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ABSTRACT. The deacetylation of UDP-B-[(R)-3-hydroxymyristoyl]N-acetylglucosamine (UDP-3-acyl-
GIcNAc) by LpxC is the committed reaction of lipid A biosynthesis. CHIR-090, a ndN<royl-. -
threonine hydroxamic acid, is a potent, slow, tight-binding inhibitor of the LpxC deacetylase from the
hyperthermophil@quifex aeolicusand it has excellent antibiotic activity agaifiteudomonas aeruginosa
andEscherichia colias judged by disk diffusion assays. We now report that CHIR-090 is also a two-step
slow, tight-binding inhibitor ofE. coli LpxC with Ki = 4.0 nM, Ki* = 0.5 nM, ks = 1.9 mirr%, andks =

0.18 mirmrt. CHIR-090 at low nanomolar levels inhibits LpxC orthologues from diverse Gram-negative
pathogens, includin®. aeruginosaNeisseria meningitidisandHelicobacter pylori In contrast, CHIR-

090 is a relatively weak competitive and conventional inhibitor (lacking slow, tight-binding kinetics) of
LpxC from Rhizobium leguminosaru(K; = 340 nM), a Gram-negative plant endosymbiont that is resistant
to this compound. Th&y (4.8 uM) and thekes (1.7 s1) of R. leguminosarunbpxC with UDP-3-O-
[(R)-3-hydroxymyristoyl]N-acetylglucosamine as the substrate are similar to values reportéd ¢ofi

LpxC. R. leguminosarunbpxC therefore provides a useful control for validating LpxC as the primary
target of CHIR-090 in vivo. ArE. coli construct in which the chromosomiakC gene is replaced biR.
leguminosarum Ipx@ resistant to CHIR-090 up to 10@/mL, or 400 times above the minimal inhibitory
concentration for wild-typeE. coli. Given its relatively broad spectrum and potency against diverse
Gram-negative pathogens, CHIR-090 is an excellent lead for the further development of new antibiotics
targeting the lipid A pathway.

The emergence of multidrug-resistant bacteria in hospital (9—12). The lipid A moiety of LPS is a hexaacylated
and community clinics has created an urgent need for newdisaccharide of glucosaming,(8) (Figure 1). Although
antibiotics (I, 2). About half of the multidrug-resistant inhibition of any one of the first six enzymes of lipid A
bacteria are Gram-negative pathoge®js ifhcluding strains biosynthesis is lethal t&. coli (8), the most promising target
of Escherichia coli Pseudomonas aeruginosd), and identified to date is LpxC9—12), a unique deacetylase that
Acinetobacter baumann({i3). Inhibitors that exploit tradi- is selective for UDP-3-[(R)-3-hydroxymyristoyl]N-acetyl-
tional antibiotic targets, such as peptidoglycan, DNA replica- glucosamine (UDP-®-acyl-GIcNAc) (13—16) (Figure 1).
tion, or protein biosynthesigl), are becoming less effective  Although LpxC catalyzes the second reaction of the lipid A
(2). These obstacles could be overcome by developing pathway, it represents the committed step (Figure 1).

inhibitors of novel targets required for bacterial growth LpxC is a zinc-dependent amidase with a catalytic mech-
(5, 6). anism related to that of carboxypeptidase and thermolysin
The biosynthesis of the lipid A component of lipopolysac- (17—19). Aquifex aeolice LpxC, the structure of which was
charide (LPS}Y,a unique, outer-membrane lipid that shields recently solved by both NMR spectroscopy8( 20) and
Gram-negative bacteria from environmental stresge8)( X-ray crystallography 21, 22), displays a novel -a-a-f
is a promising target for new antibiotic development sandwich” fold (Figure 2A). A unique feature of LpxC is a
hydrophobic passage, leading away from the active site zinc
T This research was supported by NIH Grants GM-51310 to C.R.H.R. ion, which accommodates the acyl chain of the substrate-

and Al-055588 to P.Z. A.W.B. was supported by Cellular and Molecular mjimetic inhibitor TU-514 (Figure 2A) and is presumed to
Biology Training Grant GM-07184 to Duke University.

* Author to whom correspondence should be addressed. Phone:captl_Jre the acyl chain of the substrafs,(20, _22)' The
(919) 684-5326. Fax: (919) 684-8885. E-mail: raetz@biochem.duke.edu. terminal methyl group of the TU-514 acyl chain protrudes

f ! gbbreviatijo%s: ﬁCP, |acyolI Carfgér protein; DMSO|, dimethyl SUI- through an opening at the surface of the enzyif 20).
oxide; DTT, dithiothreitol; Kdo, 3-deoxyp-manneoctulosonic acid; . S . .
ICso, concentration of half-maximal inhibition; IPTG, isoprog$ip- Most of the available LpxC inhibitors that display sig-

thiogalactopyranoside; LPS, lipopolysaccharide; MIC, minimal inhibi- - nificant antibiotic activity resemble TU-514 in that they
tory concentration; NMR, nuclear magnetic resonance; ORF, open contain a hydroxamic acid moiety to coordinate the catalytic

reading frame; PCR, polymerase chain reaction; SBAGE, sodium [ _ ;
dodecyl sulfate-polyacrylamide gel electrophoresis; UDR=Bacyl- zinc ion @—12, 23, 24) (Figure 2B). However, many LpxC

GlcNAC, UDP-30-[(R)-3-hydroxymyristoyl]N-acetylglucosamine; UDP- inh.ibitor.s, SUCh_as L-161,240 and BB-78485 (Fig_ure 2B),
GlcNAc, UDP-N-acetylglucosamine. which kill E. coli, have little or no effect oiP. aeruginosa
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Ficure 1: Reaction catalyzed by LpxC and structureEbfcoli lipid A. The biosynthesis of lipid A begins with the 3-O-acylation of
UDP-GIcNAc by the cytosolic enzyme LpxA8). In the first irreversible (committed) reaction of the pathway, the deacetylase LpxC
unblocks the nitrogen at the 2 position of the glucosamine 8)gSeven downstream enzymes produce Kgud A (8), the hydrophobic
membrane anchor of LPS, and a potent toll-like receptor 4 agotiit (
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Ficure 2: Structures oA\. aeolicud_pxC and of various LpxC inhibitors. Panel A: The three-dimensional structure of LpxC is characterized
by a unique f5-o-a- sandwich” fold (8, 20—22). The NMR structure of LpxC was solved with one bound molecule of the substrate
analogue TU-5141@8, 20). LpxC contains an unusual hydrophobic tunnel that encapsulates the acyl chain of TW8528, (22). This

figure was generated with PyMol using the Protein Data Bank accession code 1XXE. Panel B: All relevant LpxC inhibitors contain a
zinc-chelating hydroxamate moiety. Structures of LpxC complexes including other inhibitors are not yet available.

(10, 12). This anomaly is explained by the fact that EXPERIMENTAL PROCEDURES
aeurginosa_pxC is only 55% identical td. coli LpxC, and
its activity is much less susceptible to inhibition by L-161,-  Materials, Strains, and ReageniEl-cellulose TLC plates
240 and BB-7848525). were purchased from EMD Chemicals, Gibbstown, NJ.
McClerren et al. recently reported CHIR-090 (Figure 2B), Bovine serum albumin (BSA), imidazole, HEPES, and
a very potent, slow, tight-binding inhibitor o&. aeolicus ~ sodium phosphate were obtained from Sigma-Aldrich, St.
LpxC (11), the sequence of which is 31% identical o Louis, MO, and {-**P]JUTP was purchased from NEN
coli LpxC. McClerren et al. also showed that CHIR-090 has DuPont. Ni-NTA agarose resin and plasmid miniprep kits
remarkable antibiotic activity againgt coliandP. aerugi-  Wwere purchased from Qiagen, Valencia, CA. Coomassie-Plus
nosa comparable to ciprofloxacin, as judged by disk protein reagent and GelCode blue staining reagent were
diffusion assaysl(1). However, the inhibition of LpxC from  purchased from Pierce, Rockford, IE. coli BLR(DE3)/
these and other pathogenic bacteria by CHIR-090 was notpLysS, E. coli XL1-Blue competent cells, an&fu poly-
fully evaluated. It also remains unclear whether or not LpxC merase were purchased from Stratagene, La Jolla, CA. The
is the sole target of CHIR-090 in vivo. We now report that vector pET21b was purchased from Novagen (an EMD
CHIR-090 is a slow, tight-binding inhibitor d. coli LpxC Chemicals Co.). Primers were purchased from MWG Bio-
with K; = 4.0 nM,Ki* = 0.5 nM, ks = 1.9 mirr%, andks = tech, High Point, NC. Restriction endonucleadisd and
0.18 mirmr®. CHIR-090 inhibits LpxC orthologues from BamHI were purchased from New England Biolabs, Ipswich,
several other important Gram-negative pathogens at low MA. Genomic DNA fromR. leguminosarursatrain 3841 was
nanomolar concentrations. In contrast, however, both growth prepared as described previouslg6), and DNA from
and LpxC activity of the Gram-negative plant endosymbiont Helicobacter pyloriwas provided by Dr. M. Stephen Trent,
Rhizobium leguminosarurare insensitive to CHIR-090. East Tennessee State University, Johnson City, TN. Genomic
Replacement oE. coli IpxC by R. leguminosarum IpxC ~ DNA from Neisseria meningiditifATCC 700532D) was
rendersk. coli fully resistant at 400 times the minimal purchased from the American Type Culture Collection,
inhibitory concentration (MIC) for wild-type cells, demon- Manassas, VAP. aeruginosa IpxCloned into pET21b was
strating that LpxC is the primary target for CHIR-090 in constructed as previously describ@ad)( The LpxC inhibitor
Vivo. CHIR-090 was prepared at the Duke University Small
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Molecule Synthesis Facility according to published proce-
dures 28).

Cloning of IpxC Genes from H. pylorN. meningiditis,
and R. leguminosarumThe IpxC genes fromH. pylori,

N. meningitidis and R. leguminosarumwere amplified
from genomic DNA by PCR, using the primers listed in
Table S1, and cloned into a pET21b vector in-frame with
the C-terminal His tag. The presence of the correct insert
was confirmed by DNA sequencing.

Overexpression and Purification of H. pylori, N. menin-
giditis, and R. leguminosarum LpxThe purification and
specific activity of each LpxC orthologue is summarized in
Table S2. Plasmids containing C-terminal His-tagtmedC
genes fromH. pylori, N. meningiditisandR. leguminosarum
were transformed int&. coli BLR (DE3)/pLysS competent
cells for overexpression. Overnight cultures (5 mL) were
grown from single colonies at 37C in LB broth 29),
containing 100ug/mL ampicillin and 25ug/mL chloram-
phenicol, and used to inoculate 50 mL of LB broth,
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Scheme 1: Two-Step Mechanism for Slow, Tight-Binding
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Fractions (5 mL) containing LpxC activity were pooled and
concentrated to 1 mL. The protein was further purified using
a 2 cm x 46 cm Sephadex G75 column (Amersham-
Pharmacia) equilibrated in the same buffer. Fractions (2 mL)
containing LpxC activity were pooled, and purity was
assessed by SDSPAGE. The protein was stored at
—80°C prior to being assayed. Electrospray ionization mass
spectrometry 11) was used to confirm the exact mass
predicted from theP. aeruginosaLpxC sequence. SDS

supplemented with the same antibiotics. These cultures weréPAGE analysis of each of the above LpxC preparations

grown to anfAgg of 0.5. LpxC expression was induced with
1 mM isopropyl 3-p-thiogalactopyranoside (IPTG) in the
presence of 10@M ZnSO,. All cultures were grown at
25 °C for an additionb5 h and then harvested at 6@pfor

20 min at 4°C. The cell pellets were resuspended in 25 mL
of 256 mM HEPES, pH 7.0, containing 2 mptmercapto-
ethanol, 300 mM NaCl, and 20% glycerol. The cells were

showed no more than 10% contaminating proteins, as judged
by densitometry.

Assay of LpxC Actity. UDP-3-O-[(R)-3-hydroxymyris-
toyl]-N-acetylglucosamine andxf*?P]JUDP-3-O-[(R)-3-hy-
droxymyristoyl]N-acetylglucosamine were prepared enzy-
matically as previously describe®l). Assays of LpxC
activity were performed with &M substrate, except where

broken by three passages through a cold French pressure ceftoted (1); additionally, 10% DMSO was added to the assay
at 18000 psi, and debris was removed by centrifugation at mixtures and held constant at that level when inhibitor
800Q for 20 min at 4°C. The supernatant was loaded onto (dissolved in DMSO) was added. Except where noted, the
a 5 mL Ni-NTA agarose column and equilibrated with concentration of the enzyme was at least 10-fold less than
5 mM HEPES, pH 7.0, containing 2 mmercaptoethanol,  the concentration of either the inhibitor or the substrate.
300 mM NacCl, and 20% glycerol, and the protein was eluted When preincubated with or without inhibitor prior to being
with 200 mM imidazole. The fractions containing LpxC were assayed, the enzyme was diluted in 25 mM sodium phos-
pooled, concentrated, and dialyzed into 25 mM HEPES, pH phate, pH 7.4, containing 1 mg/mL BSA and 10% DMSO.
7.0, containing 2 mM DTT, 150 mM NaCl, and 10% The preincubation mixture was held on ice for 15 min before
glycerol. Protein concentrations were determined using the the reaction was initiated by means of a 1:4 dilution of the
bicinchoninic assay30). enzyme into the assay cocktail. Initial velocities were
Overexpression and Purification of E. coli LpxC and P. calculated from the linear portion of reaction progress curves
aeruginosa LpxC Lacking His Tag&. coli LpxC was (<10% conversion of substrate to product).
prepared as previously describdd) usinglpxC expressed Determination of the Mechanism of CHIR-090 Binding to
in pET11a 81). ForP. aeruginosd_pxC, a fresh colony of ~ E. coli LpxC. In order to assess the slow, tight-binding
BLR(DE3)/pLysS harborin@. aeruginosa Ipx@loned into ~ phenomenon, 0.2 nNE. coli LpxC was first assayed in the
pET21b was used to inoculate 5 mL of LB broth for an presence of 0, 0.5, 1, 2, 3, 4, 6, or 8 nM inhibitor without
overnight cultureP. aeruginosa_pxC was cloned without  any preincubation. In these assays, 2.20° dpm of [a-*?P]-
the His tag present on pET21b. A 1.5 L portion of M9 UDP-3-O{(R)-3-hydroxymyristoyl]N-acetylglucosamine was
medium @9), containing 10Q«g/mL ampicillin and 25ug/ included per reaction. Equation 1, describing time-dependent
mL chloramphenicol, was inoculated with the overnight inhibition, was fitted to the data as previously described
culture. Cells were grown at 37TC to anAg of 0.5, and  (Scheme 1) 11). The rate of EI* formation K9 was
then IPTG was added to 1 mM. The bacterial cells were determined from curve fitting with
subsequently grown at 30 for 3 h, harvested, and lysed
as described above. Next, 13.5 g of ammonium sulfate was  [P] = vd + [(v; — v)/Kypd[1 — exp(—k,pd)] +C (1)
added to 43 mL of cytosol, and the mixture was incubated
on ice for 1.5 h. Protein precipitate was recovered by where [P] is the concentration of product at tilpe; is the
centrifugation at 800§ for 20 min, and it was resuspended initial velocity, vs is the steady-state velocity, akghsis the
in 30 mL of 25 mM HEPES, pH 7.0, containing 10% first-order exponential term for the formation of the EI*
glycerol and 2 mM DTT. Remaining ammonium sulfate was complex.
removed by overnight dialysis against the same buffer. A modified form of eq 1 was used to fit the rate of
The sample was applied to a 30 mL Q-Sepharose formation of free EK op9 by measuring product accumulation
(Amersham-Pharmacia) column equilibrated with the same after a 100-fold rapid dilution following a 60 min preincu-
buffer. The column was eluted with a linear gradient 6f10 bation 82). The time-dependent inhibition equation was
M KCl dissolved in 25 mM HEPES, pH 7.0, and 2 mM DTT. modified by setting the initial velocity:) to 0 and was
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subsequently rearranged:
[Pl = vd = (vdKopd[1 — expKopd)] +C - (2)

The microscopic rate constants defining the rate of the
formation and dissociation of the EI* complex in Scheme 1
were computed from

Kobs = ks + ke/[1 + (IC5¢/[])] ®)

whereks andks are defined as described by Morrisdl(

32, 33), ICso was determined by fitting the Kg equation

to the initial velocities, and [I] is the concentration of
CHIR-090 in the assay. Thi§* describing the potency of
CHIR-090 after the onset of time-dependent inhibition was
derived using

Ki* = Ki/[1 + (ky/ky)] (4)

Ki* for E. coli LpxC was determined by independently
varying CHIR-090 from 50 pM to 4 nM, keeping the
concentration of enzyme constant at 0.2 nM. The Morrison
equation was then fitted to the da@2):

vlvg=1—[(El; + [l + K*) —
VAEL + 101 + K47 — 4EL 1 J2[E]; (5)

where v; is the initial velocity of the reactiony, is the
velocity of the uninhibited reaction, [E]s the empirically
determined total enzyme concentration, ang ig]the total
concentration of CHIR-090.

Determination of Kinetic Parameters for E. coli and R.
leguminosarum LpxC.  and Vmax Were determined by
varying the substrate from 0.5 to 20M for E. coli LpxC
and from 1 to 10QuM for R. leguminosarunbpxC. Data
were analyzed using an Eadiklofstee plot 84) and by a
nonlinear curve-fitting program (KaleidaGraph; Synergy
Software); the resultant values were nearly identical and
within the error of the experiment. To determinelafor
CHIR-090 againstR. leguminosarumLpxC, CHIR-090
concentrations were varied from 0.1 to &M, and an
equation describing a binding isotherm was fit to the data
(32). A K value was calculated using

Ki = 1C5¢/[1 + ([SVKw)]

(6)

Construction of E. coli W3110RLIn this strain, R.
leguminosarum IpxGvas used to replack. coli [pxC A
PCR product containing thR. leguminosarunORF was
amplified fromR. leguminosarurgenomic DNA. PCR was
used to construct a linear piece of DNA containiRy
leguminosarum Ipx@primers shown in Table S1), flanked
on the 5 end by 40 bp of DNA complementary to thé 5
region upstream dE. coli IpxCand on the 3end by 40 bp
of DNA complementary to the'3egion downstream dE.
coli IpxC. This fragment was extracted from an agarose gel,
purified using a Qiagen PCR cleanup kit, and eluted with
distilled water. The fragment was then electroporated into
E. coli W3110 cells, containing the temperature-sensitive
pDK46 recombination plasmidb), using a Bio-Rad Gene
Pulser Il set to 2.5 kV, 2&F, and 40(2. Because no CHIR-
090-resistanE. coli W3110 colonies were observed on LB
plates supplemented with gg/mL CHIR-090 (data not

Barb et al.

shown), transformants could be selected directly using CHIR-
090 without introducing a closely linked resistance cassette
for a different antibiotic marker. Recombinant colonies
containingR. leguminosarum Ipx@ere selected on LB agar
plates, containing Zg/mL CHIR-090. Genomic DNA from
resistant colonies was isolated, and the region ardpxd
was sequenced. One clone in whiRhleguminosarum IpxC
had replacedt. coli IpxCwas selected and grown at 3C

to eliminate the pKD46 plasmid. This strain was subsequently
namedE. coli W3110RL.

PL; Transduction Experiment&. coli W3110RL was
transduced to kanamycin resistance using & Misate
prepared ork. coli AyacF-21(strain EDCM371 obtained
from theE. coli Genetic Resource Center at Yale University,
which contains a kanamycin resistance cassette near LpxC
around minute 2 on th&. coli chromosome). More than
100 kanamycin-resistant colonies were recovered, and 12
were restreaked onto fresh LB plates containing kanamycin
(25 ug/mL); these were then tested on LB plates containing
1 ug/mL CHIR-090 to verify the genetic linkage of kana-
mycin and CHIR-090 resistance in W3110RL.

LpxC Actuity in Cell-Free Lysates. E. coiW3110 and
W3110RL were each grown to ago of 0.6 and harvested
at 400@ for 15 min at 4°C. Cell pellets were resuspended
in 2 mL of 25 mM HEPES, pH 7.0, containing 2 mM DTT,
and lysed by three passages through a cold French pressure
cell at 18000 psi. Lysates were cleared by centrifugation at
800Qy for 20 min at 4°C. LpxC activity was determined as
described above, except that 0.5 mM AMP was included to
inhibit CDP-diglyceride hydrolase-catalyzed cleavage of the
substrate 16).

Disk Diffusion Assays of Antibiotic Sensity and Bacte-
rial Growth Tests.Disk diffusion was conducted as previ-
ously described1(1), except that 1Qig of each antibiotic
compound was used per filter. Growth in liquid medium in
the presence of CHIR-090 was evaluated as follows: Cells
from overnight cultures were inoculated into 50 mL portions
of LB broth at anAgp 0f 0.02 and grown with shaking at 30
°C. When theAsoo reached 0.15, parallel cultures were treated
with either 6 uL of 500 ug/mL CHIR-090 in DMSO or
6 uL of DMSO. To assess cumulative growth, cultures were
maintained in log phase growth by 10-fold dilution into
prewarmed medium, containing the same concentrations of
DMSO or DMSO/CHIR-090, whenever thfgo, reached 0.4.

Antibiotic Minimal Inhibitory ConcentrationsThe minimal
inhibitory concentration was defined as the lowest antibiotic
concentration at which no measurable bacterial growth was
observed in LB medium containing 1% DMSO (v/v), when
inoculated at a starting density Afoo = 0.01. Cultures were
incubated with shaking for 24 h at 3C in the presence of
CHIR-090. Experiments were performed in triplicate.

RESULTS

CHIR-090 Is a Two-Step, Slow, Tight-Binding Inhibitor
of E. coli LpxC CHIR-090 is a competitive, two-step, slow,
tight-binding inhibitor ofA. aeolicud_pxC (Scheme 1)11).
Although CHIR-090 also inhibit&. coli LpxC in the low
nanomolar range and has potent antibiotic activity against
this organism 11), the mechanism of inhibition of thE.
coli enzyme was not previously determined. We therefore
investigated the question of whether or not CHIR-090 is a
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1.5 C 1.5 D Ficure 4: Determination oK* under conditions of similar enzyme
. . and CHIR-090 concentration. A plot of initial velocity measure-
ments with different amounts d&. coli LpxC in the presence of
1 100 nM CHIR-090 is shown in panel A. The active enzyme
concentration was determined by extrapolating to zero a line
representing the linear fit of reactions with measurable activity.
For these data, this line intersects thaxis at 90 nM, suggesting
the active enzyme concentration is within 10% of the enzyme
* concentration estimated by UV absorption. In panel B, fractional
activity (vi/v,) was measured over a range of CHIR-090 concentra-
00 30 70 P 00 3 2 A 3 tions, where the amount of enzyme was held constant at 0.2 nM.
Using the active enzyme concentration calculated from the data
Time (min) CHIR-090 (nM) shown in panel A, eq 5 was fitted to the data in panel B, yielding

. : s ding inhibiti ; Ki* value of 0.5+ 0.1 nM. A repeat experiment (not shown)
FiGure 3: Slow, tight-binding inhibition oE. coli LpxC by CHIR- amit . L

090. Panel A: Progress curves for product formation when reactions 92V€ identical results (within 10%).

are started by addition of enzyme in the presence of O #yj { o ) .

nM (m), 2 nM (a), 3 NM (x), 4 nM (a), 6 NM (@), or 8 nM (+) extrapolated to zero in Figure 3D. TKeysfor this transition
CHIR-090. Panel B: Plot of fractional velocities extracted from provides a lower bound for the trie.

;T:nrggfo'lt? é’)‘ gs&‘;‘t'i c';*n asa f#{‘fg?ﬂe‘)zgt';'VRV}%ggﬁg&"g]?gtrr?&on- A Using the estimated value &, eq 3 was fit to the data
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Panel C: Progress curves obtained after rapid dilutio&.ofoli shown in Figure 3D, yleldlng_ a Value of 18 0.3 mm,_

LpxC preincubated with CHIR-090. Key:4# control reaction in for ks (32 33). Further analysis, using eqs 3 and 4, yielded

which 0.25 nM LpxC was used to start the reaction in the presence a K; of 4.0+ 1.0 nM (describing/ks) (33) and an overall
of 0.5 nM CHIR-090; M) preincubation of 50 nM CHIR-090 with  inhibition constant K;*) of 0.4 £+ 0.1 nM. Analysis of the

25 nM LpxC diluted 100 times into the assay mixtures) ( microscopic rate constants predicts a half-life of 20 s for

reincubation of 100 nM CHIR-090 with 25 nM LpxC diluted 100 : o
ﬁmes into the assay mixturex] preincubation of 2poo nM CHIR-  the formation of the EI* complex, not dissimilar to the value

090 with 25 nM LpxC diluted 100 times into the assay mixture. Of 56 s determined foA. aeolicusLpxC (11). In the latter
Preincubations were done at 3D . Panel D: A plot of the observed  case, however, EI* formation is irreversible.

first-order rate constant for the formation of the EI* complex as  To confirm theK;* determined from the microscopic rate
fitted with eq 3. TheY-intercept (0.18 min') was determined  constants, we measured the residual activitg.ofoli LpxC
independently from the dilution experiment shown in panel C. A ' - A
repeat experiment (not shown) gave identical results (within 10%). after the SIOW-blndlng step had reached eqUII.Ibl’Iur.’n. In order
to use the Morrison equation (eq 5) to derikg, it was
time-dependent inhibitor oE. coli LpxC. Equation 1 was  necessary to know thactive enzyme concentration. This
fitted to the data from reaction progress curves (Figure 3A), value was determined by finding the concentration at which
which clearly show slow, tight-binding behavior. Analysis LpxC activity became measurable when the protein was
of the data from the first minute of the reaction (Figure 3B) titrated into a reaction mixture containing 100 nM CHIR-
demonstrates that CHIR-090 reduces the initial rate of 090 32). By this criterion the active enzyme concentration
deacetylation, consistent with a two-step mechanism was within 10% of the estimated total protein concentration,
(Scheme 1). as determined bys as previously described (Figure 4A)
The first-order rate constant describing the formation of (31). E. coliLpxC (0.2 nM) was next assayed in the presence
the EI* complex kong Was plotted as a function of inhibitor  of 0.05-4 nM inhibitor (Figure 4B). In this case, the reaction
concentration (Figure 3D). The hyperbolic nature of this plot rates were determined from the linear portions of the progress
is likewise indicative of a two-step mechanism (Scheme 1) curves after the full onset of slow, tight-binding inhibition
(11, 33). An additional numeric constraint fdks, which (or 5 min into the reaction). Thi&* value determined using
describes the reversal of the EI* complex to the EI complex eq 5 (0.5+ 0.1 nM) was similar to that determined by the
(Scheme 1), was determined independently using a rapidcurve fitting method described above (Gt40.1 nM).
dilution method 82). E. coli LpxC (25 nM) was preincubated CHIR-090 Is a Potent Inhibitor of Derse LpxC Ortho-
with 50, 100, or 200 nM CHIR-090 and then diluted 100- logues We next determined whether or not CHIR-090
fold into a reaction mixture containing/&M substrate. The  inhibits LpxCs from other Gram-negative organisms. Four
progress curves show that enzyme activity slowly returns diverse LpxC orthologuesP( aeruginosa H. pylori, N.
(Figure 3C), consistent with the formation of free enzyme. meningiditis andR. leguminosaruipwhich share 57%, 43%,
Equation 2 was fit to the data shown in Figure 3C, and a 49%, and 43% sequence identity Eo coli LpxC, respec-
value fork'ops representative of the microscopic rate constant tively, were chosen. To measure the potency of CHIR-090
ke, of 0.18 min't was determined. This value was similar to inhibition against these orthologues, we compared the initial
the value determined when the CHIR-090 concentration wasreaction velocities under standard assay conditions using

=) e
o 0.10 > 04
o

S
o 0.05 0.2

vj(umol/min) 2>

0.5]

Product (uM)
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0.4, 0.6 B leguminosarunenzyme (Figure 5D) at any concentration
: tested. Furthermore, CHIR-090 did not inhibit the growth
of R. leguminosarunRhizobium etliSinorhizobium meliloti
or Agrobacterium tumefacienas judged by standard disk
diffusion assays (data not showr)lf. These CHIR-090-
0.2 resistant bacteria all belong to the Rhizobiaceae family, a
A group of soil-borne Gram-negative organisms that infect
plants 36).
The Ky andkg, of R. leguminosarunbpxC were deter-
04 mined (Table 1) as described in Experimental Procedures.
D. The R. leguminosarunvalues were similar to those fd.

C.
0.3 coli and were consistent with previous studi&4)( There
1 was no evidence for allosteric effects or product inhibition
0.2 (data not shown).
To determine thé&; of CHIR-090, theR. leguminosarum
] & o1, enzyme was assayed withd substrate in the presence of

0.31
0.4

0.21

0.1

Product (uM)

N
|

0

0 2 4 6 0 2 4 6
0.3

o
N

Product (uM)

4 nM to 50 uM inhibitor (Figure 6). Using the kinetic

0 parameters established above and the measuredinC

0 2 4 6 0 2 4 6 conjunction with eq 6 for a simple competitive inhibitor, the
Time (min) Time (min) K; for CHIR-090 was calculated to be 348 60 nM

Ficure 5: Effect of CHIR-090 on diverse LpxC orthologues. In (Table 1). There was no evidence for slow, tight-binding

each panel the symbols indicate the following order of addition: inhibition. . . . . .
(®#) the CHIR-090 concentration was 16 nM during a 15 min ~ CHIR-090 Primarily Targets E. coli LpxC in Yo.
preincubation with enzyme and 4 nM following dilution into the CHIR-090 is a potent antibiotic again&t coli and inhibits
assay systemM) the CHIR-090 concentration was 0 nM during  E_ coli LpxC activity in vitro in the low nanomolar range
the preincubation but 4 nM in the assay mixture) the CHIR- g6 3) E. coli W3110 colonies resistant to dg/mL
090 concentration was 0 nM during the preincubation and 0 nM in T . - .

the assay mixture. Panel . coli LpxC. Panel B:H. pylori LpxC. CHIR-090 are not observed without prior chemical mutagen-
Panel C:P. aeruginosd_pxC. Panel D:R. leguminosarurhpxC. esis (data not shown). To determine whether or not CHIR-
R. leguminosarunipxC was assayed with 10-fold higher CHIR- 090 targets other enzymes besides LpxC, we constructed a
090 concentrations (160 nM during the preincubation and 40 nM strain of E. coli W3110 (Figure 7), designated W3110RL,

in the assay mixture). Preincubations were done &C4and : : ;
reactions at 30C. The points are connected for ease of viewing. in which R. leguminosarum Ipx@places the chromosomal

A repeat experiment (not shown) gave identical results COPY OfE. coli IpxC This strain is able to grow on LB agar
(within 10%). plates containing +10 ug/mL CHIR-090, which is 440

times above the MIC of 0.2ag/mL under our conditions
for wild-type E. coliW3110 (data not shown). The doubling
purified enzymes in the presence or absence of CHIR-090.time of W3110RL was 40 min in the presence ofd/mL
As with E. coli LpxC (Figure 5A), H. pylori LpxC CHIR-090, which is exactly the same rate as wild-type in
(Figure 5B), P. aeruginosalLpxC (Figure 5C), andN. the absence of inhibitor (Figure 8A). Wild-type cells stopped
meningitidisLpxC (data not shown) were inhibited 75% or  growing after abou2 h in thepresence of Lg/mL CHIR-
more by 4 nM CHIR-090 when enzyme was used to start 090 (Figure 8A).
the reactions. The specific activity of thé. meningitidis We next tested whether or not the CHIR-090 resistance
protein was at least 20-fold less than that of the others, of E. coli W3110RL is due to the presence Rf legumi-
suggesting that the expression or assay conditiondNfor  nosarum IpxQlocated at minute 2.3 on tHe. coli chromo-
meningitidis LpxC may not be optimal (Table S1). To some) or is caused by a spontaneous mutation not linked to
investigate possible time-dependent inhibition by CHIR-090, this locus. Transduction dE. coli W3110RL with a PJ;
we preincubated each enzyme with 16 nM CHIR-090 for |ysate prepared of. coli AyacF-21, a strain containing a
15 min before diluting 4-fold into the assay mixture kanamycin-resistance marker at minute 2.4, generated kana-
containing the substrate. We then compared the rates andnycin-resistant colonies with the expected frequency. Of 12
extents of product formation to those obtained without randomly selected kanamycin-resistant colonies, all were
preincubation (Figure 5AC). For the assays done without = sensitive to ug/mL CHIR-090. Therefore, the CHIR-090
preincubation, there was considerably more product ac-resistance oE. coli W3110RL shows the expected genetic
cumulation by the first time point, consistent with slow- |inkage to thelpxC locus.
binding inhibition in each case (Figure 5/C). A residual The W3110RL phenotype is stable, as demonstrated by
slow rate of product formation was observed with each of removing CHIR-090 for several generations without loss of
these enzymes (Figure 5AC), suggesting that EI* formation  resjstance. DNA sequencing confirmed that Bxelegumi-
is reversible, in contrast t&. aeolicusLpxC (11). nosarum IpxCgene replaced. coli IpxC without altering
CHIR-090 Is a Weak Competit Inhibitor of R. legumi-  the native chromosomal DNA sequence upstream or down-
nosarum LpxCSurprisingly,R. leguminosarunbpxC was stream of the insert.
not inhibited by 40 nM CHIR-090 (Figure 5D) under the As shown by diffusion assays with 10y of antibiotic
same conditions that showedr5% inhibition of the other  per disk (Figure 7), W3110 and W3110RL were equally
orthologues by only 4 nM CHIR-090 (Figure 5AC). There susceptible to tobramycin and ciprofloxacin. However,
was no evidence for time-dependent inhibition with e W3110RL was much less sensitive to CHIR-090 than was

0
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Table 1: Kinetics and Inhibition oE. coli versusR. leguminosarunhpxC

CHIR-090
LpxC source Kw (M) Keat (S7%) KealKn (M1 s7Y) Ki (nM) Ki* (nM)
E. coli? 4.0+ 05 4.2+ 1.3 11x 1¢° 40+ 1.0 0.4+ 0.I°
0.5+ 0.1
E. col® 2.14+05 3.3+ 0.2 15x 10° nd® nd
R. leguminosarum 48+0.4 1.7£05 3.5x 1¢° 340+ 60 nd

2 This work.? Jackman et al.31). ¢ Determined by curve fittingd Determined by linear fitting® Not determined’ Not applicable.

1.2 4 E.coliW3110 E.coliW3110RL
A. 100 100
10 A 10
(=4
8
< 1 1 1
Y |/
0.1 1 0.1 1
0 : : .
0.001 0.1 10 1000 0.01 T T 0.01 T T
CHIR-090 (UM) 200 0 200 400  -200 0 200 400
B. 0.3
Ficure 6: Inhibition of R. leguminosarunbpxC by CHIR-090.
An ICs for CHIR-090 inhibition of R. leguminosarunipxC s 008 1
activity at 54M substrate was determined from a plot of fractional 3, 02 |
activity (vi/vo) versus CHIR-090 concentration. Thesi@alue was - 004 | ’
calculated using the equatieiv, = 1/(1 + [I}/IC 5), yielding an g
ICso value of 0.69uM. A repeat experiment (not shown) gave © 01 |
identical results (within 10%). g 0.02 A )
000 o
E.coliW3110 E.coliW3110RL 0 ‘ ' ' 0 ' ' '
A. B. 0 2 4 6 0 2 4 6
EcaDNA . . . .
FoqDiA - Time (min) Time (min)

(-| Ec5’| EcLpxC ORF |Ec3‘p (-| Ec5'| RlegLpxC ORF |Ec3‘

Ficure 8: Growth ofE. coliW3110RL in the presence of CHIR-
090 and resistance of LpxC to CHIR-090 in W3110RL extracts.
Panel A: The cumulative growth yield of the parental strgin
coli W3110 (left graph) was compared to thattafcoli W3110RL
(right graph) when DMSOM) or CHIR-090 dissolved in DMSO
(O) was added at time 0, as indicated by the arrow. The final
concentration of CHIR-090 and DMSO in the culture medium was
1 ug/mL and 0.012%, respectively. Panel B: LpxC activity in
cell-free extracts of. coli W3110 (left graph) or W3110RL
(right graph) was measured in the presence of 10% DM&of
10% DMSO plus 50 nM CHIR-090X). The concentration of the
cell-free extract in the assay system was 0.83 mg/mLEocoli
W3110 and 0.99 mg/mL fdE. coliW3110RL. A repeat experiment
(not shown) gave identical results (within 10%).

FiGure 7: E. coliW3110RL is much less sensitive to CHIR-090. . .
Disk diffusion tests were used to test for antibiotic sensitivity. Panel To confirm the presence oR. leguminosarumpxC

A: CHIR-090 inhibits the growth of the parental strai coli activity in E. coliW3110RL, we assayed the cell-free extract
W3110 with potency that is intermediate between tobramycin and of this strain in the presence and absence of 50 nM CHIR-
ciprofloxacin. Panel B:E. coli W3110RL is completely resistant 090 (Figure 8B). There was no inhibition of LpxC activity
to L-161,240 and much less sensitive to CHIR-090 than the parentali, extracts of this construct, whereas LpxC activity was

strain. The compounds were tested awdOper disk: tobramycin S - .
(1), L-161,240 (2), CHIR-090 (3), and ciprofloxacin (4). Abbrevia- INhibited completely in extracts oft. coli W3110
tions: Ec,E. coli gDNA, genomic DNA; ORF, open reading (Figure 8B).R. leguminosarum Ipx@xpressed from an
frame. appropriate promoter may therefore be useful as a selectable

antibiotic resistance marker in the transformation or trans-
duction of CHIR-090-sensitive bacteria.
W3110, and W3110RL was completely resistant to L-161,-  On the basis of these data, we conclude that LpxC is
240 (Figure 7). The MIC of CHIR-090 against W3110RL jndeed the primary intracellular target for CHIR-090 in wild-
in liquid medium is 10Qug/mL, compared to 0.2ag/mL type E. coli at concentrations up to at least B/mL.
for W3110 (data not shown). This400-fold reduction in
sensitivity of W3110RL to CHIR-090 is consistent with the DISCUSSION
~600-fold increase in th&; of R. leguminosarunipxC In the present study we have demonstrated that CHIR-
versus theKi* of E. coli LpxC for CHIR-090 (Table 1). 090 is a potent slow, tight-binding inhibitor of LpxC
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orthologues from several important Gram-negative patho- cultures grown with BB-78484 present at 8 times its MIC
gens. CHIR-090 is therefore an excellent lead compound for (12). Most of the BB-78484-resistant bacteria contained
the further development of lipid A biosynthesis inhibitors single amino acid substitutions in either FabZ?) the
as clinical antibiotics. Because its mode of action is distinct 3-hydroxyacyl-ACP dehydratase of fatty acid biosynthesis
from those of all commercial antibiotics, CHIR-090 should (43), or LpxC (12). Although not seen with wild-typE. coli
be effective against multidrug-resistant Gram-negative bac-W3110, CHIR-090-resistant colonies were observed in the
teria, as are often encountered in cystic fibrosis patients ordisk diffusion assay oE. coli W3110RL (not visible in
debilitated individuals37, 38). As yet, the pharmacokinetics, Figure 7B). These colonies have not yet been characterized.
efficacy, and safety of CHIR-090 in animal models have not Taken together, the data suggest that multiple mutations in
been reported. one or more genes of wild-type. coli may be required to
Our kinetic evaluation o. coli LpxC showed that, similar  generate CHIR-090 resistance. This feature should limit the
to A. aeolicusLpxC, CHIR-090 inhibition occurs by a two-  development of resistance to CHIR-090 in clinical settings.
step, time-dependent mechanism with a low nanomigjar We are currently exploring the structural basis for the
(1.0-1.7 nM for A. aeolicusLpxC versus 4.0 nM foiE. insensitivity of R. leguminosarumLpxC to CHIR-090.
coli LpxC) (11). Likewise, theH. pylori andP. aeruginosa Several amino acid residues that line the fatty acid binding
LpxC orthologues are inhibited by low nanomolar levels of tunnel of LpxC are not conserved i leguminosarunand
CHIR-090 in a time-dependent manner (Figure 5). A related soil organisms, when compared to sensitive strains.
thorough analysis of inhibition kinetics is essential when These differences might account for the resistancd of
evaluating therapedutic leads. Time-dependent inhibitors areleguminosaruntpxC to CHIR-090. The NMR 18, 20) and
highly desirable because they mitigate the effects of substratecrystal @1, 22) structures of the CHIR-090-sensitiva.
accumulation §7, 38). Slow, tight-binding effects are aeolicus LpxC are available and should facilitate the
therefore expected to enhance the relative potency of astructural analysis dR. leguminosaruripxC by molecular
compound, reducing the necessary dosage and avoidingnodeling. It will also be very informative to determine a
potential off-target toxic effects. high-resolution structure of a CHIR-090-sensitive LpxC
The observation th&. leguminosarurand related Gram-  orthologue with bound CHIR-090 and to determine whether
negative bacteria are resistant to CHIR-090 afforded an or not the biphenyl acetylene unit of CHIR-090 (Figure 2)
opportunity to validate the specificity and mechanism of this is positioned within the fatty acid binding tunnel of LpxC.
compound as an antibiotic. We found that CHIR-090 inhibits Structure-based methods were not used to design any of the
R. leguminosaruni.pxC 600-fold less effectively thak. available LpxC inhibitors. When the results of ongoing
coli LpxC (Table 1). Furthermore, CHIR-090 does not structural studies are incorporated into the design of new
display slow, tight-binding inhibition witliR. leguminosarum  compounds, it is likely that LpxC inhibitors with greater
LpxC, and it does not inhibit the growth B leguminosarum  antibiotic potency, alternative zinc binding motifs, and/or
cells, as judged by disk diffusion assays (data not shown). enhanced pharmacokinetics will be identified.
The small halo of growth inhibition seen witk. coli
W3110RL (Figure 7) in whichR. leguminosarum IpxC ~ACKNOWLEDGMENT
replacesE. coli IpxC does suggest that the insensitivity of
R. leguminosarurbpxC to CHIR-090 is not the only reason
for the resistance dR. leguminosaruroells. This discrepancy
could be explained in several ways. coli K-12 andR.
leguminosaruntbiovar viciae strain 3841) differ in thaR.
leguminosarumsynthesizes LPS-containing O-antigen re- gyppORTING INFORMATION AVAILABLE
peats, which are necessary for the establishment of symbiosis
(39—41). The R. leguminosarumouter membrane may Table S1 (primers used in this study) and Table S2
therefore be less permeable to CHIR-090 than th&t. ali (purification of LpxC orthologues). This material is available
W3110, which lacks O-antigert®). Alternatively, CHIR- free of charge via the Internet at http://pubs.acs.org.
090 may be pumped out of tHe. leguminosaruneytosol
or be detoxified by a unique modification pathway. Further- REFERENCES
more, we cannot exclude the possibility that a secondary ;.
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