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ABSTRACT. Lipopolysaccharide, the major constituent of the outer monolayer of the outer membrane of
Gram-negative bacteria, is anchored into the membrane through the hydrophobic moiety lipid A, a
hexaacylated disaccharide. The zinc-dependent metalloamidase WRdx3-N-acetylglucosamine
deacetylase (LpxC) catalyzes the second and committed step in the biosynthesis of lipid A. LpxC shows
no homology to mammalian metalloamidases and is essential for cell viability, making it an important
target for the development of novel antibacterial compounds. Recent NMR and X-ray studies of the LpxC
from Aquifex aeolicusiave provided the first structural information about this family of proteins. Insight
into the catalytic mechanism and the design of effective inhibitors could be facilitated by more detailed
structural and biochemical studies that define substatetein interactions and the roles of specific residues

in the active site. Here, we report the synthesis offl@zlabeled substrate-analogue inhibitor TU-514,
and the subsequent refinement of the solution structure cAtlaeolicusLpxC—TU-514 complex using
residual dipolar couplings. We also reevaluate the catalytic role of an active site histidine, H253, on the
basis of both its K, as determined by NMR titration and pH-dependent kinetic analyses. These results
provide a structural basis for the design of more potent LpxC inhibitors than those that are currently
available.

UDP-3-0O-acyl-N-acetylglucosamine deacetylase (LpkC) HKXXD zinc-binding motif that is not found in other zinc
is an essential enzyme in Gram-negative bacteria, and ismetalloamidases3( 4). As with many other zinc enzymes,
responsible for carrying out the committed step in the addition of zinc to LpxC beyond 1:1 stoichiometry is
biosynthesis of lipid A {). The hexaacylated disaccharide inhibitory, implying that LpxC has an inhibitory zinc-binding
lipid A, also known as endotoxin, is the hydrophobic anchor site ©).

of lipopolysaccharide, the primary component of the outer | pxC does not show sequence homology to any other
monolayer of the outer membrane of Gram-negative bacteria,family of enzymes. In most Gram-negative bacteria, LpxC
and an essential protective barrier against such agents ass absolutely required for cell viability, making it an excellent
detergents and antibiotics. LpxC recognizes and deacetylatesarget for the development of novel antibiotics to treat Gram-
monoacylated UDRN-acetylglucosamine using a Znion negative infections. LpxC inhibitors with antibacterial prop-
as a cofactor Z). The LpxC sequence contains a novel erties have been reporte8, (7). The most potent inhibitors
of LpxC discovered to datea group of phenyloxazoline
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TU-514, 1,5-anhydro-Z-(carboxymethyN-hydroxyamide)-2-deoxy-  first structural information about this family of proteing, (
3-O-myristoyl-o-glucitol; NMR, nuclear magnetic resonance. 4). The solution structure of this 32 kDa protein in complex
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with a substrate-analogue inhibitor was determined &0  transition state3). Mutations of H253 to either alanine or
using nuclear magnetic resonance (NMR) spectrosc8py ( glutamine have less than 1% residual activity, emphasizing
This compound, known as TU-514 (1,5-anhydr&Zear- the significance of this residue in LpxC catalyss ).

boxymethyIN-hydroxyamide)-2-deoxy-&-myristoyl-o-glu- A high-resolution structure of LpxC with a transition-state
CitOl), differs from the LpXC substrate in that it lacks the ana|ogue would provide much |ns|ght into the detailed
UDP moiety, its myristoyl ester chain does not contain a reaction mechanism of the enzyme. Unfortunately, the crystal
3-hydroxy group, and itd-acetyl group is replaced with a  strycture of AaLpxC was determined with a bound fatty acid,
methylhydroxamic acid, designed to chelate the catalytic zinC and is thus less informative about the reaction mechanism.
ion at the active site while presenting a nonhydrolyzable bond Although we have previously reported a solution structure
to the catalytic machinery. The crystal structure was deter- of AaLpxC in complex with a substrate analogue at medium
mined by Whittington et al. at 2.0 A resolution using a resolution, the interface between TU-514 and AaLpxC was
recombinant LpxC with its C-terminal 11 residues truncated, not well defined. This was due to the limited number of
and with a C181A mutatiordj. The protein was crystallized  jntermolecular NOEs arising from relatively insensitive
in the presence of 0.5 mM ZngQwhich provided enough  jsotope-filtered experiments. Recently, the application of
zinc to saturate three SpeCifiC blndlng sites in each monomer,residual dip0|ar Coup”ngs to the refinement of solution
and an additional site located between two monomers in thestructures has been shown to improve the qua“ty and
crystallographic asymmetric unit. Surprisingly, it was found accuracy of NMR structures significantly (for reviews, see
that a fatty acid, interpreted as myristata4Ccocrystallized  refs8—11). To gain better structural insight into the details
with the protein at the active site. The Origin of the myristate of substrate b|nd|ng and prC Cata|ysi3, we report here a
chain present in the crystal structure is unknown. high-resolution solution structure of AaLpxC, refined by
These structural studies revealed that LpxC has a novelresidual dipolar couplings. The interactions of the substrate
overall fold, a four-layer/$ sandwich, formed from two  analogue inhibitor TU-514 with AaLpxC are now more
topologically similar domains. Each domain has its own clearly defined. In addition, we reevaluate the catalytic role
unique insert segment, and the two inserts come together abf the active site residue H253 by determining ik, pising
one end of the sandwich to form the active site pocket. Both NMR titration, and by comparing this value to the pH-
structures confirmed that the HKXXD sequence, which is dependent ionizations measured through kinetic studies for
conserved throughout the LpxC family and which was shown yild-type AaLpxC and an AaLpxC mutant. The refined
by mutagenesis to be required for catalysis, does indeedsolution structure and the charge state of the active site

constitute a novel zinc-binding moti8,(5). In addition, these  provide structural insights that might facilitate the design of
studies revealed a highly unusual and intriguing feature of novel LpxC inhibitors.

LpxC: A topologically closed loop of secondary structure
in one of the domain inserts forms a hydrophobic passageMATERIALS AND METHODS
into which the acyl chain of the inhibitor binds. In the
solution structure, the inhibitor's acyl chain was found in  Synthesis of Isotopically Enriched TU-5IAJ-514 with
this passage with the hexose ring bound inside the active@ **C-labeled hexose ring (referred to &€-labeled TU-
site cavity. The X-ray structure showed a fatty acid bound 514 in the following text) was synthesized starting from
in the same passage, with the carboxylate headgroup chelate89-9% uniformly**C-labeled>-glucose (Cambridge Isotope
to a second active site Zh presumed to be the inhibitory ~ Laboratories, Andover, MA), which was converted into
one. Data were also presented alongside the NMR structureU-"*C]-D-glucal in four steps ¥2). The p-glucal was
showing that portions of the active site, including residues Processed to the final compound TU-514 following the
comprising the hydrophobic passage, experience significantsynthetic route established by Li et all3{ with minor
dynamics in the absence of a ligand. Thus, it appears that amodifications. Those were (1) the two-step oxidation of
portion of LpxC either is in chemical exchange between 0zonizing alkene to aldehyde, followed by NaGigxidation
ordered states or is disordered until an acyl chain is to the carboxylic acid derivative, rather than the one-step
recognized. oxidation using ruthenium tetroxide, and (2) amide formation
Several models have been proposed to account for theusing PyBOR/PLEtN instead of EDC/EN, both of which
mechanism of LpxC catalysis3{5). Early studies of an ~ gave significantly cleaner reactions. THE-labeled TU-
E73A mutation revealed a loss of inhibition by excess zinc. 514 was obtained in 18 steps froftC]-p-glucose with an
On the basis of analogy with existing metalloamidases for overall yield of 7%. The electrospray ionization mass
which the catalytic general base is usually found to be a Spectrum showed [M- Na'] at m/z460.2983 for this labeled
ligand for the inhibitory zinc ion, E73 was proposed to be a compound (compared tavz 454.2780 for the unlabeled
general baseS5f. Consistent with this hypothesis, later compound). The detailed synthetic steps are provided as
structural studies showed that this glutamate is indeed presenBupporting Information (Figure S1).
in the active site and coordinates with the inhibitory zinc  Isotope Labeling and Purification of AaLpx®@ pET21a
ion in the presence of high zinc concentratiods (t was plasmid encoding wild-type AaLpxCr) was transformed
also postulated that a nearby histidine, H253, stabilizes theinto BL21(DE3) STAR cells (Invitrogen, Carlsbad, CAN-
transition state. However, the initially reported high residual and °N/**C-labeled AaLxpC were expressed by growing
activity of the E73A mutant{10%) compared to wild-type  cells in M9 minimal media using eithe®>N]JNH4CI or
LpxC raised concerns about the role of E73 as the general[*®N]JNH,Cl and [C]glucose, respectively, as the sole
base 8, 5). This led to the proposal of an alternative nitrogen and carbon sources (Cambridge Isotope Laborato-
mechanism in which H253 serves as a general base, and aies, Andover, MA). Perdeuterated, uniforni{N/**C-labeled
nearby, absolutely conserved lysine, K227, stabilizes the AaLpxC was expressed by growing cells in@and using
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[**N]NH4CI and deuteratediC]glucose as the nitrogen and

Coggins et al.
To investigate the binding of UMP or UDP to AaLpxC,

carbon sources (Cambridge Isotope Laboratories). The cellsUMP or UDP disodium salt (Sigma-Aldrich, St. Louis, MO)

were induced for 34 h at 20°C and were then harvested

was dissolved in the NMR buffer with 5% deuterated DMSO

by centrifugation at 4000 rpm for 30 min using a Beckman to produ@ a 5 mMstock solution. A series dH—°N HSQC
Coulter Avanti J-25 centrifuge. The induced cells were lysed spectra of AaLpxC or the AaLpx€TU-514 complex were

in 25 mM HEPES, 300 mM KCI, pH 7.0, with 1 mM DTT

collected in the presence of increasing molar ratios (from

by passing through a French pressure cell at 11 000 psi threel:3 to 3:1) of UMP or UDP. No chemical shift perturbation

times. After centrifugation at 21 000 rpm for 30 min

was observed for AaLpxC or the AaLpx{DT'U-514 complex

(Beckman Coulter Avanti J-25), the supernatant was loadedduring the entire titration range.

onto a Q-sepharose fast flow column (GE Healthcare,

Data Processing, Spectral Analysis, and Structure Cal-

Piscataway, NJ) and was eluted with a linear salt gradient. culation All NMR data were processed using NMRPid&)

The fractions containing AaLpxC were combined, concen-
trated to approximately 5 mL, and further purified by size-

and analyzed in XEASYI(7). The residual dipolar couplings
were extracted using the automatic peak picking routine PIPP

exclusion chromatography with a Sephacryl S-200 column (18). The scale of one-bond HC residual dipolar couplings

(GE Healthcare).
Sample Preparation and NMR Spectroscoplye purified

between axial protons and the attached carbon atoms of the
TU-514 hexose ring was normalized relative to that of HN

recombinant protein was allowed to bind at equal molar ratio (19).

to either3C-labled TU-514 or unlabeled TU-514 at ST

By iterative structural refinement and analysis of the

for 1 h, then concentrated, and exchanged into an NMR various NOESY spectra, we were able to identify 888
buffer containing 25 mM sodium phosphate, pH 6.5, 100 additional NOE constraints, 60% of which are long-range

mM KCI, 2 mM DTT, 5% deuterated DMSO, and 5%O.

All NMR experiments were carried out on either a Varian
INOVA 600 MHz spectrometer or a Varian INOVA 800
MHz spectrometer at 50C unless otherwise noted. For
structural refinement of the AaLpx€TU-514 complex, a
3D 3C NOESY-HSQC experiment with a mixing time of

(Il — j| = 5) constraints. A statistical analysis of the complete
set of NOE constraints revealed that a large portion of the
long-range NOE distance constraints between domains | and
Il of LpxC were derived from methytmethyl NOE experi-
ments using a°N/*°C-labeled, VIL-methyl-protonated, oth-
erwise deuterated AaLpx€TU-514 sample. We had pre-

150 ms was carried out to determine the intermolecular NOEsviously used only upper limit constraints (6 A) for these

between the hexose ring of TU-514 and AaLpxC.

methyl cross-peaks due to concerns about spin diffusion with

Residual dipolar couplings were determined from the the long mixing time (175 ms). Although this treatment

difference in the corresponding heteronuclear couplings causes minimal distortion for a single-domain protein due
measured in an isotropic medium (water) and in a liquid to the geometrical restraints, it may produce a much more
crystalline medium of Pf1 filament phage. Efforts to measure loosely packed structure for multidomain proteins in which
the residual dipolar couplings of AaLpxC in Pfl phage in most of the interdomain NOEs are derived from such
the original NMR buffer with low salt concentrations (100 methyl-methyl cross-peaks. Since the methgiethyl NOEs

mM KCI) were not successful, probably due to interactions were measured using a highly deuterated protein except for
between AalLpxC and Pfl phage. As a result, the experimentthe methyl groups of valine, leucine, and isoleucine residues,
was conducted in the presence of 500 mM KCI in Pfl phage. we suspected that the effect of spin diffusion may be smaller
Concentrated Pfl filamentous phage (ASLA, Ltd., Riga, than that of a protonated sample, thus permitting the use of
Latvia) was preequilibrated in the sample buffer by spinning more accurate distance restraints. Supporting this hypothesis,
at 80000 rpm for 4 h in aBeckman Coulter Optima  analysis of the methyimethyl NOEs with the same mixing
ultracentrifuge and by resuspending the phage pellet in thetime (175 ms) from perdeuteratet?N/**C-labeled, VIL-
final sample buffer. This concentrated phage solution was methyl-protonated human carbonic anhydrase Il showed a
added directly into the NMR samples. The final phage good correlation between the NOE-derived methyl distances

concentration was estimated to be-115 mg/mL on the basis
of a 13.2 Hz residual quadrupolar splitting of the@

and those measured in the crystal structure (data not shown).
To utilize the methytmethyl NOE information more ef-

resonance. Two samples were used to determine the residudiciently, we have here divided the methyinethyl cross-

dipolar couplings of AaLpxC and TU-514. The majority of

peaks into different classes 8.50,<4.00,<4.50,<5.5, and

the HN residual dipolar couplings were determined via an <7.0 A) according to the relative intensity ratiosq.3, 0.2-

HNCO-based experimenfl4) using a perdeuterateéfN/

0.3, 0.12-0.2, 0.02-0.12, and<0.02) of these long-range

13C-labeled AaLpxC in complex with unlabeled TU-514. Due methymethyl cross-peaks with respect to intraresidue
to the extreme thermal stability of AaLpxC, approximately methyl-methyl cross-peaks that are fixed in distance. We

1/3 of the amide protons did not exchange witfCHeven
after an extended incubation period (over a week at®)Q

were also able to identify 16 additional intermolecular NOEs
between AaLxpC and the hexose ring of TU-514 vigG:

the residual dipolar couplings of these amides were deter-separated 3D NOESY-HSQC experiment using tf@e-

mined in DO using a 2D'H—!°N IPAP experiment 15)
with a sample containing®N-labeled AaLpxC in complex
with 13C-labeled TU-514. Residual dipolar couplings of TU-

labeled TU-514. The structures were initially calculated
without residual dipolar couplings. The alignment tensor was
then estimated by fitting the measured residual dipolar

514 were determined with the same sample using a high-couplings with the calculated NMR structures using the

resolution'H—C HSQC experiment without proton decou-
pling during the'3C evolution period. Errors in residual

MODULE program g0). The axial components of the
estimated alignment tensor were then used in the structural

dipolar couplings were estimated on the basis of repeatingrefinement using the XPLOR-NIH simulated annealing

the same measurement twice.

protocol @1). Twenty-five structures were calculated with
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Table 1: Primers Used for the Construction of AaLpxC Mutants

mutation primer sequence
H19N 5 primer: agc ttt gag ggt gtc ggt afeAC aca ggt gaa tac tca aaa tta
3 primer: taa ttt tga gta ttc acc t@®TT tat acc gac acc ctc aaa gct
H29N 5 primer: gaa tac tca aaa tta atc AAT ccc gaa aaa gaa gga aca gga
3 primer: tcc tgt tcc tte ttt ttc ggdTT tat gat taa ttt tga gta ttc
H50A 5 primer: gga gtt tac ata ccc gca a@&G gag ttc gtc gtt cac aca aat
3 primer: att tgt gtg aac gac gaa €@&C tct tge ggg tat gta aac tcc
H55N 5 primer: gca ag&CG gag ttc gtc gtiAAC aca aat cac tcc acg gat tta
3 primer: taa atc cgt gga gtg att tG{TT aac gac gaa ct€GC tct tgc
H58N 5 primer: gag ttc gtc gteAC aca aaAAC tcc acg gat tta ggc ttt aaa
3 primer: ttt aaa gcc taa atc cgt gga T att tgtGTT aac gac gaa ctc
C181A 5 primer: ata gtc ctt gcg cgg act CG ttt gac tgg gaa ata gaa cac
3 primer: gtg ttc tat ttc cca gtc a&2GC aaa agt ccg cgc aag gac tat
H188Y 5 primer: GCG ttt gac tgg gaa ata ga@AC att aaa aaa gtc ggt ctt ggg
3 primer: ccc aag acc gac ttt ttt @@T A ttc tat ttc cca gtc aa@GC
H253N 5 primer: ttt tac tcc ttc agg gga ggAC tcg ctc aac gta aaa ctc gta
3 primer: tac gag ttt tac gtt gag c@&l'T ccc tcc cct gaa gga gta aaa
H275STOP 5primer: aaa ctt act cgt gat tta CEAA ctt cct tcc gtc caa gct ctc

3 primer: gag agc ttg gac gga agg aBbA agg taa atc acg agt aag ttt

a backbone RMSD of 0.42 A and a heavy-atom RMSD of containing 20 mM phosphate (from pH 6.0 to pH 8.0) or 20
1.11 A. None of the reported structures show NOE violations mM CHES (from pH 8.5 to pH 10.0), 100 mM KClI, and
>0.4 A or dihedral angle restraint violations4°. 5% D,O. To maintain the solubility of AaLpxC at a broad

Mutagenesis and Sample Preparatiofhe single-point ~ pH range (from pH 6.0 to pH 10.0), the titration experiments
mutant H253A of wild-type AaLpxC was reported previ- Wwere performed at 37C. *H and**C chemical shifts of the
ously, and was used to identify the resonance of H253 in histidines were referenced to DS33]. The **C chemical
wild-type AaLpxC 6). Additional point mutations of AaLpxC  shifts of the C2atom of H253 in AaLpxC-mut7 at different
were constructed starting from a pET21a plasmid encoding PH values were fit to eq 1 to determine thkp
the wild-type AaLpxC. A series of seven mutations, including
six nonconserved histidines (H29N, H50A, H55N, H58N, 0+ 0,(107P
H188Y, and H275stop) and a cysteine (C181A) were made 0= 1 + 10PHPKa (1)
using the Quikchange kit following the standard protocol
(Stratagene, La Jolla, CA). This construct is referred as pH-Dependent LpxC Aciity AssaysAssays of AaLpxC
AalLpxC-mut7 in the following text. Additional constructs were performed with the substrate UDR33R)-3-hydroxy-
were made to include either H19N (AaLpxC-mut8) or HLION/  myristoyl)-N-acetylglucosamine, prepared as previously de-
H253N (AaLpxC-mut9) in addition to these mutations. The scribed 2, 5, 7, 24). Both 32P-labeled and nonradioactive
primer sequences used to make these constructs are listedarrier substrates were prepared. The specific activity of the
in Table 1. Existence of the correct mutations was confirmed radioactive substrate used varied from 200 000 to 5 000 000
by DNA sequencing. Finally, these expression plasmids were cpm/nmol. Wild-type AaLpxC and the seven-residue mutant
transformed into BL21(DE3) STAR cells for the overex- AalLpxC-mut7 were assayed in a three-component buffer
pression of unlabeled protein or BL21(DE3) hieells for system containing 100 mM sodium acetate, 50 mM bis-Tris,
the production of AaLpxC proteins with histidines specifi- and 50 mM Tris across a pH range from 4.0 to 9.5. Parallel
cally 3C-labeled at the C2position @2). To ensure efficient  assays were performed in the buffers used for the NMR
labeling, these cells were initially grown in regular M9 ftjtration studies, which contained 20 mM sodium phosphate
minimal media supplemented with unlabeled histidine, until agnd 100 mM KCl or 20 mM CHES and 100 mM KCI across
the ODyoo reached 0.4. The cells were harvested by cen- a pH range from 6.0 to 10.0. The pHs of the buffers were
trifugation at 4000 rpm using a Beckman Coulter centrifuge routinely checked under mock assay conditions &t@and
(Avanti J-25) for 30 min and resuspended in M9 minimal adjusted accordingly. All reaction mixtures contained 1 mg/
media, supplemented with GZC-labeled histidine as the mL BSA. Assays were performed at 3T in a heat block.
sole histidine source. Our initial effort in obtaining histidine- For the Vimay Studies, assays were performed at a substrate
labeled protein resulted in background labeling of aromatic concentration of 2mM, 5-fold higher than théy of wild-
residues, although the reason for such scrambling is not cleatype AalLpxC. For thée./Ky studies, assays were performed
to us. To suppress this undesired background labeling, theat low substrate concentrations under which the rate of the
induction time was kept short {34 h) and unlabeled reaction doubles at each 2-fold increase in substrate con-
aromatic residues (Tyr, Phe, and Trp) were also added tocentration (0.0442 uM). Reaction samples (GL) were
the solution immediately before induction to prevent back- removed at specific time points and quenched wigh_lof
ground scrambling from histidine to other aromatic residues. 1.25 M NaOH. Further incubation at 3C for 10 min fully

Histidine Titration Phase-sensitive 2IH—1C Watergate- deacylated both substrate and product, yieldfRjlabeled
HSQC experiments were collected on a Varian INOVA 600 UDP-glucosamine or UDRFacetylglucosamine. Addition
MHz spectrometer equipped with a cryoprobe. Water mag- of 1 uL of 1.25 M acetic acid neutralized the samples. BSA
netization was flipped back to thez axis before detection  was precipitated by addition of AL of 5% TCA, followed
to avoid water saturation. Before each experiment, NMR by incubation on ice for 5 min and centrifugation for 3 min.
samples were exchanged into the desired NMR buffer Samples were then spotted 1) on PEl-cellulose TLC
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plates (5 006-25 000 cpm/sample) which were developed passage that encompasses the acyl chain of the TU-514
in 0.2 M guanidine hydrochloride. The plates were exposed inhibitor (Figure 1c).
to imaging screens overnight and quantified using a Phos- The largest changes upon refinement involve two loops
phorimager and ImageQuant software. All assays werein insert region Il (residues 195198 and 213-216). These
performed in duplicate or quadruplicate, and product forma- two loops are now better defined and deviate from the
tion (<10% overall conversion) was linear over the time conformation of 3, helices reported previously (Figure 1d)
course of the assay. (3). The inclusion of residual dipolar coupling data in the
Steady-state kinetic parameteks,y/Ky and Vimax (Keat refinement also affected the position and orientation of strand
approximation) and standard errors for LpxC activity were 0 (80) in domain | (residues-47), which is now positioned
determined by a fit of initial velocities to the Michaetis closer to the loop connecting helix &X) and strand 545)
Menten equation25). The pH-dependent ionizations were in domain | and is somewhat twisted (Figure 1e).
determined by a fit of steady-state parameters to eq 2, where Comparing the backbone heavy atoms of the refined
v is the observed rate of the reacti@his the pH-independent  solution structure of the AaLpx€TU514 complex to those
rate, H] is the concentration of hydrogen ions, ang &d of AaLpxC in the crystal structured] shows an RMSD of
Ky reflect the ionization constants of the acid and base 0.85 A.

species, respectivel\26). Determination of Additional Interfacial NOEs and Ori-
entation of the TU-514 Hexose Ringonsiderable effort has
_ C been devoted to the development of NMR pulse sequences
v= @) that differentiate intermolecular NOEs from intramolecular

1+ [HI/K, + Ky/[H] :
NOEs (for reviews, see ref and28). The common feature
of such experiments is the inclusion of additional INEPT
steps that allow the selection or elimination of a specific
subset of signals. For large protein complexes, transverse
relaxation caused by these additional delays usually leads
to significant signal loss of the intermolecular NOEs. In
addltlon the nonuniform distribution of protercarbon
heteronuclear couplings in proteins may cause incomplete
suppression of intramolecular NOEs and introduce artifacts.
Previously, we determined the intermolecular NOEs using
an [F1] *3C-filtered/[F2] **C-separated 3D NOESY-HSQC
experiment 29). The availability of the refined solution
structure and the crystal structure allowed us to cross-
examine existing intermolecular NOEs and identify more
intermolecular NOEs from this experiment. Among these
additional NOEs, we were able to identify a cross-peak
RESULTS between the terminal methyl of the z_icyl chain of TU-514
and the B2 methyl group of V205. Since the)d methyl
Description of the Refined Solution Structuifée refined of V205 shows a chemical shift (0.6 0.04 ppm) similar
structure of AaLpxC is noticeably more compact than the to that of the terminal methyl group of the TU-514 acyl chain
unrefined structure, particularly between the two domains. (0.64 & 0.04 ppm), this cross-peak was previously deemed
This is largely due to the use of scaled methylethyl NOE an artifact caused by the incomplete suppression pf H
constraints rather than the upper limit constraints used methyl within the same residue and was not assigned.
previously. Incorporation of residual dipolar couplings Inclusion of these additional intermolecular NOEs created a
significantly improved the precision of the backbone atoms curvature ¢70-90°) for the terminal methyl and the last
in the refined solution structure. Compared to the previously two methylene groups of the acyl chain of TU-514. It is
reported structuregf, the backbone root-mean-square devia- interesting to note that, in the refined solution structure, the
tion (RMSD) from the average structure has decreased fromterminal methyl of the C14 acyl chain of TU-514 is
0.63 to 0.42 A. However, the RMSD improvement in side positioned among three hydrophobic residues (Y212, V205,
chain heavy atoms is relatively minor (from 1.19 to 1.11 and L200) and shows strong intermolecular NOEs to all three
A). A superposition of the final 25 calculated structures is residues §). The addition of a methylene group past this
shown in Figure 1a; the ribbon diagram is shown in Figure length (14 carbons) would mostly likely introduce van der
1b. A summary of the structural statistics is shown in Table Waals clashes and lead to decreased binding affinity. As a
2. result, LpxC might not recognize acylated UDPRacetyl-
The overall topology of AaLpxC remains unchanged. It glucosamines containing more than 14 carbons efficiently.
contains two domains, each with a layer of two helices  Although the conformation of the TU-514 acyl chain and
packing against a layer of a five-strangedheet. The protein  the shape of the hydrophobic passage had become well
is formed with helices located at the interior and the two defined, we were still only able to detect a few NOEs to the
fB-sheets covering the outside. In addition to these main hexose ring of TU-514. To overcome this problem, we
structural elements, each domain contains an insert regionresorted to a labeling strategy to identify intermolecular
These insert regions are positioned on top of the two domainsNOEs with a nonfiltered experimer3@—33). This approach
and are oriented perpendicularly to the mgisheet. The has yielded improved sensitivity and better suppression of
insert region of domain Il also contains a hydrophobic spectral artifacts. We modified a synthetic strategy reported

Inhibition Assays of LpxCActivity assays of LpxC were
performed as described above. For the inhibition of LpxC
by UMP, UDP, myristate, or laurate, the nucleotide or fatty
acid was added to the reaction mixture containing the
substrate. LpxC enzyme was added to start the reaction. The
substrate concentration in the final assay mixture was4
Assays were performed in 25 mM sodium phosphate buffer,
pH 7.4, at 3°C and contained 1 mg/mL BSA. Nucleotides
were dissolved in water, and fatty acids were dissolved in
DMSO. The final DMSO concentration in the reactions
containing fatty acids was 10%. The percentage of remaining
activity for each reaction containing nucleotide or fatty acid
was determined by normalizing the specific activity against
the wild-type enzyme containing no nucleotide or fatty acid.
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Ficure 1: Refined solution structure of the AaLpx'U514 complex. (a) Stereoview of 25 calculated structures gasitands colored in

blue, a-helices in red, TU-514 in purple, and Znin coral. (b) Ribbon diagram of the AaLpx€TU514 complex. Domain | is colored in

dark green, domain Il in pale green, insert | in coral, and insert Il in blue. TU-514 is displayed as a ball-and-stick model. The secondary
structure is labeled. (c) Environment of the active site showing the hydrophobic passage and the additional hydrophobic and positively
charged basic surface patches that may contribute to the binding affinity of designed inhibitors. The secondary structure is colored as in
panel b. Residues that form a hydrophobic patch are colored in yellow, residues forming a basic patch are colored in the CPK color scheme,
and TU-514 is colored in purple. The surface of TU-514 is colored in orange to show its interaction within the hydrophobic passage. The
electrostatic potential calculated by GRASH)(is superimposed onto the mesh surface of the protein. (d, e) Ribbon diagrams illustrating
the difference of insert Il of domain Il (d) an60 (e) of domain | before (left) and after (right) refinement. The secondary structure is
labeled and colored as in (b). Panels a, b, d, and e were prepared with MOLBRRLP@nel ¢ was prepared with PyMOL (DeLano
Scientific).

by Li et al. (13), starting from {3C]glucose, to incorporate  accuracy of the interface between the hexose ring of TU-
13C into all six carbon atoms of the hexose ring of TU-514. 514 and AaLpxCTo determine the precise orientation of
Thus, we are able to detect intermolecular NOEs to the the hexose ring, we have measured the one-BéhelC
hexose ring directly using’d@C-separated 3D NOESY-HSQC residual dipolar couplings of TU-514 in an isotropic medium
experiment. The intermolecular NOEs can be identified by and in Pfl phage. The measur&d—'3C residual dipolar
excluding the signals from TU-514 (Figure 2a). This ap- couplings were normalized against thie—°N residual
proach has led to the identification of 11 additional inter- dipolar couplings measured for AaLpxC under the same
molecular NOEs to the hexose ring, vastly improving the conditions. The NOE patterns of TU-514 are consistent with
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Table 2: Structural Statistics for the Lpx@'U-514 Complex (25 Structures)

protein (LpxC) ligand (TU-514)
no. of NOE distance restraints 4502 no. of NOE distance constraints 29
intraresidue 1713 no. of dihedral angle constréints 6
sequential|f — j| = 1) 827 no. of residual dipolar couplirfgs 4
medium-range|( — j| < 4) 423 proteir-ligand interface
i,i+2 145 no. of NOE distance constraints 48
i,i+3 204 deviations from idealized geometry
i,i+4 74 bonds (A) 0.00166 0.00004
long-range|i — j| = 5) 1309 angles (deg) 0.3780.010
hydrogen bonds 230 impropers (deg) 0.316 0.005
no. of dihedral angle constraifits 745 average RMSD to the mean structure
no. of residual dipolar couplings 189 backbone (residue26B) (A) 0.42
dipolar couplingrR factor of'Dyy (%) 3.6+0.1 heavy atoms (residue-268) (A) 1.11
Ramachandran pldt
favored region (98%) (%) 94.42
allowed region £ 99.8%) (%) 99.94

aNone of these structures exhibit distance violations greater than 0.4 A or dihedral angle violations greatePfian 4onstraints per hydrogen
bond @un—o0 < 2.0 A anddy-o < 3.0 A) are implemented for amide protons protected from solvent exchaBieedral angle constraints were
generated by TALOS on the basis of backbone atom chemical shifts and by the HABAS module in DYANA on the basis of NOE co#s§fraints (
47). 4 TheR factor for residual dipolar coupling is defined as the ratio of the RMS deviation between observed and calculated values to the expected
RMS deviation if the vectors were randomly distributet8)( e MOLPROBITY was used to assess the quality of the structu#6s50). ' Six
dihedral angle constraints were used to maintain the chair conformation of the hexose ring of TU-514, which is consistent with the NOE patterns
observed? The average value of the residual dipolar couplings of the four parallel axi@l bionds at positions-25 on the hexose ring of TU-514
is used for the calculation.

a H2G H3G H4G 1HEG2HEG b
= (132 1BD
4= 0OD1 H2g
1.00 204
= G2 TH70
15+
200 @ | G 320
= H2a 320 N 104
= 4= HzG 320 E
800 : H4G 320 8
AHEE 320
-
| e— O HEB .9 0
400 e £
- Ha C1E1 2
3]
— 3G 320 O 59
5.00 @ NMR (Dnn)
10 N '-;..I ® TU-514 (Duc)
] ml T O X-ray (Dun)
6.00 -
-15 r y y : T .
-15 -10 5 0 5 10 15 20
o h v = CEFI80 Observed RDC (Hz)
7.00 L3 [4— HE1 HER
- a |4 HIFRD
L8 = & |4 QE Fi82

215 485 325 410 345

FIGURE 2: (a) Sample strips of thHE6C NOESY-HSQC spectrum using¥C-labeled TU-514. Intramolecular cross-peaks to TU-514 (labeled
as residue 320, with atom nomenclature as described previ@)¥lgn(d intermolecular cross-peaks to AaLpxC are labeled. (b) Correlation
between observed and calculat& for the refined solution structure (filled) and the crystal structure (open}Bpgfor TU-514 (red).

a chair conformation of the hexose ring. In such a conforma- refined solution structure, the hexose ring of TU-514 is
tion, all the axial H-C bonds are parallel and thus should packed more closely to thestrand ga) of insert Il and is
possess the same residual dipolar couplings. As a result, onlyoriented parallel instead of perpendicular to straietl of

the average value of the measuted-13C coupling was used  insert Il.

for these bonds during the structure calculation. The agree- Determination of the Protonation State of H253 in Wild-
ment between measured and predicted residual dipolarType AaLpxCln a parallel study, we have recently shown
couplings of the axial HC bonds from the hexose ring of  that the deacetylation of UDP-@-acylN-acetylglucosamine
TU-514 and the backbone-+N bonds from AaLpxC inthe by wild-type AaLpxC at 50°C is dependent on two
refined solution structures is shown in Figure 2b. In the ionizations and displays a bell-shaped pH profile for catalytic
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Ficure 3: H—13C HSQC spectra of (a) AaLpxC, (b) AaLpxC-H253A, (c) AaLpxC-mut7, (d) AaLpxC-mut8, and (e) AaLpxC-mut9 with
histidine residues selectivelyC-labeled at the C2oosition. Resonances of H19, H80, and H253 are labeled. Zinc-binding histidines H74
and H226 are indicated with asterisks in panel c. (f) pH titration curve of H253 in AaLpxC-mut7.

activity (24). We expect the apparenKpvalues of these  (H29N, H50A, H55N, H58N, H188Y, and H275stop), C181
ionization states to correspond to th&,pvalues of key was mutated to alanine to prevent chemical shift perturbation
catalytic residues, such as the general acid, the general baseaused by slow oxidation.
or the residues that stabilize the transition state. To investigate This seven-residue mutated form of AaLpxC (AaLpxC-
whether H253 serves any of these roles in LpxC, we set outmut?) retains the correct fold and displayd4&-1*N HSQC
to determine thelg, of H253 in free AaLpxC and to compare  spectrum similar to that of the wild-type protein (data not
it with the pH-dependent ionizations measured by steady- shown). It is also fully active and displays a pirate profile
state kinetics. similar to that of the wild-type protein (see the results below),

The 2D H—C HSQC spectrum of wild-type AaLpxC indicating that the catalytic mechanism remains largely
allowed resolution of H253 from the remaining 10 histidines unchanged and that none of the mutated residues contribute
at pH 6.5 (Figure 3a). The B2 resonance of H253 was  significantly to catalysis.
assigned by comparing the spectrum of AaLpxC with that Resonance Assignment and Titration of Histidines in
of AaLpxC-H253A (Figure 3a,b). Mutation of H253A caused AalLpxC-mut7All five remaining histidines (H19, H74, H80,
the selective disappearance of the resonance assigned t61226, and H253) in AaLpxC-mut7 are well separated in the
H253, while resonances from all other histidines remained. 'H—*C HSQC spectrum (Figure 3c). Resonances of H253
On the basis of its chemical shift values and the titration and H19 can be identified easily by the absence of the
curve obtained for H253 in AaLpxC-mut7 (Figure 3cf), we corresponding resonances in thé—13C HSQC spectra of
conclude that H253 is protonated at pH 6.5. Unfortunately, the AaLpxC mutants containing the additional mutations of
we were only able to follow the titration curve of H253 of H19N (Figure 3d) or H19N and H253N (Figure 3e). The
the wild-type enzyme up to pH 8.5. At pH values above 8.5, remaining three resonances belong to H80 and the two zinc-
the resonance of H253 is severely broadened and could nobinding residues H74 and H226 (Figure 3e). Resonances of
be detected. Since the exchange broadening is most severthese two zinc-binding histidines can be identified on the
close to the [, value of the histidine, we estimate th&p basis of their downfield3C chemical shifts. Addition of
of H253 in free AaLpxC to be higher than 8.5, but less than EDTA to the sample caused loss of zinc ion and selective
10.0. The resonance of the deprotonated H253 could not beperturbation of these two resonances, supporting their role
identified unambiguously, presumably due to the spectral as the zinc-binding histidines (data not shown). The remain-
overlap between H253 and other histidines. ing cross-peak is assigned to H80.

Design of the AaLpxC Mutant AaLpxC-mutb overcome To determine the I§, of H253, we collected a set of 2D
the resonance overlap problems and to determine an accuratéH—3C HSQC spectra of AaLpxC-mut7 at ST at pH 6.0,
pK, for H253, we decided to mutate all nonconserved 6.5,7.0, 7.5, 8.0, 8.5, 9.0, 9.5, and 10.0 in buffers containing
histidines of AaLpxC except H80. Although H80 is not 95% HO, 5% DO, 100 mM KCI, and either 20 mM
conserved within the LpxC family of proteins, its side chain phosphate (pH 6:68.0) or 20 mM CHES (pH 8.510.0).
forms two hydrogen bonds with the carbonyl group of 1232 In solutions with pH values from 6.0 to 10.0, only H253
and the amide group of V242, which may be important to has a titratable g, within this range. The titration curves of
maintain the stability of AaLpxC. The codon for H275 was H74, H226, and H80 are essentially flat, consistent with their
changed to a stop codon to remove the seven disorderedoles as zinc-binding residues and a hydrogen-bonded
C-terminal residues. In addition to these histidine mutations structural residue, respectively (Figure 3f). Although the
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Table 3: pH-Dependent lonizations of AaLpxC and AaLpxC-mut7

value

param measured AaLpxC AalLpxC-mut7
Keal Km C*(uM~tsh 1.0+0.3 1.3+ 0.4

pK1 6.1+ 0.2 7.1+0.2

pK2 9.0+ 04 8.8+ 0.3
Vimax ca(sy 4.0+£0.9 23+05

pK1 6.0+ 0.2 6.5+ 0.2

pK> 8.9+0.2 8.8+ 0.3

aC is the maximal pH-independent value calculatedkarKy or
Vmax-

chemical shifts of H19 do not change much over the entire
titration range either, the resonance of H19 at pH 6.0 is
significantly weaker than that at pH 6.5, suggesting that H19
has a [K, slightly below 6.0. Thé3C chemical shifts of C2
H253 at different pH values showed a typical sigmoidal curve
(Figure 3f). Fitting these values to eq 1 yieldedka, pf 7.6
+ 0.1 for H253.

pH Dependence of AaLpxC and AaLpxC-mut7 Astiat
37 °C. To compare the Ig, value of H253 determined in
the current NMR study with the pH-dependent ionizations
of LpxC catalysis, the pHrate profiles of both wild-type
AaLpxC and AaLpxC-mut7 were examined at 3Z. The
k.ofKm Values are most relevant for comparison with the
NMR titration of free enzyme as they describe the kinetic
events between free enzyme and free substrate. To rule ou
perturbations related to substrate binding arising from the
multiple histidine mutations in AaLpxC-mut7, we also
obtained an estimate of the pH dependence okgherofile

Coggins et al.

mutations affected the ionization of the residue responsible
for pK; remains unknown.

Inhibition of LpxC Actiity by Molecular Scaffolds from
the SubstrateOne major difference between TU-514 and
the real LpxC substrate UDP-G-acyl-N-acetylglucosamine
is the absence of the UDP moiety in TU-514. It is of
considerable interest to speculate where the UDP moiety
interacts with the protein and whether it contributes signifi-
cantly to the binding energy. We had previously observed a
hydrophobic pocket extending from the active site to the
space between the two helices of domain I. It was hypoth-
esized that this region might be accessible to the UDP moiety
(3). In the refined solution structure, although such a
hydrophobic pocket still exists, it is much more compact and
is less likely to accommodate the bulky UDP group. An
alternative model for UDP binding was recently proposed
by Whittington et al. 4), suggesting that the space sur-
rounded by insert Il andx-helices of domain Il may be
interacting with the UDP group. To test this hypothesis, we
have titrated UMP and UDP with AaLpxC and with the
AaLpxC—TU-514 complex. Neither UMP nor UDP resulted
in noticeable perturbation of any backbone NH resonances,
suggesting that the interaction of the UDP moiety with the
LpxC enzyme is weak, and may not contribute significantly
to the binding energy (data not shown). Additionally, we
have assayed AalLpxC activity in the presence of 2, 20, or
P00 M UMP or UDP. Inhibition of enzyme activity did
not occur under any condition, indicating that, even at
elevated concentrations, UMP or UDP alone is not sufficient
to compete with the UDP-8-acyl-N-acetylglucosamine

by measuring the activity at saturating substrate concentra-sybstrate for binding (data not shown).

tions.

As expected from the previous titrations at 80 (24),
the pH dependencies of both,.x andk../Ky are bell-shaped
with similar inflection points for both proteins at 3T. For
wild-type AaLpxC, the acidic limb of the profile exhibits a
pKy of 6.1+ 0.2 fork.o/Ky or 6.0+ 0.2 for Vimax the basic
limb of the profile shows an ionization with &p of 9.0 +
0.4 for keafKym Or 8.9 + 0.2 for Vmax (Table 3 and Figure
4a). These K, values are in reasonable agreement with the
previously determinedKy, values, although they do appear
consistently higher (0-51.0 pH unit) in particular for K.
This difference probably arises from the temperature depen-
dence of K, values belonging to ionizations of histidine,
lysine, or zinc-bound wate34—36). The pH-rate profile
of AaLpxC-mut7 is also bell-shaped with &pof 6.5 +
0.2 forVmaxor 7.1+ 0.2 forke.a/Ky, and a K, of 9.0+ 0.4
for Vimax or 8.8+ 0.3 for keof Ky (Table 3 and Figure 4b).
AalLpxC-mut7 retains essentially wild-type activity, suggest-
ing that the catalytic machinery of LpxC remains intact in
this mutant. Also, like wild-type AaLpxC, th€yax andkea/
Kwm profiles for AaLpxC-mut7 are nearly identical to each
other, indicating thaKy remains pH-independent in this

Excluding the weak interaction between the UDP moiety
and LpxC, the majority of the binding energy of the LpxC
substrate would have to come from the encapsulation of the
acyl chain of the substrate in the hydrophobic passage of
LpxC or the interaction of the hexose ring in the active site.
It has recently been reported that fatty acids with an acyl
chain containing more than six carbon atoms bind LpxC with
micromolar affinity @). To investigate whether these fatty
acids can serve as inhibitors of LpxC, we assayed the activity
of both AaLpxC and EcLpxC in the presence of 2, 20, or
200 uM myristate (C14) or laurate (C12) at 3C. Both
myristate and laurate were determined to be weak inhibitors
of AaLpxC, while essentially no inhibition was observed for
EcLpxC activity by these compounds (Figure 5).

DISCUSSION

Role of H253 in LpxC CatalysisThe pH-dependent
activity of an enzyme is indicative of the requirement for
specific protonation states of key entities during catalysis.
The rate constarit.;: describes the rate-limiting events of
the overall reaction, whilk:./Ky describes the kinetic events

mutant and that the pH-dependent ionizations measuredbetween the free enzyme and free substrate, from substrate

reflect key chemical steps of the reaction. TH& palues

of 8.8 for keafKm or 9.0 for Vimax in AaLpxC-mut7 are
unchanged compared to the values reported for wild-type
LpxC, demonstrating that the ionization entity associated with
pK, of wild-type AaLpxC remains unperturbed in AaLpxC-
mut7. The only observable difference between wild-type
AaLpxC and the multihistidine mutant is the perturbation
of pK; in AaLpxC-mut7 ¢0.6 pH unit). Which of these

binding up to and including the first irreversible step. Since
the substrate UDP-8®-acyl-N-acetylglucosamine does not
contain any groups that titrate between pH 4.0 and pH 10.0,
the K; and K, values measured for the pH dependence of
keafKm in LpXC can be associated with th&pvalues of
specific residues in the free protein, including zinc-bound
water. The majority of zinc-dependent amidases display bell-
shaped pH dependence, witKjpcorresponding to theky,
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[1] stands for the inhibitor concentration. AaLpxC activity is weakly
inhibited by myristate (open squares) or laurate (open circles), while
essentially no inhibition is observed for EcLpxC by myristate (filled
squares) or laurate (filled circles).

of a general base or zinc-bound water, and witk; p
corresponding to theky, of a general acid or a residue that
stabilizes the oxyanion intermediate. In the well-studied
examples of carboxypeptidase A and thermolysin, te p
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the K, of H253 should be consistent with eithdfor pK,
of the bell-shaped pHrate profile, but not both.

The NMR titration of H253 in the wild-type enzyme
showed that H253 is protonated at pH 6.5 and remains
protonated up to pH 8.5. This result is consistent with the
existence of a hydrogen bond between H253 and D234 as
this type of interaction is known to elevate th&pof
histidines 41). Since H253 is protonated at neutral pH and
over the range of maximal enzyme activity, it can be
excluded as the general-base residue that extracts a proton
from the zinc-bound water. This conclusion is in agreement
with a concurrent study that reports the identification of the
general base as E724). Though the K, of H253 could
not be determined precisely in wild-type AaLpxC, it was
estimated to fall between 8.5 and 10.0. Therefore, these data
were not sufficient to eliminate H253 as a candidate for the
pK; ionization, since its g, range is consistent with thekp
of 9.0 measured for thie./Ky pH dependence of wild-type
LpxC.

To investigate whether thekp of H253 corresponds to
the pH-dependentKy ionization of keo/Ky for LpxC, we
mutated all nonconserved histidines (AaLpxC-mut7). Using
this mutant, which retains full structural integrity, we could
identify the resonance of the deprotonated H253 and
determine its K, to be 7.6+ 0.1 (Figure 3f). This mutant
also retains high catalytic activity and possesses aaite
profile similar to that of the wild-type protein. Surprisingly,
the value measured for th&kpof H253 by NMR (7.6) in
AalLpxC-mut7 is much lowerx1 unit) than the K, value

residue is predicted to be a glutamate that must be depro-(8.8) measured for the enzymatic catalysis of this mutant,
tonated to serve as the general base and activate the zinctherefore eliminating H253 as being responsible . @ he

bound water for nucleophilic attacRBY, 38). The (K residue
is assigned as a histidine (H231) in thermolysBo)(
Although the K, residue has not been unequivocally

pK, of H253 is also noticeably higher (0.5 unit) than the
pK; of this mutant, further suggesting that H253 does not
act as the catalytic base. This unexpected result is consistent

assigned in carboxypeptidase A, it is speculated that anwith a concurrent study by McClerren et a24f, showing

arginine (R127) stabilizes the oxyanion intermediaté) (

that the pH dependence of the residual activity of the H253A

In both cases, these residues must be protonated to stabilizenutant remains bell-shaped, with inflection points similar
the negative charge of the tetrahedral intermediate duringto those of the pH dependence of wild-type LpxC. Although
catalysis. Recently, two models have been proposed for thethe ionization of H253 is not reflected in the pH-dependent

mechanism of LpxC. It has been hypothesized that H253
could either act as the general base in LpxC catalyisi(

stabilize the oxyanion intermediate through hydrogen bond-
ing (4). Each of the proposed roles for H253 requires a
different protonation state for this residue, suggesting that

ionizations required for catalysis, the significant loss of
activity in the H253A mutant (0.25% remaining activity) and
its protonated form at neutral pH in wild-type AalLpxC

suggests it might still be partially involved in the stabilization
of the oxyanion intermediate.
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Implications for the Design of Inhibitor§ he availability patch in the active site. However, their effectiveness against
of a highly refined solution structure allows us to identify a large number of diverse LpxC orthologues suggests that
three important areas surrounding the catalyti&"Zan that the efficient interaction of inhibitors with the acyl chain
may be important for the design of new LpxC inhibitors.  passage of LpxC may be one of the most important features

(I) Hydrophobic Passagét is quite clear from the refined  in the design of broad-spectrum inhibitors. Screening of a
solution structure that the hydrophobic passage of insert Il, diverse compound library has identified a third class of potent
formed by conserved residues 1186, 1189, L200, T203, V205, inhibitors (BB-78484 and BB-78485) that contain a hydrox-
and Y212, must be important for the binding of the acyl amate group but feature two branching aromatic moieties,
chain of the substrate. This passage, located between thesuggesting that both the hydrophobic passage and the
o-helix (ab') and twop-strands ga andpgc’) of insert I, hydrophobic patch are being utilizeds).
and partially surrounded by the loop connectfigand52 On the basis of the above analysis, we propose that the
of domain |, is quite narrow in AaLpxC, allowing insertion best LpxC inhibitors should contain (1) a zinc-chelating
of only a linear acyl chain (Figure 1c). Consistent with this group situated between two hydrophobic molecular moieties
analysis, substrates lacking an acyl chain are extremely poorand (2) a negatively charged group or polar group capable
substrates for LpxC 2). In contrast, neither the NMR  of forming salt bridges or hydrogen bonds with the basic
titrations nor the activity assays of AaLpxC in the presence patch. For the hydrophobic fragment to fit within the
of increasing concentrations of UMP or UDP showed any hydrophobic passage, a linear chemical group without
effects (data not shown), suggesting that the uridinyl branches is preferable and the total length from the hydrox-
phosphate portion of the substrate may not contribute to theamate group (which presumably binds?Znto the terminal
substrate binding to a significant extent. end of the linear fragment should be less than 15 A. Any

Interestingly, fatty acids alone were reported to bind hydrophobic group with a length beyond 15 A might require
AaLpxC with micromolar affinity 4). To test if these fatty  flexibility to fit the curved surface extending the hydrophobic
acids could serve as inhibitors of LpxC, we have measured passage, where the terminal methyl and the last two
the in vitro activity of AaLpxC and EcLpxC in the presence methylene groups of the TU-514 acyl chain are located.
of laurate and myristate. Both laurate and myristate inhibit
AaLpxC weakly, but exhibit no inhibition against EcLpxC ACKNOWLEDGMENT

(Figure 5). These observations suggest that although inhibi-  \y/o thank Dr. David A. Okar (University of Minnesota,

tors that mimic the acyl chain moiety of the substrate alone Minneapolis, MN) for providing the BL21(DE3) hi<E. coli

are not suﬁic_ient to inhi_bit ca’FaIysis with signific_ant potency, celis and Qian Liu for assistance in making various AaLpxC
the acyl chain interaction with the hydrophobic passage is 1y, tations.

likely to be an essential component in the design of potent

LpxC inhibitors. SUPPORTING INFORMATION AVAILABLE
(1) Hydrophobic Patchlin the active site, on the opposite . . _
side of thea-helix (ab) in insert II, there is a highly Figures showing the synthetic route of TU-514 frdiCE]-
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