterocolitica genomic DNA by PCR using
the following primers: forward, 50-GCGCGGCATATGAT-
CAAACAAAGGACTTTAAAACG-30, and reverse, 50-GTCA-
TAGGATCCTTAGTAAGCTAATACTGTAGACG-30, with
the NheI and BamHI restriction sites bolded, respectively. The
amplified insert was cloned into the pET11a vector cut at the
same restriction sites and transformed into BL21(DE3)pLysS
cells. Transformants were grown overnight on ampicillin- and
chloramphenicol-selective agar plates. The DNA from the result-
ing transformants was isolated and sequenced (DNASequencing
Facility, University of Pennsylvania).

YeLpxCwas recombinantly expressed in BL21(DE3)pLysSE.
coli cells transformed with the pET11a-YeLpxC plasmid and
purified according to procedures published for the purification of
EcLpxC and AaLpxC (9, 10), with minor modifications. Briefly,

cellswere grown in richmediumsupplementedwithglucose (10mL/
L 40% (w/v)), ampicillin (50 μg/L), and chloramphenicol (34 μg/
L) at 37 �C until OD600 ∼ 0.5, at which point the cells were
induced by addition of isopropyl β-D-thiogalactopyranoside
(1 mM final concentration) and grown overnight at 25 �C. The
cells were pelleted by centrifugation, resuspended in 25 mL of
lysis buffer (25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfo-
nic acid (HEPES, pH 7.0), 2 mM MgCl2, 2 mM dithiothreitol
(DTT), and 2mMphenylmethanesulfonyl fluoride), and lysed by
sonication on ice. Cell debris was pelleted by centrifugation, and
the cell-free extract was purified by using ion-exchange chroma-
tography (HiTrap QXL; GE Healthcare) with a salt gradient
(bufferA, 25mMHEPES (pH7.0), 2mMDTT; buffer B, 25mM
HEPES (pH 7.0), 400 mMNaCl, 2 mMDTT) and size exclusion
chromatography (HiLoad 26/60 Superdex; GE Healthcare) in
25 mM HEPES (pH 7.0) and 50 mM NaCl. The final yield was
∼60 mg/L culture medium, and the final purity was better than
95% as determined by SDS-PAGE analysis. The concentration
of YeLpxC was determined from its absorbance using a calcu-
lated extinction coefficient (ε280 = 20640 M-1cm-1) (24). The
metal content of YeLpxC was determined by using inductively
coupled plasma mass spectrometry (ICP-MS; University of
Michigan Geological Sciences).
Structure Determination and Refinement. Diamond-

shaped crystals of YeLpxC complexed with the CHIR-090
inhibitor were obtained in 1-2 weeks using the hanging drop
vapor diffusion method with the following conditions: 2 μL of
protein solution [10 mg/mL YeLpxC (25 mM HEPES (pH 7.0),
50 mM NaCl), 2 mM tris(2-carboxyethyl)phosphine (TCEP),
and 1.45 mM CHIR-090] was mixed with 2 μL of precipitant
solution [0.1MTris (pH 8.5), 0.2MMgCl2, and 25%PEG 3350]
and equilibrated against a 600 μL reservoir of precipitant
solution. A stock solution of CHIR-090 (40 mM) was prepared
by dissolving the compound in dimethyl sulfoxide (DMSO). This
solution was added to the protein solution such that the final
concentration of CHIR-090 was 1.45 mM and the final concen-
tration of DMSO was 4%.

Larger single crystals were obtained with both micro- and
macroseeding in 1-3days.Crystalswere harvested and flash-cooled
using the precipitant buffer supplemented with 20% glycerol.

FIGURE 1: (A) Reaction catalyzed by LpxC and the structure of lipid A from E. coli. Reproduced from ref 10. (B) Structure of CHIR-090.
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Crystals diffracted X-rays to 1.79 Å resolution at the Advanced
Photon Source, beamline NE-CAT 24-ID-E (Argonne National
Laboratory). Diffraction data were indexed and scaled using
HLK2000 (25). Crystals belonged to space group P1 with unit
cell dimensions a=46.733 Å, b=47.511 Å, c=68.265 Å, R=
74.478�, β = 87.883�, and γ = 68.966�; with two monomers in
the unit cell, the Matthews coefficient of 2.0 Å3/Da corresponds
to a solvent content of 38.5%.

The structure was solved by molecular replacement (26) using
the structure of PaLpxC (55% sequence identity, PDB code
2VES, less ions and solvent) as a search probe in rotation and
translation function calculations. Iterative cycles of refinement
and model building were performed with CNS (27) and Phe-
nix (28) andwithCoot (29), respectively, to improve the structure
as monitored by Rfree. Atomic coordinates for CHIR-090 and
solventmolecules were added during the last stages of refinement.
Disordered segments in the final model include A299-Y306 in
monomerA and S301-Y306 inmonomer B.Data collection and
refinement statistics are recorded in Table 1.
Activity and Inhibition Assays. Apo-YeLpxC was incu-

batedwith ethylenediaminetetraacetic acid and dipicolinic acid to
remove endogenous metal ions and reconstituted with stoichio-
metric ZnSO4, as previously described (15). Apo- and holo-LpxC
metal content was confirmed by ICP-MS. Steady-state turnover
assays were performed as described previously for E. coli
LpxC (15). Briefly, assays contained 1 nM Zn2þ-YeLpxC,
2 mM TCEP, 1 mg/mL bovine serum albumin (BSA), 20 mM

Bis-Tris (pH 7.5), and varied concentrations of the substrate
14C-UDP-myristoyl-N-acetylglucosmine (0.05-4 μM) at 30 �C.
Assays were initiated by addition of YeLpxC and quenched by
addition of 1.25M sodiumhydroxide. The product was separated
from the substrate on PEI-cellulose TLC plates (0.1 M guanidi-
nium chloride) and quantified by scintillation counting, as
previously described (15). The kinetic parameters (kcat, KM,
and kcat/KM) were determined from a fit of the Michaelis-
Menten equation to the substrate dependence of the initial
velocity data. Inhibition assays were initiated by addition of
enzyme (0.1 nM YeLpxC) to an assay containing 200 nM 14C-
UDP-myristoyl-N-acetylglucosmine and the CHIR-090 inhibitor
(0.0-2.0 nM) with the DMSO concentration maintained at
0.01%, and inhibition was monitored using progress curves.
The substrate concentration (0.2 μM) is 2-fold below the
measured KM so the assays were carried out under kcat/KM

conditions. The reaction was quenched by addition of 1.25 M
sodium hydroxide and product analyzed as described above. The
progress curves showing time-dependent inhibition were ana-
lyzed using an equation describing slow, tight-binding inhibition
(eq 1, Scheme 1 in Results and Discussion) (30, 31) as previously
observed for CHIR-090 (19, 20, 23). The R-values for the
progress curve fits were 0.96-0.99. Two parameters with stan-
dard errors are calculated from each progress curve: the initial
velocity and the observed rate constant for the time-dependent
inhibition. The value of Ki for the initial binding step is
determined from fitting eq 2 (Results and Discussion section)
to the dependence of the initial velocities on the concentration of
CHIR-090, and the value of the kobs

max is calculated from a fit of
eq 3 (Results and Discussion section) to the concentration
dependence of the observed rate constants (kobs). The kinetic
parameters and standard error were determined by fitting these
equations to the kinetic data using either Kaleidagraph v3.6
(Synergy Software) or Prism v4.0 (GraphPad).
Kirby-Bauer Antibiotic Assay. The antimicrobial activity

of CHIR-090 against Y. enterocolitica was studied using the disk
diffusion antibiotic sensitivity method (ATS Laboratories, Ea-
gan,MN) (32). Briefly,Y. enterocoliticawas grown on tryptic soy
agar plates supplemented with 5% sheep blood at 37 �C for 2-3
days. Cells harvested from this plate were used to inoculate a
Mueller Hinton agar plate supplemented with sheep blood. The
CHIR-090 inhibitor was added (2 μL of 10 mg/mL solution) to a
sterile 6mmpaper disk, and the platewas incubated at 37 �C for 2
days. The halo of killing was measured to the nearest millimeter.
DMSO was used as a negative control and showed no effect
against Y. enterocolitica.

RESULTS AND DISCUSSION

CHIR-090 Is a Slow, Tight-Binding Inhibitor of
YeLpxC. The steady-state kinetics for YeLpxC were measured
as a function of substrate concentration (Figure 2A). The steady-
state kinetic parameters, listed in Table 2, are very similar to the
mechanistically well-characterized EcLpxC, suggesting that these
enzymes have similar rate-determining steps and likely share
mechanistic features.

CHIR-090 has previously been observed to be a slow, tight-
binding inhibitor of AaLpxC and EcLpxC that is competitive
with substrate and does not form a covalent complex (19, 20, 23).
Similarly, CHIR-090 exhibits time-dependent inhibition with
YeLpxC (Figure 2B).Most commonly, time-dependent inhibition
arises from relatively rapid and reversible binding of inhibitor to

Table 1: Data Collection and Refinement

data collection

wavelength (Å) 0.97917

resolution (Å) 1.79

no. of total reflections 92790

no. of unique reflections 47640

I/σ 15.9 (2.5)a

redundancy 2.4 (2.4)a

completeness (%) 97.1 (95.7)a

Rmerge
b 0.060 (0.435)a

refinement
R/Rfree

c 0.167/0.211

no. of atoms/ionsd

protein atoms 4751

zinc ions 2

ligand atoms 64

water molecules 404

root-mean-square deviations
bond lengths (Å) 0.007

bond angles (deg) 1.1

average B-factors (Å2)

protein atoms 24

zinc ions 18

ligand atoms 22

water molecules 32

Ramachandran plot (%)
most favored 89.9

additionally allowed 9.7

generously allowed 0.4

disallowed 0

aNumber in parentheses refers to the outer 0.1 Å shell of data. bRmerge=P
|I - ÆI æ|/

P
I, where I is the observed intensity and ÆI æ is the average

intensity calculated for replicate data. cCrystallographic R factor, R=P
(|Fo| - |Fc|)/

P
|Fo|, for reflections contained in the working set. Free R

factor, Rfree =
P

(|Fo|- |Fc|)/
P

|Fo|, for 5% of the reflections contained in
the test set excluded from refinement. |Fo| and |Fc| are the observed
and calculated structure factor amplitudes, respectively. dPer asymmetric
unit.
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form an E 3 I complex, followed by a slower isomerization to form
the E 3 I* complex (Scheme 1) (30, 31). This mode of time-
dependent inhibition can be distinguished from a very slow
binding one-step inhibitor by a decrease in the initial velocity
of the reaction as the inhibitor concentration increases due to
formation of the E 3 I complex.

The progress curves for inhibition of YeLpxC (representative
curves are shown inFigure 2B) were analyzed using eq 1, where vs
is the final steady-state velocity, v0 is the initial velocity, and kobs
is the rate constant for the time-dependent inhibition reflecting
formation of the E 3 I* complex. Initial fits of this equation to the
data indicated that the final steady-state velocity was negligible
compared to the initial velocity; therefore, the datawere analyzed
with vs set to 0. This result indicates that the conversion of E 3 I to
E 3 I* is essentially irreversible under these conditions, as similarly

observed for inhibition of AaLpxC by CHIR-090 (20).

P ¼ vstþðv0 - vsÞð1- e-kobstÞ
kobs

þC ð1Þ

The initial velocity, v0, catalyzed by YeLpxC decreases at
higher concentrations of CHIR-090, diagnostic of a two-step
inhibitor binding scheme (Figure 2C). The apparent Ki for the
reversible first step is calculated to be 0.54( 0.14 nM from a fit of
eq 2 to these data. The apparent rate constant for formation of
E 3 I*, kobs, shows a hyperbolic dependence on the inhibitor
concentration. The rate constant for conversion of E 3 I to E 3 I*
at saturating inhibitor concentration (kobs

max = k5) is calculated
as 0.11 ( 0.01 min-1 from a fit of eq 3 to these data, assuming
that formation of EI* is essentially irreversible (k6 , k5 in eq 3)
(Figure 2D). Thus, the half-time for formation of the inhibited
complex is∼6min. In summary, these data indicate that YeLpxC
is inhibited by CHIR-090 in a two-step mechanism as a slow,
tight-binding inhibitor.

v0 ¼ VmaxS

KMð1þ I=KiÞþS
ð2Þ

kobs ¼ k6 þ k5

I

Ki

1þ S

KM
þ I

Ki

0
BB@

1
CCA ð3Þ

Slow, tight-binding inhibition is desirable in drug development
due to the longer effective half-life of the compound in biological
systems (31). Unlike purely competitive inhibitors, accumulation
of substrate does not result in a rapid decrease in inhibition, as the
slow dissociation of inhibitor is a unimolecular process. In
comparison to AaLpxC and EcLpxC, the value of Ki for
inhibition of YeLpxC by CHIR-090 is 4-10-fold lower, and
the rate constant for conversion of E 3 I to E 3 I* (k5) is 2-20-fold
slower (AaLpxC, 1.7 nM, k5= 0.19min-1; EcLpxC, 4 nM, k5=
1.9 min-1) (20, 23). In contrast, LpxC from Rizobium legumino-
sarum is onlymodestly inhibited byCHIR-090 (Ki∼ 0.3 μM) and
exhibits no time dependence, perhaps due to structural differ-
ences in the hydrophobic tunnel (23). YeLpxC is markedly more
sensitive in vitro to CHIR-090 than either AaLpxC or EcLpxC,

FIGURE 2: Steady-state kinetics and inhibition of YeLpxC. (A)
Steady-state turnover. Deacetylation of 14C-UDP-myristoyl-N-acetyl-
glucosmine catalyzed by Zn2þ-YeLpxC was assayed in 20 mM Bis-
Tris (pH 7.5), 2 mM TCEP, and 1 mg/mL BSA at 30 �C as described
in Materials and Methods. (B) Time-dependent inhibition by CHIR-
090. The inhibitor CHIR-090 (0.0 nM (open circles), 0.2 nM (closed
triangles), 0.4 nM (open squares), 1 nM (closed circles), and 2 nM
(open triangles)) was incubated with substrate before addition of
0.1 nMZn2þ-YeLpxC andmeasurement of product formation. Equa-
tion 1 was fit to the progress curves (R = 0.96-0.99). (C) Measure-
ment of inhibition constant (Ki). The value of Ki was obtained from a
fit of eq 2 to the dependence of the initial velocities (obtained from the
progress curves) on the concentration of CHIR-090 (R = 0.92). (D)
Time dependence of inhibition. The value of the maximal
rate constant for time-dependent inhibition was calculated from a
fit of eq 3 to the concentration dependence of the observed rate
constants (kobs).

Table 2: Steady-State Kinetic Parameters and Inhibition of LpxC Enzymesa

species kcat (min-1) KM ( μM) kcat/KM (min-1 μM-1) Ki (nM) kobs
max (min-1)

E. coli 90 ( 2b 0.19( 0.01b 460( 10b 4.0( 1c 1.9( 0.3c

A. aeolicus 104e 1.6( 0.2d 65( 11b 1.0-1.7d 0.19d

Y. enterocolitica 104 ( 3f 0.40( 0.05f 260( 24f 0.54( 0.14f 0.11( 0.01f

aAll steady-state parameters and inhibition constants reported were measured at 30 �C, pH 7.5, as described in Materials and Methods or the works
cited. bAdapted from ref 14. cAdapted from ref 21. In this species, k6 is significant, and the overall inhibition constant, Ki*, is 0.4 ( 0.1 nM. dAdapted from
ref 19. eCalculated from published values in refs 14 and 19. fThis work.

Scheme 1
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suggesting that this compound may be useful as an antibacterial
agent against Y. enterocolitica and also Y. pestis.
Structure of the LpxC-CHIR-090 Complex. The two

independent monomers of YeLpxC in the P1 unit cell are struc-
turally quite similar, with root-mean-square (rms) deviations
of 0.34 Å for 298 CR atoms and 0.78 Å for all atoms (33). The
structure of monomer A is shown in Figure 3. The crystal
structure of YeLpxC is also similar to the structures of AaLpxC
and PaLpxC. The rms deviation of 266 CR atoms between
YeLpxC and AaLpxC (10) is 2.27 Å; the rms deviation of 295
CR atoms between YeLpxC and PaLpxC (11) is 1.36 Å. The
catalytic zinc ion of YeLpxC is coordinated by H79, H238, and
D242, which are conserved among LpxC enzymes from different
species. The square-pyramidal coordination geometry of zinc is
completed by the hydroxamate moiety of CHIR-090.

The electron density map of the YeLpxC-CHIR-090 complex
clearly shows that the inhibitor binds in the hydrophobic tunnel.
The inhibitor is boundwith full occupancy, with thermalB factors
comparable to those of surrounding residues (Figure 4A).
Binding in the hydrophobic tunnel was also observed in the
NMR structure of the AaLpxC-CHIR-090 complex (19). The
hydroxamate moiety chelates the catalytic zinc ion, which is also
bound with full occupancy, with a thermal B factor comparable
to B factors of ligand residues. The hydroxamate moiety also
makes polar interactions with E78, T191, andH265. Interestingly,
the threonine moiety of the inhibitor adopts a different conforma-
tion from that observed in the NMR structure of the AaLpxC-
CHIR-090 complex (Figure 4B) (19). In the structure of the
YeLpxC-CHIR-090 complex, both the carbonyl and the back-
bone amide group of the inhibitor threoninemoiety are positioned
to make hydrogen bonds with T191 and the carbonyl of F192.
The threonine methyl group also makes van der Waals interac-
tions with the backbone carbonyl of F192 and a water molecule.
The two aromatic rings and the alkyne moiety of CHIR-090make
van der Waals interactions with several residues in the hydro-
phobic tunnel defined by the βRβ domain, as well as residues
flanking this domain, including T191, F192, I198, C207, G210,
S211, A215, and V217. Finally, the morpholino ring hydrogen
bondswith awatermolecule andmakes van derWaals interactions
with M195 and F212. The morpholino ring refined well in both
chair and boat conformations, as shown in Figure 4A; both con-
formations are included in the final structure with half-occupancy.
These interactions with the hydrophobic tunnel are similar to
those observed in the solution NMR structure of AaLpxC (19).
In that structure, the orientation ofCHIR-090 is slightly different

so as to allow the morpholino ring to make additional contacts
with I186, K190, and Y212 (AaLpxC numbering).

Many of the intermolecular interactions observed in the
YeLpxC-CHIR-090 complex are conserved in the structure
of AaLpxC complexed with palmitate (15). In the AaLpxC-
palmitate complex, the metal-chelating carboxylate makes polar
interactions with E78, H265, and T191, as does the hydroxamate
moiety of CHIR-090. Like the aromatic rings and alkyne func-
tionalities of CHIR-090, the hydrophobic tail of palmitate also
makes van der Waals interactions with I18, I198, G210, S211,
T215, and V217. Palmitate additionally makes nonpolar interac-
tions with H58 and T191.

An important feature that is evident in the comparison of the
three LpxC crystal structures is the variable conformation and,
hence, apparent flexibility of the βRβ domain, which forms one
wall of the active site (Figure 5). Consistent with this observation,
NMR measurements indicate that the βRβ domain is highly
disordered in the absence of bound inhibitor (17). The binding of
CHIR-090 stabilizes the βRβ domain in a well-defined conforma-
tion, and the slow step that occurs after inhibitor binding may
reflect reorganization of this domain. The flexibility of the βRβ
domain may be a useful feature to be exploited in the design of
inhibitors that will bind tightly to multiple LpxC orthologues.
Despite varying degrees of overall amino acid sequence identity,
ranging from 31% to 92%, much of the amino acid sequence
of the βRβ domain is largely conserved among many species
of Gram-negative bacteria, particularly those classified by the

FIGURE 3: Stereoview of the YeLpxC-CHIR-090 complex. The catalytic zinc ion (red) is coordinated by H79, H238, and D242 (blue sticks).
CHIR-090 is shown as a stick figure (C = green, N = blue, and O = red).

FIGURE 4: (A) Simulated annealing omit map contoured at 4.0σ
showing the CHIR-090 inhibitor in the hydrophobic tunnel. Both
chair and boat conformations of the morpholino ring refined well
into the electron density map, so each is included in the final model
with half-occupancy. (B) Superposition of CHIR-090 in YeLpxC
(green stick figure) and the CHIR-090 binding conformation ob-
served in the NMR structure of the AaLpxC-CHIR-090 complex
(orange stick figure).
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Centers for Disease Control as class A and class B bioterrorism
agents (Figure 6) (34). The amino acid side chains that interact
with the CHIR-090 inhibitor are also highly conserved among
these species. Along with the catalytic metal ion, many of the
residues in the active site and hydrophobic tunnel (including E78,
T191, F192, and H265) are important for the catalytic activity
and product affinity of EcLpxC and/or AaLpxC (15, 35), sug-
gesting that the inhibitor makes interactions similar to those of
the substrate and product. Taken together, these data strongly
suggest that the hydrophobic tunnel should be a primary target
for the development of more potent, broad-specificity inhibi-
tors (10, 16, 19).

Kirby-Bauer Antibiotic Assay. Zones of inhibition as-
says (32) show that CHIR-090 is a potent inhibitor of Y.
enterocolitica; a 27 mm halo of killing was visible around the
disk inoculated with CHIR-090 (Figure 7A). As a negative
control, DMSO showed no antimicrobial activity. This result is
comparable to previously reported inhibition against E. coli and
P. aeruginosa; CHIR-090 displayed a 36 mm halo of killing
against wild-type E. coli, 38 mm against inhibitor hypersensitive
E. coli, and 34 mm against P. aeruginosa (20). The antimicrobial
activity of CHIR-090 is also comparable to the activities of the
commercially available antibiotics, tobramycin and ciprofloxa-
cin (20). These results further confirm that CHIR-090 exhibits

FIGURE 5: (A) Superposition of YeLpxC (cyan), AaLpxC (magenta), and PaLpxC (blue). (B) Close-up view of the βRβ domain with the catalytic
zinc ion shown as a red sphere and the CHIR-090 inhibitor shown as a green stick figure. This view highlights the apparent left-
to-right movement of the βRβ domain, as well as the flexibility in-and-out of the plane of the paper.

FIGURE 6: Partial sequence alignment of LpxC (residues 187-222,
YeLpxC numbering) from selected Gram-negative bacteria. Fully
conserved residues are in blue and largely conserved residues are in
green. The residues that interact with the CHIR-090 inhibitor through
vanderWaals orhydrogenbond interactions areunderlined.Acartoon
of the secondary structure highlights theβRβ domain (arrows represent
the β-strands, and the cylinder represents the short R-helix).

FIGURE 7: Kirby-Bauer antibiotic assay. (A) CHIR-090 displays a
27 mm zone of killing against Y. enterocolitica. (B) DMSO as the
negative control.



264 Biochemistry, Vol. 50, No. 2, 2011 Cole et al.

appreciable inhibitory potency against a number ofGram-negative
bacterial strains and, therefore, may serve as a model for the
development of more potent, broad-specificity inhibitors.

CONCLUDING REMARKS

The structure of theYeLpxC-CHIR-090 complex is the highest
resolution structure of LpxC determined to date and the first
X-ray crystal structure of LpxC complexed with the potent
hydroxamate inhibitor CHIR-090. Inhibition assays reveal a
two-step mechanism diagnostic of a slow, tight-binding inhibitor
in which the inhibition constant of the E 3 I complex (Ki = 0.54(
0.14 nM) is more potent and the rate constant for the time-
dependent inhibition (kobs

max= 0.11( 0.01 min-1) is faster than
observed with enzymes from other species (i.e., AaLpxC and
EcLpxC). Consistent with this, CHIR-090 exhibits a 27 mm
halo of killing in a Kirby-Bauer antibiotic assay against
Y. enterocolitica. Since Y. enterocolitica is an insidious Gram-
negative pathogen and LpxC from this species is a nearly
identical orthologue to that of Y. pestis, the bacterium that causes
bubonic plague, structure-function relationships now established
for YeLpxC provide a foundation for future studies aimed at
developing potent, broad-specificity inhibitors of LpxC enzymes
from weaponizable Gram-negative pathogens.
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