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ABSTRACT: The zinc-dependent enzyme LpxC catalyzes the deacetylation of UDRSA-GIcNAC, the

first committed step of lipid A biosynthesis. Lipid A is an essential component of the outer membranes
of most Gram-negative bacteria, includifigscherichia coli Salmonella entericaand Pseudomonas
aeruginosa making LpxC an attractive target for antibiotic design. The inhibition of LpxC by a novel
N-aroyl-L-threonine hydroxamic acid (CHIR-090) from a recent patent application (International Patent
WO 2004/062601 A2 to Chiron and the University of Washington) is reported here. CHIR-090 possesses
remarkable antibiotic activity against bdh coli andP. aeruginosacomparable to that of ciprofloxacin.

The biological activity of CHIR-090 is explained by its inhibition of diverse LpxC orthologues at low
nanomolar concentrations, including that’afuifex aeolicusfor which structural information is available.

The inhibition ofA. aeolicud_pxC by CHIR-090 occurs in two steps. The first step is rapid and reversible,
with aK; of 1.0—1.7 nM, depending upon the method of assay. The second step involves the conversion
of the El complex with a half-life of about a minute to a tightly bound form. The second step is functionally
irreversible but does not result in the covalent modification of the enzyme, as judged by electrospray
ionization mass spectrometry. CHIR-090 is the first example of a slow, tight-binding inhibitor for LpxC
and may be the prototype for a new generation of LpxC inhibitors with therapeutic applicability.

The emergence of multidrug-resistant bacterial pathogens LpxC removes the acetate group from the nitrogen atom
is a growing public health concerd)( Human and animal  at the glucosamine 2 position of UDP&3acyl-N-acetyl-
pathogens are developing resistance to every major class ofjlucosamine (Scheme 137, 13). This reaction is the first
commercial antibiotics, both natural and synthetic. New committed step of lipid A biosynthesid4) and is essential
antibiotics directed against previously unexploited bacterial for bacterial growth 12, 13). LpxC is encoded by a single-
targets are urgently neede24). copy gene, present in almost all Gram-negative bactég (

Zinc-dependent hydrolases are a well-studied class OfincludingPseudomona§ aeruginoge) andEscherichia coli
proteins, many of which have set successful precedents for(L?)- LPXC does not display sequence homology to other

mechanism-based inhibitor desigh7). Several bacterial deacetylases or e_ucaryo?ic pr_ot_eins, _suggesting that it can
metallo-amidases have been identified as potential antibioticbe targt.ate.d selfacnvely with m|n|m.a.l .”Sk of toxicity.

targets 7). Among them is LpxC, a zinc-dependent, cyto- ~ Despite its unique substrate specificity and sequence, LpxC
plasmic deacetylase involved in the biosynthesis of the lipid does share some mechanistic features with other important
A component of lipopolysaccharide (Scheme &) {1). metallo-amidases. As in thermolysirld), angiotensin-
converting enzyme5( 19), the matrix metallo-proteinases
(6), and peptidéN-deformylase 20), a single transition-metal
TAll studies of the slow, tight-binding inhibition of LpxC by ionis required for prc Cata|ytic activiw and a g|utamate

CHIR-090 were supported by NIH Grant GM-51310 to C.R.H.R. and _. L . L .
conducted at Duke University. The mass spectrometry facility in the SId€ chain in the LpxC active site is thought to activate the

Department of Biochemistry of the Duke University Medical Center Zn**-bound water Z1). Selective chelation of the LpxC
and Z.G. were supported by the LIPID MAPS Large Scale Collaborative active-site ZA" ion by certain small molecules containing

Grant number GM069338 from NIH. NMR studies &¥F-labeled ; ; in inhihiti ;
inhibitors bound tcE. colior PseudomonakpxC and a wide range of hydroxamic acid groups results in inhibition (Figure 8) (

LpxC inhibitor studies by a consortium that included Pathogenesis, 10: 11, 22, 23). The phenyloxazoline hydroxamic acid,
Chiron, the University of Washington, and Duke University were L-161,240 (Figure 1), is a competitive inhibitor & coli
supported by a grant from the Cystic Fibrosis Foundatiroyl- LpxC (Ki ~ 50 nM) and displays a minimal inhibitory

L-Thr hydroxamic acids, including the lead for CHIR-090 (which lacked . : . .
substituents on the aroyl unit), were prepared in the N.H.A. lab during concentration (MIC) of 3 ug/mL against wild-typee. coli

this period. CHIR-090 was prepared at the University of Washington (8, 10). However, L-161,240 is not active as an antibiotic
in a synthetic effort that was fully funded by a grant from Chiron. againstP. aeruginosaand other clinically important patho-

biochem duke ot Fa. 616.654-8385. Telepnone: 919.634-3584. JeMS: A different series of sulfonamide-containing hydrox-
* Duke University Medical Center. amates, such as BB 78485 (Figure 1), possesses a slightly

8 University of Washington. broader antibacterial spectrum, but the best of these com-
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Scheme 1: Role of the Deacetylase LpxC in the Biosynthesis of Lipid A
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Ficure 2: Refined NMR structure of the TU-514/AaLpxC complex.
This ribbon diagram is based on the recent work of Coggins et al.
(29).

o

CHIR-090

Ficure 1: Structures and LpxC inhibitory activities of selected

hydroxamic acids. CHIR-090 is from International Patent WO 2004/ .. . L
062601 A2 81). The slow, tight-binding inhibitory activity of  2inding energy. The X-ray structure of the zinc-inhibited

CHIR-090 againsE. coli andA. aeolicusLpxC was established in ~ form of AquifexLpxC in the absence of TU-514 was reported
the present study. The structures of L-161,240, TU-514, and BB simultaneously with the NMR structur8(@). It revealed the
78485, as well as their estimat&glvalues versus LpxC d. coli same overall protein fold, fatty acid binding tunnel, and zinc
andA. aeolicus are from the literature§( 10, 11). ligands.

. _ We have now characterized CHIR-090, a member of a
pounds is still not effective enough to be developed as a ey series of LpxC-specific inhibitors that was recently
therapeutic agent(). Although the available pharmacologic  isclosed in a joint Chiron/University of Washington patent
(8, 11) and genetic work3, 24, 29) validates LpxC as an  gppjication (International Patent WO 2004/062601 A21)(
excellent target, inhibitors with low nanomoldrvalues and We demonstrate that this-aroyl+-threonine hydroxamic
potent antibiotic activity against diverse Gram-negative acid, designated as compound 15 (CHIR-090) (Figure 1) in
pathogens have not been reported. the patent applicatior(), displays extraordinary antibacte-

Substrate-analogue LpxC inhibitors, like TU-514.0, 26), rial activity against botte. coliandP. aeruginosaBinding
which contain a hydroxamic acid moiety (Figure 1), are less studie$ had revealed that CHIR-090 displayed high affinity
potent than the above compounds. However, they effectively for the active sites of botk. coli andP. aeruginosa_pxC,
inhibit diverse LpxC orthologuem wvitro, ranging fromk. because CHIR-090 displaced a variety*#-labeled inhibi-
coli to Aquifex aeolicus.pxC. The latter displays only 32%  tors 2, 31) from both orthologues, as judged by NMR
sequence identity td&. coli LpxC (10, 27, 28) and is assays. We now show that the inhibitionAfaeolicusand
completely resistant to L-161,240@Q). TU-514 possesses E. coli LpxC by CHIR-090 occurs with low nanomolar
little or no antibacterial activity 0), because it probably  potency and is also time-dependent. Our data support a two-
cannot penetrate the Gram-negative cell envelope. However step inhibition mechanism, which is competitive with low
the NMR solution structure diquifexLpxC in complex with nanomolar potency in the first stage and irreversible in the
TU-514 (Figure 2) was recently solve@§ 29). In this second. Although CHIR-090 inactivatés aeolicusLpxC
structure R9) the hydroxamic acid group of the inhibitor is  completely in the second stage, there is no evidence of a
positioned to bind to the active-site Zrion (Figure 2), and  covalent modification, as judged by mass spectrometry. The
the enzyme contains an unusual hydrophobic passage thatime-dependent inhibition of LpxC by CHIR-090, which was
captures the acyl chain of TU-514 (Figure 20). These not reported in the patent applicatioBlf, may contribute
features are presumed to contribute most of the binding to its potent antibiotic activity. CHIR-090 is the first example
energy for the natural substrate, UDR33acyl-N-acetylglu-
cosamine (Scheme 1). The active site also contains a basic 1g gndsley, A. L. McClerren, C. R. H. Raetz, and N. H. Andersen,
and hydrophobic patct?20), which might provide additional =~ manuscript in preparation.
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of a slow, tight-binding LpxC inhibitor. It may be possible
to improve the potency of CHIR-090 even further, given that
it was synthesized prior to recent structural studies of LpxC.

MATERIALS AND METHODS

Buffers and Reagent§o-*?P]JUTP was purchased from
NEN Dupont. PEI-cellulose thin-layer chromatography (T4.C)
plates were purchased from EMD Chemicals, Gibbstown,
NJ. Bovine serum albumin (BSA) and sodium phosphate
were obtained from SigmaAldrich, St. Louis, MO. Di-
methyl sulfoxide (DMSO) was purchased from Mallinckrodt,
Phillipsburg, NJ. Tube-O-Dialyzer dialysis tubes were pur-
chased from GenoTech, St. Louis, MO. Filter paper (# 42)
was purchased from Whatman, Florham Park, NJ. All other
reagents were of high commercial grade. The LpxC inhibitor
CHIR-090 was synthesized at the University of Washington,
Seattle, and an initial sample was provided from that
synthetic lot. Later samples were prepared on a 200 mg scal
at the Duke University Chemical Biology facility, according
to the published procedur&1).

Activity Assays. A. aeolicuspxC-catalyzed deacetylation
was measured with the substrate-¥P]JUDP-3-O-(R-3-
hydroxymyristoyl)N-acetylglucosamine, prepared enzymati-
cally as previously describe®,(10). The specific radioac-
tivity of the substrate varied from 200 000 to 4 000 000 cpm/

e

McClerren et al.

UDP-3-O-acyl-N-acetylglucosmine, 1 mg/mL BSA, and 25
mM sodium phosphate at pH 7.4 and assayed for activity.
The final concentration of CHIR-090 in the reaction, initiated
with AaLpxC preincubated with the inhibitor, was 0.008/

mL (11.5 nM), and the protein concentration was 0.8 nM.
Control reactions were performed in which the inhibitor was
included in the assay mixture at 0.008/mL (11.5 nM) and
the reaction was initiated with the addition of AalLpxC
preincubated with DMSO (but with no inhibitor during the
preincubation). The activity of the control reaction was
compared to the activity of the reaction initiated with
AaLpxC preincubated with the inhibitor.

Dialysis of Inhibitor-Protein ComplexesSamples con-
taining CHIR-090 and AalLpxC were preincubated as de-
scribed above and tested for reversibility of inhibition. CHIR-
090 was included at a 1.5-fold molar excess over AaLpxC
and incubated at 38C. Control samples were prepared that
contained either no inhibitor or no protein. A portion of each
sample was removed afté h and stored overnight at80
°C. The remaining sample was subjected to overnight dialysis
at 4°C in 25 mM sodium phosphate buffer at pH 7.4 and
10% glycerol. Dialysis was performed in a micro Tube-O-
dialyzer with a molecular weight exclusion of 8000 Da. The
previously frozen preincubated samples and the dialyzed
samples were diluted into the assay mixture, containing 5
uM UDP-3-O-acyl-N-acetylglucosmine, 1 mg/mL BSA, and

nmol. Assays were performed in 1 mg/mL BSA and 25 MM 55 v sodium phosphate at pH 7.4, so that the final enzyme

sodium phosphate buffer at pH 7.4. The concentration of

the nonradioactive carrier substrate wasubl, unless
otherwise indicated. Reactions were performed at@G0n
a heat block and initiated with the addition Bf coli (Ec)
LpxC (0.1 nM) orA. aeolicus(Aa) LpxC (0.7~0.9 nM).

concentration was 0-60.9 nM, and assayed accordingly.
Electrospray lonization Mass Spectrometry (ESIS) of

the CHIR-096-AalLpxC ComplexAalLpxC and CHIR-090

were incubated at a 2.5-fold molar excess of protein (12.6

uM AalLpxC and 5.0uM CHIR-090) or at a 67-fold molar

Final inhibitor concentrations in the assay were varied as excess of CHIR-090 (1&M AaLpxC and 1 mM CHIR-

indicated. Inhibitor solution stocks were stored in 100%
DMSO at —20 °C. The final concentration of DMSO

maintained in the assay was 10%. Assays were performed

using a combination of TLC and Phosphorlmager analysis
as previously describe®,(10, 21).

Antibacterial Disk Testd.iquid cultures of each strair8p)
(E. coliR477,E. coliR477 [LpxC G17S], oP. aeruginosa
PAO1) were grown from single colonies in LB brotB3j
at 37°C to Asoo ~ 0.2. A lawn of cells of each strain was

090) far 2 h at 30°C in 25 mM sodium phosphate at pH 7.4
and 10% DMSO. Control samples were prepared that
contained either AaLpxC or CHIR-090 alone. All samples

' were subjected to liquid chromatography (LC) followed by

ESI-MS. A Shimadzu LC system (comprising a solvent
degasser, two LC-10A pumps, and a SCL-10A system
controller) was coupled to a QSTAR XL quadrupole time-
of-flight tandem mass spectrometer (ABI/MDS-Sciex),
equipped with an electrospray source. The LC was operated

spread onto LB-agar plates with sterile cotton swabs. Sterile at 3 flow rate of 200uL/min with a linear gradient as

filter-paper disks (Whatman # 42) were placed on top of the
bacterial lawn, and then 20g of compound was spotted
onto each disk (L of 10 mg/mL stocks). DMSO (100%)

follows: 100% solvent A was held isocratically for 2 min,
linearly increased to 60% solvent B over 18 min, and then
increased to 100% solvent B over 5 min. The mobile solvent

was also spotted onto a separate disk as a control. Plateg, consists of water/acetonitrile (98:2, v/v) with 0.1% acetic

were then incubated overnight at 3C. A halo of killing

acid. The mobile solvent B consists of acetonitrile/water (90:

was clearly visible on the next day around disks that had 10 v/v) with 0.1% acetic acid. A Zorbax reverse-phase
been spotted with active compounds. The diameter of eachcolumn (SB-C8, 2.1x 50 mm) (Agilent Technology) was

halo was measured for each compound and strain.

Initial Screening of CHIR-090 for Time-Dependent Inhibi-
tion. CHIR-090 was preincubated at 0.08/mL (46 nM)
with 3.3 nM of AaLpxC in 1 mg/mL BSA and 25 mM
sodium phosphate buffer at pH 7.4 for 1 min at 30.
AalLpxC was also preincubated by itself with DMSO under

used for all LC-MS analyses.

TU-514 Protection Assay®alpxC (1 uM) was prein-
cubated with equimolar CHIR-090 (iM), 100-fold molar
excess TU-514 (10@M), or both for 15 min at 30C. The
preincubated samples were then diluted 800-fold into the
assay mixture, containingav UDP-3-O-acyl-N-acetylglu-

the same conditions as a control. The final concentration of cosmine, 1 mg/mL BSA, and 25 mM sodium phosphate at
DMSO in all samples was 10%. Preincubation reactions were pH 7.4, so that the final enzyme concentration was 1.25 nM.

then diluted 1:4 into the assay mixture containing:4

2 Abbreviations: ESFMS, electrospray ionization mass spectrom-
etry; LC, liquid chromatography; TLC, thin-layer chromatography.

Control reactions were prepared that contained 1.25 nM
CHIR-090, 125 nM TU-514, or both, in the assay mixture
only, and the reactions were initiated with AaLpxC prein-
cubated with DMSO alone. Their remaining activity was
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Table 1: LpxC Inhibition and/or Antibacterial Activity of Selected Compounds

percent inhibition percent inhibition G17S R477 PAO1 time
compound EcLpxC AalLpxC mm Kkilling? mm Kkilling? mm Kkilling? dependerit
L-161,240 96 3 30 19 <6 no
TU-514 50 >99 <6 <6 <6 no
CHIR-090' 98 98 38 36 34 yes
tobramycin not tested not tested 28 26 24 N/A
ciprofloxacin not tested not tested 37 35 40 N/A

2 Tested at 2Qug/disk (disk diameter= 6 mm).? Tested by preincubation of AaLpxC (3.3 nM) with 0.88/mL inhibitor. ¢ Tested at Jug/mL
in the assay at pH 7.4.Tested at 0.5«g/mL (1.154M) in the assay at pH 7.4.

quantified by a comparison to an inhibitor-free reaction,
initiated with AaLpxC that had been preincubated with
DMSO alone.

ICso Assays of AaLpxurified AaLpxC (0.7 nM) was

assayed with increasing concentrations of TU-514. Assays

at pH 5.5 were performed at 3C in 40 mM bis-Tris at pH
5.5 with 1 mg/mL BSA, 5uM UDP-3-O-acyl-N-acetylglu-

cosamine, and 10% DMSO. Assays at pH 7.4 were per-

formed at 30°C in 25 mM sodium phosphate at pH 7.4 with
1 mg/mL BSA, 5uM UDP-3-O-acyl-N-acetylglucosamine,
and 10% DMSO.

RESULTS

Inhibition of LpxC Actiity by a Nael N-Aroyl+-threonine
Hydroxamic AcidCHIR-090 (Figure 1) was initially exam-
ined for LpxC inhibitory activity by assaying it at 0/g/

mL (1.15 uM) against purified LpxC from eitheE. coli
(EcLpxC) or A. aeolicus (AaLpxC) (Table 1). For a
comparison, the previously reported competitive inhibitors,
L-161,240 @) and TU-514 10) (Figure 1), were also tested.
L-161,240 is a phenyloxazoline hydroxamic acid that inhibits
EcLpxC in a competitive manner withig of 50 nM (Figure

1) (8, 10), and it is bactericidal againsE. coli. This
compound shows no inhibitory activity against AaLpxC
(Table 1) (L0), and it is at least an order of magnitude less
effective against LpxC frorR. aeruginosahan fromk. coli

(A. L. McClerren, A. Barb, and C. R. H. Raetz, unpublished
results). TU-514 is a substratanalogue (Scheme 1 and
Figure 1), containing a hydroxamic acid moiety, which
inhibits both EcLpxC and AaLpxC with K; of ~650 nM,
when assayed at pH 5.9@Q). TU-514 does not exhibit

Y cro | .!

L-161.240

CHIR-030

Ficure 3: Antibiotic activities of CHIR-090 and L-161,240
compared to tobramycin and ciprofloxacin. Disk diffusion tests were
used to evaluate antibacterial activity. Wild-tyge coli (R477),

the LpxC inhibitor hypersensitive. coli R477 (LpxC G17S), and
wild-type P. aeruginosa(PAO1) were tested for killing by
L-161,240, CHIR-090, tobramycin, and ciprofloxacin. Each disk
contained 2Qug of compound dissolved in DMSO.

CHIR-020

obramycin

remarkable antibiotic potency against bdgh coli and P.
aeruginosa(Figure 3 and Table 1). CHIR-090 activity was
comparable to that of ciprofloxacin and greater than that of
tobramycin (Figure 3 and Table 1), both of which are used
clinically to treat Gram-negative infections. Ciprofloxacin
is one of the most potent antibiotics of the quinolone class
that targets bacterial DNA gyras85). Tobramycin is an
aminoglycoside that inhibits bacterial protein synthe38).(

significant antibacterial activity, because it probably cannot As previously reported, L-161,240 showed modest antibiotic
penetrate the cell envelope (Scheme 1). CHIR-090 (Figure activity against wild-typeE. coli (Figure 3) @). The

1), from the new class of recently described compouBd (
inhibited both EcLpxC and AaLpxC by 98% when tested at
0.5ug/mL (1.1u4M) in the standard assay system (Table 1).
Antibiotic Actity of LpxC Inhibitors Compared to To-
bramycin and Ciprofloxacin.Selected compounds were

evaluated by a simple disk diffusion assay for their antibacte-

rial activity against strains dE. coli andP. aeruginosaA
small volume of inhibitor (2uL from a 10 mg/mL stock

hypersensitivity of ark. coli strain, producing the partially
inactivated LpxC mutant G1738,32), to L-161,240 was
also confirmed (Figure 3 and Table 1).

Time-Dependent Inhibition of AaLpxC Agty. To study
its mechanism and quantify its potency, CHIR-090 was tested
for time-dependent inhibition of AaLpxC activity. AaLpxC
was chosen because of the wealth of structural and mecha-
nistic information available for this orthologue (Figure 2)

solution) was spotted onto a sterile filter-paper disk, placed (28—30, 37, 38). As an initial test for time-dependent

on top of a lawn of wild-typeE. coli R477, anE. coli R477
mutant (LpxC G17S), or wild-typ®. aeruginosgPAO1).
Compounds with antibiotic activity against a given strain
exhibited a halo of killing after overnight incubation at 37
°C. Previously characterized LpxC inhibitors in other
structural series§ 11, 22, 23, 34), like L-161,240 (Figure
3 and Table 1), were not effective agaiist aeruginosa

inhibition, CHIR-090 was preincubated at 0.08/mL (46

nM) for 1 min at 30°C with 3.3 nM AaLpxC before dilution
(1:4) into the standard assay mixture, which contained the
substrate but no additional inhibitor. A control preincubation
was prepared in parallel that also contained 3.3 nM AaLpxC
and DMSO but no inhibitor. The control was then diluted
1:4 into the standard assay system, containing either the

under these conditions. In contrast, CHIR-090 showed substrate alone or the substrate and inhibitor (at a final
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concentration of 0.00%g/mL or 11.5 nM). The rate of A 6001
deacetylation catalyzed by AaLpxC, preincubated with the

inhibitor, was then compared to the rates catalyzed by 500
AaLpxC, preincubated with DMSO, either in the absence
or presence of 11 nM inhibitor in the assay mixture. Under
these conditions, CHIR-090 partially inhibited AaLpxC (25%
remaining activity) when it was included in the assay at 11.5
nM, versus in the absence of the inhibitor. However, CHIR-
090 completely inhibited AaLpxC following preincubation
and dilution to the same final inhibitor concentration of 11.5
nM (<3% remaining activity). This result suggested that
CHIR-090 is a time-dependent inhibitor, which was not noted
in the recent patent disclosurglj.

We next examined the reversibility of the inhibition L U S S S S
exhibited by CHIR-090. AaLpxC was preincubated with om0 a0 ﬁ,f,‘;"(secj,‘,’f,’s, 100012001400
CHIR-090 at a 1.5-fold molar excessrf@d h at 30°C to . 0006
inactivate the enzyme completely. Controls were prepared B C 000353 2
in parallel that contained either no inhibitor or no protein. ] 0.003]
All preincubated samples were dialyzed overnight aC4
and assayed for activity. The dialyzed sample, containing :
only 0.6-0.9 nM AaLpxC, retained 88100% of its activity " ) . 000154
when compared to the activity of fresh AaLpxC (data not ]
shown). No activity was observed in the dialyzed CHIR-

400+

300+

200+

observed product (nM)

100

0.64

initial rate
[ ]
-
Kops (sec™)
o
g

090/AaLpxC mixture, indicating that the inhibition of T TR
AaLpxC by CHIR-090 results in the formation of an CHIR-0S0 (ni _ CHIR-090 (nt) _
extremely stable enzymenhibitor (EI) complex with a half- Ficure 4: Progress curves for AaLpxC in the presence of increasing

: : o concentrations of CHIR-090. (A) Time-dependent LpxC inhibition
life greater than 16 h. The dialyzed sample, containing only by CHIR-090. Wild-type AaLE)x)C (0.7 nMp), which hpad not been

CHIR-090, was diluted into a reaction mixture so that its preincubated with the inhibitor, was used to start the assay in the
final concentration in the assay (assuming it was not removedpresence of OM), 0.57 @), 1.14 (&), 1.7 (tilteda), 2.28 (), 2.85

by dialysis) would be 2 nM. This reaction mixture was then (O), 3.7 (), or 4.55 (tilteda) nM CHIR-090. (B) Initial velocity
assayed by the addition of untreated AaLpxC. No inhibition aS @ function of CHIR-090 concentrations. Initial velocities were

. calculated from fitting the data obtained from the progress curves,
of LpxC activity was observed (data not shown), demonstrat- shown in A, to eq 1 before the onset of time-dependent inhibition.

ing that unbound CHIR-090 can be removed by overnight These replotted data were fit to eq 2 to determine the inhibition
dialysis. constant K;) for the initial binding of CHIR-090 to AaLpxC. (C)

Mechanism of Time-Dependent InhibiticFhe data pre- First-order rate constanko,s as a function of the CHIR-090
sented thus far demonstrate that CHIR-090 is an extraordi-concentration. Theys values were calculated from fitting the
narily potent LpxC inhibitor with a possible time-dependent progress curves obtained in A to eq 1.

mechanism. An interaction between an enzyme and an and it is the conversion to reach EI* that is slow. These
inhibitor to yield a single enzymeinhibitor complex that  two inhibition models presume that the slow-binding inhibi-
then exhibits time-dependent inhibition can occur in one of tign step is reversible. Because we have shown that CHIR-
two ways B9). In both cases, the association of the enzyme g is essentially an irreversible inhibitor AfuifexLpxC,

and substrate is described ky while the dissociation of e can modify these models such tha{mechanism 1) or

the enzyme-substrate complex is described ky The first ks (mechanism 2) is set to 0. These are the same equations
mechanism of inhibition involves a single step and can be ysed to describe covalent, slow-binding inhibitors. Using this
described by the following equation, where E represents theinetic model does not necessarily imply that the inhibition

enzyme and | is the inhibitor is the result of a covalent modification of the enzyme. The
K possibility of covalent modification of LpxC by CHIR-090
E+1=El (mechanism 1) IS addressed below. .
Ka To distinguish between mechanisms 1 and 2, we measured

the progress curves of AaLpxC-catalyzed product formation
Mechanism 2, which is the more common scenaB®,(  in the presence of increasing amounts of CHIR-090 (Figure
involves two steps. The first is the rapid formation of the 4A). AaLpxC (0.7 nM), which was used to start the reaction,
initial El CompleX followed by the slow conversion of El to was assayed in the presence ef4055 nM CHIR-090. For
form the final EI* complex. This sequence of events is shown g3 slow, tight-binding inhibitor, progress curves are biphasic,
below exhibiting an initial burst of activity, followed by a slower,
K steady-state rate. This type of inhibition is described by eq

3 ks . 1
E+I —Z’ El T ElI*  (mechanism 2)
P=ud+ (vy = v[1 — expkp ks C (1)
In mechanism 1, the kinetics can result from the slow

association of E and | or, in some cases, the slow dissociationwhereP is the concentration of product formed at any time
of El. In contrast, the formation of El is rapid in mechanism t, v, is the initial velocity,us is the final steady-state velocity,
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and kops is the apparent first-order rate constant for the
conversion fromyy to vs (39). C is a constant, nonzero
y-intercept term.

The initial velocity may vary as a function of the inhibitor
concentration, while the steady-state velocity will decrease
at increasing concentrations of inhibitor. In the case of
mechanism 1, time-dependent inhibition occurs in a single
step such that the initial velocity measured at increasing
concentrations of inhibitor would remain the same. In the
case of mechanism 2, the two-step inhibition process is
evident by the decrease in the initial velocity of the reaction
at increasing inhibitor concentrations. Analysis of the LpxC
progress curves in the presence of CHIR-090 follows the
pattern in which the enzyme and inhibitor form an initial El
complex rapidly, followed by slow conversion to a tighter
El* complex (mechanism 2). This result is demonstrated
upon examination of the initial rates of the progress curves
(Figure 4A). Each curve exhibits a time range in which the
initial rate does not deviate from linearity (at least three time
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Ficure 5: Double-reciprocal plots of the global fit of the initial
velocities of the AaLpxC initiated reactions at increasing concentra-

points at each inhibitor concentration tested) before the onsetjgng of CHIR-090. These data were collected in an independent

of the slower, time-dependent inhibition. CHIR-090 shows
a measurable effect on these initial rates of catalysis by
decreasing the rate of product formation at increasing
inhibitor concentrations. The value of the inhibition constant
Ki (ko/ks from mechanism 2) associated with the reversible
formation of El can be determined from these initial rates
of product formation, when the formation of EI* is so small
as to be negligible, using eq 2

Un = VmaxS
O Ky(@+I/K)+S

()

The value ofK; determined from the actual data was 1.7
nM (Figure 4B).

The observed first-order rate constépis describes the
time-dependent depletion of the initial EI encounter complex
to form EI*. When vs was fixed at 0, in agreement with
complete inhibition of activity in the EI* compleXy,s was
determined by fitting to eq 1 (Figure 4C). This apparent rate
constant follows a hyperbolic function, supporting the two-
step mechanism, and can be deconvoluted to ¥igly eq
3, the microscopic rate constant describing the conversion
of El to EI*

I
_ K
=R

®3)

For the inhibition of AaLpxC by CHIR-090, whek; was
set to 0ks was determined to be 0.0031'syielding a half-
life for the formation of EI* of 56 s.

The Initial Stage of AaLpxC Inhibition by CHIR-090 Is
Competitbe. To confirm the inhibition constanf) for the
initial binding of CHIR-090 to AaLpxC and to demonstrate
competitive binding with respect to the substrate, we
measured the initial velocityg) of AaLpxC in the presence
of increasing concentrations of CHIR-090 (0, 1.7, 2.85, and
3.6 nM) at various concentrations of substrate (1, 2, 3, 10,
and 20uM). Data were collected for times prior to EI*
formation, and thus, product accumulation was linear with

experiment in which the concentration of substrate was also varied.
TheK; value for CHIR-090 determined from this experiment was
1.00 £ 0.15 nM, and theKy for UDP-3-O-acyl-N-acetylglu-
cosamine was 1.& 0.2uM, using eq 2. The values calculated are
the averages from two separately fit sets of data.

respect to time. The initial rates obtained were plotted at
different CHIR-090 concentrations as a function of the
substrate concentration (Figure 5). The double-reciprocal plot
of CHIR-090 inhibition exhibits a pattern consistent with
competitive inhibition in which all lines converged on the
axis at the same point. The data were fit to eq 2 for
competitive inhibition and yielded l§; value of 1.00+ 0.15
nM, in good agreement with 1.7 nM obtained above from
the global time-dependent fit. Th&, of AaLpxC for UDP-
3-O-acyl-N-acetylglucosmine determined from this data set
was 1.6+ 0.2uM, consistent with published result8, 21).

Time-Dependent Inhibition Is Not Due to leersible
Covalent Modification.Because the inhibition of AaLpxC
by CHIR-090 appears to be irreversible on our experimental
time scale, we considered the possibility that CHIR-090
covalently modifies AaLpxC. We incubated AaLpxC and
CHIR-090 at a 2.5-fold molar excess of AaLpxC (or at a
140-fold molar excess of CHIR-090) for up 2 h at 30°C.

The complex was then subjected to LC/EMS, as de-
scribed in the Materials and Methods. The ESI mass spectra
exhibited two peaks after deconvolution, consistent with the
native molecular weight of CHIR-090 and AaLpxC, but with
no evidence of covalent adduct formation (Figure 6).
Furthermore, the molecular weights obtained for CHIR-090
and AaLpxC in the preincubated samples were the same as
those determined for the respective control samples of each.
These results rule out an acid-labile modification that would
have altered the masses of the individual components seen
by mass spectrometry and suggest that CHIR-090 does not
covalently modify AaLpxC.

The model of slow, tight-binding (but noncovalent)
inhibition of AaLpxC by CHIR-090 is further supported by
assays with several active-site mutants. Previous site-directed
mutagenesis demonstrated that the E73A, H253A, K227A,
H19A, and D234N substitutions each reduced the catalytic
activity of AaLpxC by several orders of magnitud&l( 27—

29, 37, 38). If the inhibition of AaLpxC by CHIR-090
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FiGurRe 6: LC/ESHMS analysis of AaLpxC preincubated with CHIR-090. AaLpxC (12M) and CHIR-090 (5«M) were incubated for
2 h at 30°C and then subjected to LC/ESMS analysis. (A) Total ion chromatogram of the LC. (B) Positive ion mass spectrum collected
at 9.9 min. The ion am/z 438.2 matches the expected [MH]* for unmodified CHIR-090. (C) Positive ion mass spectrum collected at
14.95 min, showing the multiple charge states of the LpxC protein. (D) Deconvoluted spectrum from C. The calculated average neutral
mass (32 015) is within experimental error of the molecular weight of AaLpxC, lacking a methionine residue (321p)1Bhé¢re was no
evidence for a CHIR-090 adduct with AaLpxC.

resulted in a covalent modification, one or more of these CHIR-090 and E73, H253, H19, K227, or D234 is not crucial
active-site residues might be essential for the chemistry of for inhibition.

this modification. Because of the low residual activity of CHIR-090 Binds to the Same Region of LpxC as Does
these mutants, assays at low micromolar concentrations ofTU-514. The NMR solution structure of AaLpxC was
protein precluded dired{; determinations in the nanomolar previously solved in complex with TU-514 (Figure 2), a
range. Instead, each mutant protein@5uM was assayed  substrate-mimetic, hydroxamic acid inhibitor of both EcLpxC
with a 1.5-fold molar excess of CHIR-090. If any of the and AaLpxC (Figure 1)29). The binding region for TU-
mutant proteins were less sensitive to CHIR-090 inhibition 514 is well-defined in the refined AaLpxC NMR structure
versus the wild-type protein, some residual activity might (Figure 2), revealing a hydrophobic tunnel that encloses the
be retained under these experimental conditions. However,acyl chain of TU-514, as well as the contacts between the
all of the mutant proteins were inhibited completely (data protein and the hexose ring of TU-514 near the catalyticZn
not shown). This result rules out the possibility that these ion (29).

active-site residues are targets for covalent modification by  Under our current assay conditions at pH 7.4 (Figure 7),
CHIR-090. It furthermore suggests that contact between we observed significantly greater inhibition of AaLpxC by
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100+ with TU-514 shows the same extent of inhibition, demon-
] strating that TU-514 does not inhibit AaLpxC in a time-
J dependent manner, as expected from previously published
80+ results (0). In contrast, an equimolar preincubation of
] AaLpxC with CHIR-090 resulted in a complete loss of
] activity when compared to the no inhibitor control, consistent
60+ with the time-dependent inhibition mechanism described
I above. For a comparison, a preincubation of AaLpxC with
) DMSO alone and assayed with an equimolar amount of
40- CHIR-090 in the final reaction mixture retained 75% of the
T control activity when measured before the onset of the slow,
) tight-binding inhibition. Strikingly, preincubation of AaLpxC
20 with both TU-514 and CHIR-090 resulted in a preparation
T that retained 25% residual activity when compared to the
] control (Figure 7). This is the same rate seen for the
04 —l —— — ____ preincubation of AaLpxC and TU-514, suggesting that the
DMSO TU514  CHIR080  TU-514/CHIR-080 inhibition observed after dilution into the assay mixture is
due to TU-514 alone. Thus, a 100-fold molar excess of TU-

e 7 TUS14 orotect ¢ AaLoxC st i ol 514 over CHIR-090 appears to protect AaLpxC from time-
IGURE 7: - protection of AaLpxC against irreversible kit ) .
inhibition by CHIR-090. AaLpxC was preincubated alone or in the er;and(:]nt |nh|b|t|8n ;y CHIR OQOH presumably by compet
presence of TU-514, CHIR-090, or both TU-514 and CHIR-090. N for the same binding site on the enzyme.

Samples were then assayed for activity. Control reactions were

performed in which AaLpxC was assayed alone or with TU-514, DISCUSSION

CHIR-090, or both TU-514 and CHIR-090 but without a preincu-

bation. The remaining activity is expressed as the percent of the In contrast to classical competitive inhibitors, slow, tight-

uninhibited control. binding inhibitors take several seconds or minutes to inhibit
their targets §9). Time-dependent inhibitors frequently
display longer effective half-lives in biological systems than
do classical competitive inhibitors, because of slow dissocia-
tion from their enzyme target839). Accumulation of the
substrate has no effect on this slow dissociation process and
cannot overcome the inhibitior89). In recent years, many

_ time-dependent inhibitors have been characterized for en-
vfve = 1Csd([l] +1C50 “) zyme targets with clinical applications, with some ac-
companied by covalent modification but many withod)(

% activity remaining

preincubation - + - + - + - +

TU-514 than would have been expected on the basis of the
previously published assays at pH 5H) We therefore
examined the pH dependence of TU-514 inhibition of
AaLpxC by determining the 1§ of this inhibitor at pH 7.4
and 5.5. The resulting data were fit to eq 4

whereu; represents the initial velocity at a given concentra- 2. . . A
tion of inhibitor, v; represents the initial velocity of a control Th|§ stability makes these time-dependent inhibitors very
reaction containing no inhibitor, and | is the concentration desirable as therageuﬂc agems)( .
of the inhibitor. Remarkably, the g of this compound is We have now discovered that CHIR-090 (Figure 1), a
more than 1000-fold lower at pH 7.4 than at pH 5.5 member of a new class of LpxC inhibitors recently reported
(Supplemental Figure 1 in the Supporting Information). This in the patent literature3(), inhibits AaLpxC (Figure 4) and
effect is specific for the LpxC protein from. aeolicus ~ Other LpxC orthologues (data not shown) in a time-dependent
because the I§ of TU-514 with E. coli LpxC is ap- manner. This unexpected finding, together with its low
proximately the same at pH 7.4 and pH 5.5 (data not shown). hanomolar potency, may account for the remarkable anti-
In the initial stage of inhibition, CHIR-090 binds AaLpxC ~ bacterial activity observed with CHIR-090 agairst coli
competitively with the substrate, as previously shown for andP. aeruginosgFigure 3). The mechanism of CHIR-090
TU-514 (L0). Together, these results suggest that CHIR-090 inhibition has been characterized in depth. In contrast to the
and TU-514 both bind to AaLpxC within the same substrate- Previously reported competitive inhibitors, TU-514 or
binding pocket. The addition of TU-514 to a preincubation L-161,240 (Figure 1), CHIR-090 binds to AaLpxC in a two-
mixture of CHIR-090 and AaLpxC might therefore be Step manner. The first step is rapid and reversible. The second
expected to confer protection against the time-dependentStep involves slow conversion to a tighter EI complex, which
inhibition by CHIR-090. To test this idea, samples containing has a half-life of 56 s for formation. This time-dependent
1 uM AaLpxC and 10QuM TU-514, 1uM AaLpxC and 1 step is gssgntially irrgversiblg on the sr_:ale of a typical steady-
uM CHIR-090 or 1M AaLpxC and both 100¢M TU514 state kinetics experiment, given the immeasurable off-rate
and 1xM CHIR-090 were prepared and preincubated prior during overnight dialysis. The initial binding constai)(
to dilution and the assay. Each sample was incubated at 30N the first step is +2 nM, which is at least 1 order of
°C for 1 h before dilution into a standard assay mixture magnitude more potent than th& values of previously
containing 5uM substrate. A control reaction, initiated with ~ reported LpxC inhibitors (Figure 1). However, the conversion
AaLpxC that had been preincubated in the absence ofto the tighter binding complex unmasks the true potency of
inhibitors, was used to normalize the relative residual CHIR-090, because the formation of the final EI complex is
activities. Preincubation of AaLpxC with TU-514 showed @apparently irreversible.
~25% activity compared to the no inhibitor control (Figure The AaLpxC-inhibitor complex was examined for evi-
7). Preincubation of AaLpxC with DMSO alone and assyed dence of a covalent modification by CHIR-090. We were
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unable to detect an EI adduct by EWS (Figure 6). The bacterial penetration and pharmacokinetics in animals. The
spectra exhibited two peaks, one consistent with the nativeremarkable inhibitory activity, antibiotic potency, and anti-
molecular weight of the inhibitor and the other consistent biotic spectrum displayed by CHIR-090 are at least an order
with the mass of unmodified AaLpxC. This result shows that of magnitude greater than for any previously reported LpxC
CHIR-090 does not modify AaLpxC covalently in an inhibitor (Figure 1). The slow, tight-binding feature of CHIR-
irreversible manner. The absence of an irreversible covalent090 (Figure 4) is without precedent and is an extremely

complex between CHIR-090 and LpxC is consistent with
the lack of chemically reactive groups in the CHIR-090
molecule. Although the inert acetylenic group of this
compound might be activated for covalent modification of
an enzyme active site, such activations typically occur in

desirable feature in an antibiotic that is subject to extrusion
by bacterial export pumps. In summary, the recent synthesis
of CHIR-090 31) and our discovery of its unexpected slow,
tight-binding inhibition kinetics greatly enhance the likeli-
hood that compounds with clinical utility can be developed

enzymes that generate carbanions as intermediates, performaround the LpxC reaction of the lipid A biosynthetic pathway
oxidative reactions, or catalyze oxygen-transfer processes.(Scheme 1).

This type of chemistry is not employed by LpxC. However,
some unique feature of the structure of CHIR-090 must allow
it to bind with extraordinary affinity to the enzyme, leading
to essentially irreversible inhibition. CHIR-090 presumably
utilizes its hydroxamic acid group to chelate the active-site
Zn?* (Figure 2) and likely hydrogen bonds to other active-
site residues as well.

We have determined that CHIR-090 binds to AaLpxC
competitively with respect to the substrate in the initial phase
of the interaction (Figure 5). We have also shown that
binding is competitive with respect to the substreaealogue
inhibitor TU-514, because adding a large excess of TU-514
to a preincubation mixture of CHIR-090 and AaLpxC can
prevent time-dependent inhibition by CHIR-090 (Figure 7).
This result suggests that TU-514 and CHIR-090 share the
same or overlapping binding pockets on LpxC. From the
previous NMR studies of the TU-514/AaLpxC complex
(Figure 2), the binding pocket for TU-514 is well-defined
(29). The hydroxamic acid moiety of CHIR-090 presumably
also binds the active-site Zhion, displacing a solvent water
molecule. This interaction may orient the side chain of CHIR-
090 correctly for insertion into the same hydrophobic passage
in which the acyl chain of TU-514 is located (Figure 2).
However, the conformation of the CHIR-090/AaLpxC com-
plex, including the shape of the binding pocket, may differ
from what is seen in the TU-514/AalpxC complex. Previous

structural work has suggested that the residues that form the
hydrophobic passage and active site may undergo substantial

motion in the absence of the ligand or inhibit@8). It might

be this dynamic property that allows LpxC to clamp down
on CHIR-090, leading to the potent time-dependent inhibition
reported herein. Furthermore, an interaction of CHIR-090
with the putative UDP-binding site of LpxC cannot be

excluded, because the UDP site has not been identified by

either NMR or crystallography?8—30). Additional structural
studies of the CHIR-096AaLpxC complex are clearly
needed to help define the binding pocket of CHIR-090 in
greater detail and to explain the irreversible nature of the
inhibition.

Implications for Antibiotic Deelopment. The overall
effectiveness of CHIR-090 can be described in terms of an
initial binding affinity (K;) and a rate of inactivationks).
Understanding and improving the features of CHIR-090 that
contribute to both the initial and tight-binding steps should
facilitate the further development of LpxC inhibitors as
clinically useful antibiotics. Other important inhibitor modi-
fications to consider in future designs include alternative zinc-
binding ligands, such as sulfhydryl, carboxyl, or phosphinic
acid groups %, 10, 34), and structural motifs to enhance
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