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ABSTRACT. LpXC is a zinc metalloenzyme that catalyzes the first committed step in the biosynthesis of
lipid A, a vital component of the outer membrane of Gram-negative bacteria. Accordingly, the inhibition
of LpxC is an attractive strategy for the treatment of Gram-negative bacterial infections. Here, we report
the 2.7 A resolution X-ray crystal structure of LpxC frohguifex aeolicusomplexed with uridine 'S
diphosphate (UDP), and the 3.1 A resolution structure of LpxC complexed with pyrophosphate. The X-ray
crystal structure of the Lpx€UDP complex provides the first view of interactions likely to be exploited

by the substrate UDP group in the “basic patch” of the active site. The diphosphate group of UDP makes
hydrogen bond interactions with strictly conserved residue K239 as well as solvent molecules. The ribose
moiety of UDP interacts with partially conserved residue E197. The UDP uracil group hydrogen bonds
with both the backbone NH group and the backbone carbonyl group of E160, and with the backbone NH
group of K162 through an intervening water molecule. Finally, dhphosphate and uracil groups of
UDP interact with R143 and R262 through intervening water molecules. The structure of LpxC complexed
with pyrophosphate reveals generally similar intermolecular interactions in the basic patch. Unexpectedly,
diphosphate binding in both complexes is accompanied by coordination to an additional zinc ion, resulting
in the identification of a new metal-binding site termed the E-site. The structures of the-lpRE and
LpxC—pyrophosphate complexes provide new insights with regard to substrate recognition in the basic
patch and metal ion coordination in the active site of LpxC.

The zinc metalloenzyme UDE3-O-[(R)-3-hydroxymyris- reveals a~20 A deep active site located at the interface of
toyl]} -N-acetylglucosamine deacetylase (LpkCjtalyzes the  two topologically similara. + S domains 19). Enzyme
first irreversible step in the biosynthesis of lipid A (Figure crystals were prepared in the presence of excesd,Zn
1) (1—4), which is ultimately incorporated into the outer resulting in the formation of a binuclear zinc cluster
leaflet of the outer membrane of Gram-negative bacteria ascomposed of a catalytic zinc ion (Zn, coordinated by H79,
the hydrophobic anchor of lipopolysaccharide (LP5)9). H238, D242, and a solvent molecule with tetrahedral
The exterior sheath of LPS serves as a protective barrier thatgeometry) and an inhibitory zinc ion (Zig, coordinated by
resists penetration by many common antibiotics such asE78, H265, a solvent molecule, and a fatty acid with
erythromycin 8—14). Importantly, lipid A is the toxic tetrahedral geometry)10).2 The aliphatic tail of the fatty
component of LPS that triggers a severe immune responseacid was bound in &15 A long hydrophobic tunnel leading
to Gram-negative bacterial infections, which can lead to out of the active site cleft and was hypothesized to represent
septic shock accompanied by acute hypotension, multiple-the binding mode of the &-[(R)-3-hydroxymyristoyl] group
organ failure, and deathl%—18). Accordingly, inhibitors of the substrate1©). Consistent with this hypothesis, the
of LpxC and lipid A biosynthesis represent a potential subsequently determined NMR structu29,(21) and the
treatment option for Gram-negative sepsis. X-ray crystal structure2?) of LpxC complexed with the

The structure of LpxC fromAquifex aeolicusvas first substrate analogue inhibitor TU-514 (Figure 2) revealed the
determined by X-ray crystallography at 2.0 A resolution and binding of the corresponding fatty acid substituent in the
hydrophobic tunnel.

T This work was supported by National Institutes of Health Grant ~ Experimental results acquired to date suggest that LpxC
Gl\ffll’%l?%tomic coordinates of LpxC complexed with uridine 5 catalyzes substrate deacetylation through a mechanism
diphosphate and pyrophosphate haF\)/e been dF()eposited in the Protein DathpVOIVmg a general acidbase catalyst pair (Figure 133).
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Ficure 1: Proposed catalytic mechanism of LpxC.
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FiGure 2: (A) LpxC substrate, UDR3-O-[(R)-3-hydroxymyristoyl} -N-acetylglucosamine. (B) Substrate analogue inhibitor TU-54 [
~ 650 nM @6, 27]. (C) UDP.

In the first step of catalysis, E78 likely serves as a general interaction. Although TU-514 is similar in structure to the
base by abstracting a proton from a zinc-bound water actual LpxC substrate (Figure 2), it lacks the 3-hydroxy group
molecule, thereby promoting nucleophilic attack at the of the 3-O-myristoyl substituent and a UDP groupg( 27).
substrate and formation of a tetrahedral oxyanion intermedi- Therefore, the structures of LpxI'U-514 complexes20—
ate (19). Site-directed mutagenesis studi@g, (23, 25) and 22) provide no information about the binding of the UDP
X-ray crystal structures of Lpx€cacodylate and LpxE portion of an intact substrate.
palmitate complexe®@) are consistent with the general base  On the basis of the analysis of the refined NMR structure
function proposed for E78. The X-ray crystal structure of of the LpxC-TU-514 complex 21), the negatively charged
LpxC complexed with the tetrahedral cacodylate anion diphosphate group of UDP is hypothesized to interact with
further implicates T191 and H265 in the stabilization of the residues in the so-called “basic patch” defined by K239,
tetrahedral intermediate and its flanking transition st&28k ( R143, R262, and H265. The binding of a sulfate ion in the
Protonation of the leaving amino group by general acid H265 basic patch of LpxC complexed with cacodylate (PDB entry
[pKa ~ 8 (21)] facilitates the collapse of the tetrahedral 1YHC) (23) supports this hypothesil). To explicitly
intermediate to yield the final product®] 23, 25). define the role of the basic patch in substrate binding, we
The NMR @0, 21) and X-ray crystal 22) structures of now report the crystal structure of the Lpx@DP complex
the LpxC-TU-514 complex yield generally similar infer- at 2.7 A resolution. We also report the structure of LpxC
ences about substrate binding in the active site of LpxC complexed with pyrophosphate at 3.1 A resolution. Surpris-
despite significant differences in the zinc coordination ingly, both structures reveal that diphosphate binding in the
polyhedron and intermolecular interactions of the hexose basic patch is accommodated by a new metal ion in addition
ring. The X-ray crystal structure reveals that the TU-514 to an array of hydrogen bond interactions. Together, these
hydroxamate moiety chelates Zi to form a pentacoordi-  structures provide key inferences about substrate recognition
nate zinc complex with square pyramidal coordination in the basic patch and changes in metal ion coordination that
geometry 22). Hydrogen bond interactions between the may accompany catalysis.
hydroxamate OH group and D242 and H265, and the
hydroxamate €O group and T191, also stabilize the zinc MATERIALS AND METHODS
complex. Hexose ring substituents hydrogen bond with E197 Crystal Structure of the Lpx€UDP Complex. The
and H58, and K239 through a water-mediated hydrogen bondC193A/AD284—L294 variant of LpxC fromA. aeolicus
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Table 1: Data Collection and Refinement Statistics

LpxC—UDP  LpxC—pyrophosphate

resolution range (A) 30:02.7 50-3.1

no. of reflections 123119/19510 33547/12560
(measured/unique)

completeness (%) 99.9/100.0 99.3/100.0
(overall/outer shell)

Rergé (overall/outer shell) 0.128/0.333 0.134/0.393

/o(overall/outer shell) 11.7/4.2 5.7/2.0

no. of protein atonts 4298 4298

no. of solvent atonfs 83 24

no. of metal ion% 9 5

no. of ligand atons 92 54

no. of reflections used in 17590/1920 11328/1232
refinement (work/free)

R/Ryree® 0.213/0.241 0.230/0.277

rms deviations
bonds (&) 0.007 0.008
angles (deg) 1.3 1.3
proper dihedral angles (deg) 23.2 23.3
improper dihedral angles (deg) 0.72 0.80

@ Rmerge = X |lj — VY 1;, wherel; is the observed intensity for
reflectionj and j0is the average intensity calculated for reflectjon
from replicate data? Per asymmetric unit R= 3 ||Fo| — |F¢/|/3|Fol,
whereR and Rqee are calculated using the working and test reflection
sets, respectively.

(henceforth “LpxC”) was overexpressedtscherichia coli
and purified as described previoush9(28) and crystallized
using previously reported condition23). To prepare the
UDP complex, crystals were gradually transferred to 100 mM
HEPES (pH 8.0), 180 mM NaCl, #16% PEG 3350, 0.5
mM ZnSQ,, 2 mM MgCl, and 30 mM UDP and soaked for
16 h. Diffraction data were measured to 2.7 A resolution
using a wavelength corresponding to the zinc K-edge=(
1.283 A) on beamline X12C of the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratories
(Upton, NY). Crystals were isomorphous with those of the
zinc-inhibited enzymel(9) and belonged to space groBf;
with the following unit cell parametersa = b = 101.2 A
andc = 122.2 A (two monomers in the asymmetric unit).
Data were indexed and merged usidgL2000 (29). The
structure of zinc-inhibited LpxC (PDB entry 1P42)9,
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R-AXIS IV*t image plate area detector mounted on a
Rigaku-200HB rotating anode X-ray generator operating at
50 kV and 100 mA. Crystals were isomorphous with those
of the zinc-inhibited enzymel@) and belonged to space
groupP6; with the following unit cell parametersa=b =

98.9 A andc = 125.7 A. Data were indexed and merged
with d*Trek (33). The structure of zinc-inhibited LpxQ.9),
excluding all zinc ions, solvent, and fatty acid molecules,
was used as a search probe in molecular replacement
calculations usindAMoRe(30). Initial electron density maps
showed that pyrophosphate was bound in the basic patch
and coordinated to a metal ion interpreted as zinc. Interest-
ingly, neither Zi*g nor Zre*c ions were observed [in the
structure of the zinc-inhibited enzym&9), Zr**s is coor-
dinated by E78 and H265 and Zw is coordinated by H58
and H200]. The catalytic zinc ion, Zh,, was evident, but
the Zr*™p ion, which makes an interlattice contact in the
structure of the zinc-inhibited enzym#&9j, was only partially
occupied. Iterative cycles of refinement and model building
were performed wittCNS(31) andO (32), respectively, to
improve the structure as monitored BRfe. Strict NCS
constraints were employed initially and relaxed into ap-
propriately weighted restraints as guided Byte. Atomic
coordinates for pyrophosphate and solvent molecules were
added during the last stages of refinement. Data collection
and refinement statistics are reported in Table 1. All figures
were prepared usinByMOL (34).

RESULTS

LpxC—UDP ComplexThe transfer of LpxC crystals to a
buffer solution containing 30 mM UDP results in the binding
of UDP in the basic patch defined by residues K239, R143,
R262, and H265. An electron density map of the LpxC
UDP complex is shown in Figure 3A, and intermolecular
interactions are illustrated in Figure 3B. The structure of
LpxC in this complex is essentially identical to that of the
zinc-inhibited enzymel(9) with a rms deviation of 0.235 A
for 267 G, atoms; a superposition is shown in Figure 3C.

excluding all zinc ions, solvent, and fatty acid molecules, UDP binds with full occupancy and makes extensive
was used as a search probe in molecular replacemeninteractions within the basic patch. Although UDP binding
calculations using\MoRe(30). Initial electron density maps o each monomer in the asymmetric unit is generally similar,
showed that UDP was bound in the basic patch. Difference some differences in hydrogen bond interactions are observed.
maps calculated using anomalous scattering data revealed a In monomer A, both thex- and 8-phosphate groups of

total of nine zinc sites in the two LpxC monomers in the UDP accept hydrogen bonds from strictly conserved residue

asymmetric unit. Seven of these sites corresponded to thos ;
observed in the zinc-inhibited enzym&9, and two ad- 239 (Figure 3B). Thew-phosphate al_so a_cceptsahydrogen
bond from water molecule 71, which in turn accepts a

ditional sites accommodated the binding of the UDP diphos- hydrogen bond from R143: thé-phosphate also receives

hate groups (one per monomer). Iterative cycles of refine-
Fnent agr]1d rr?od(el buiFI)ding N, pe)rformed V\@||\>|/S(3l) and hydrogen bonds from water molecules 73, 68, and 53. The
O (32), respectively, to improve the structure as monitored L'?:Csifl\?éoﬁ grrc?ljjp?igogzﬁl?jr:a?ggrﬁ)?;g;g:iéifég:]b:—?oe
b Noncrystallographic symmetry (NCS) restraints were )

Y Riee rysiaiograpnic sy v (NCS) the backbone carbonyl of E160 and water molecule 75; in

employed throughout refinement. Atomic coordinates of locul hvd bond
solvent molecules and UDP molecules were added during M. water molecule 75 accepts a hydrogen bond from R262.

the last stages of refinement. Data collection and refinement I N€ uracil 4-carbonyl group accepts a hydrogen bond from
statistics are reported in Table 1. the backbone NH group of E160. The uracil 2-carbonyl group

Crystal Structure of the LpxEPyrophosphate Complex accepts a hydrogen bond from water molecule 27, which in
Crystals of LpxC were prepared as described above andtU' accepts a hydrogen bond from the backbone NH group
gradually transferred to 100 mM HEPES (pH 7.5), 180 mM of K162.

NaCl, 12% PEG 3350, 0.5 mM Zng( mM MgCh, and In monomer B, both thew- and S-phosphate groups of
10 mM tetrasodium pyrophosphate and soaked for 16 h. UDP accept hydrogen bonds from strictly conserved residue
Diffraction data were measured to 3.1 A resolution using an K239; the g-phosphate also hydrogen bonds with water
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Ficure 3: LpxC—UDP complex (monomer A). (A) Omit electron density map contourecbgduie) and Bijvoet difference Fourier map
calculated with anomalous data collected at a wavelength corresponding to the zinc K-edge, contameeldt Atoms are color-coded

as follows: yellow (LpxC) or green (UDP) for C, red for O, blue for N, and orange for P. Palmitate is colored light tan; zinc ions appear

as dark gray spheres. Water molecules appear as red spheres. Zinc occupancies are estimated as follows: 20096006 for Zr# g,

50% for Zrttc, 100% for Zitp (not visible), and 40% for Ze. (B) Intermolecular interactions in the Lpx@DP complex. Dashed

lines represent zinc coordination (magenta) and hydrogen bond (brown) interactions. (C) Superposition with the zinc-inhibited structure of
LpxC (19) (color-coded as described above except that cyan is used for C and zinc ions appear as purple spheres) reveals minimal structural
changes resulting from UDP binding.

molecule 15 (data not shown). The riboseCdH group coordinate to ZAfg to complete a tetrahedral coordination
donates a hydrogen bond to E197, which in turn hydrogen polyhedron in monomer A; solvent molecule 13 is the only
bonds to water molecule 78. The uracil N3-H group donates nonprotein ligand found in the Zhg coordination polyhe-
a hydrogen bond to the backbone carbonyl of E160, and thedron in monomer B.
uracil 4-carbonyl group accepts a hydrogen bond from the The Zr#'¢ ion is coordinated by the imidazole side chains
backbone NH group of E160. Thus, of the four residues of H58 and H200 and stabilizes th# subdomain that
hypothesized to interact with UDRJ), three are observed frames the hydrophobic tunnel in the active sit€)( The
to make important interactions: K239 makes direct hydrogen binding of the ZA"¢ ion is likely an artifact of the~5-fold
bonds with both thex- and 3-phosphate groups of UDP, molar excess of ZnSQused in the crystallization of LpxC,
and R143 and R262 interact with thephosphate group and  although it binds with an estimated occupancy of 50% in
uracil base, respectively, through bridging water molecules. the LpxC-UDP complex. The Z#p ion binds with full
No interactions are observed for H265. occupancy, making an interlattice contact between E126 and
As observed in the initial structure determination of LpxC the a-amino group of G2 in monomer A, and H29 and E95
prepared in the presence of excess zib@),(several zinc of monomer B in an adjacent asymmetric unit. Theé#zn
ions are observed in the Lpx@JDP complex. The Bijvoet  ion is similarly an artifact of the crystallization conditions
difference Fourier map in Figure 3A calculated using (19).
anomalous data collected at a wavelength corresponding to Unexpectedly, a newly discovered zinc ion designated
the zinc K-edge confirms the identities and locations of these Zn?*¢ is coordinated by the UDB-phosphate group and the
zinc ions; some are functionally important, and others are N6 atom of H58. Since H58 also coordinates to?%Zn
artifacts of crystallization. The catalytic zinc ion, Zn, is through its N atom, this interaction requires the imidazolate
present with full occupancy in both monomers and is form of H58 if both metals are simultaneously coordinated
coordinated by H79, H238, D242, and (solvent molecule 1 by this residue. Alternatively, since Zr binds with an
in monomer A, solvent molecule 13 in monomer B) with estimated occupancy of 40% in monomer A and 50% in
tetrahedral geometry. The inhibitory zinc ion, Zp, is monomer B and since Zhc binds with an estimated
partially displaced by UDP binding and has an estimated occupancy of 50% in both monomers, H58 could bind to
occupancy of 50%. The Zhg ion blocks catalytic activity either one or the other as the neutral imidazole if the binding
by complexation with the proposed general adiése pair of Zn?"g and the binding of Z#f¢c are mutually exclusive.
(23), H265 and E78. Solvent molecules 1 and 53 also To summarize the zinc binding results, the active site of
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Ficure 4: LpxC—pyrophosphate complex (monomer A). (A) Omit electron density map contoured, &t #vhich selected active site

residues are indicated. Atoms are color-coded as in Figure 3 and the chloride ion appears as a green sphere. Zinc occupancies are estimatec
as follows: 100% for ZA", and 60% for ZA"e. (B) Intermolecular interactions in the Lpxyrophosphate complex. Dashed lines represent

zinc coordination (magenta) and hydrogen bond (brown) interactions.

LpxC can accommodate three functional metal ions: the the phosphate group corresponding to thphosphate of
A-site metal ion activates a bound solvent molecule for the UDP diphosphate group interacts with K239 (3.4 A) and
catalysis, the B-site metal ion inhibits enzyme activity, and accepts a hydrogen bond from water molecule 11. The
the E-site metal ion accommodates the binding of the phosphate group corresponding to {hihosphate of the
substrate UDP diphosphate group. While it is conceivable UDP diphosphate group also accepts a hydrogen bond from
that Mgt could fulfill the substrate binding function of  water molecule 11.
Zn?tg, no evidence of binding of MJ to the E-site is The pyrophosphate group also coordinates to a metal ion
apparent in this study. interpreted as Zig by analogy with the Lpx€&UDP
Interestingly, a palmitate molecule binds in the hydro- complex. In both monomers A and B, the?Zpoccupancy
phobic tunnel with its carboxylate head group clearly visible is estimated to be 60%. In monomer A, the?Znion is
in electron density maps and oriented toward solvent at thetetrahedrally coordinated by H58, both oxygen atoms of the
outer end of the tunnel (data not shown). Consequently, thepyrophosphate group, and a chloride ion. In monomer B,
aliphatic tail of palmitate occupies the region nea”Zn  Zn*'gis coordinated by the--phosphate group, H58, and a
(Figure 3). Although at 2.7 A resolution crystallographic chloride ion. In both monomers A and B, the Zp ion,
occupancies are at best only rough estimates, palmitatecoordinated by H58 in the zinc-inhibited enzynfe), is
appears to bind with reduced occupans¥60% in monomer absent. The catalytic zinc ion (Zn) is present and fully
A, ~70% in monomer B) relative to the zinc-inhibited occupied, but the inhibitory zinc ion (Zhs) appears to be
structure 19). Accordingly, palmitate binding and Zh: fully displaced by pyrophosphate binding and by a palmitate
binding may be mutually exclusive. If the palmitate car- molecule that coordinates to Zn. The Zr¥*p ion, which
boxylate was oriented toward the inner end of the hydro- makes an interlattice contact in the structure of the zinc-
phobic tunnel, it could coordinate to Z; however, the inhibited enzyme 19), is partially occupied (40%). The
electron density for palmitate is not consistent with this observation of partially occupied zinc ions is likely hindered
orientation. by the relatively low resolution of this structure determina-

LpxC—Pyrophosphate Complesthe transfer of crystals ~ 0n.
to a buffer solution containing 10 mM tetrasodium pyro-
phosphate results in the binding of pyrophosphate in the basicP!SCUSSION
patch. An electron density map of the Lpx@yrophosphate Inferences about Substrate Bindifhe structures of the
complex is shown in Figure 4A. The structure of the LpxC | pxC—UDP and LpxG-pyrophosphate complexes provide
pyrophosphate complex is essentially identical to that of the the first view of intermolecular electrostatic interactions in
zinc-inhibited enzyme(@) with a rms deviation of 0.352 A the basic patch that may dominate the initial binding of
for 267 G, atoms. Although this structure is determined at a enzyme and substrate in catalysis. Strictly conserved residue
relatively low resolution of 3.1 A, general features of k239 accepts hydrogen bonds from both phosphate groups
pyrophosphate interactions in the active site (Figure 4B) are of UDP, and residues R143 and R262 (which usually appear
consistent with those observed for diphosphate binding in as lysine residues in LpxC enzymes from other species) form
the LpxC-UDP complex. water-mediated interactions with UDP (Figure 3B). Unex-

In monomer A, both phosphates of the pyrophosphate pectedly, the affinity of LpxC for UDP in the absence of
group accept hydrogen bonds from K239. In monomer B, substrate is quite low, and the dissociation constant of this
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Ficure 5: Model of the LpxC-substrate complex based on the X-ray crystal structures of the TU-514 cor@g)ean¢l the UDP complex

(Figure 3). Atoms are color-coded as follows: light cyan for C, red for O, blue for N, and orange for P. The substrate carbon atoms are
colored black; zinc ions appears as gray spheres. Solvent molecules appear as red spheres. Intermolecular interactions observed in the two
complexes separately can be achieved by an intact molecule of the substraté 3{P[PR)-3-hydroxymyristoyl} -N-acetylglucosamine

(Figure 2A), bound in the active site.

complex is estimated to be in the high millimolar rang6)( A model of the substrate bound in the active site based on
Consistent with the low apparent affinity, a NMR experiment structures of the TU-514 comple22) and the UDP complex
with a 3:1 molar ratio of UDP to eithek. aeolicusLpxC or with the novel zinc binding site is displayed in Figure 5.
the LpxC-TU-514 complex shows no chemical shift per-  gyryctural Aspects of Inhibitor Desigrintermolecular
turbation to indicate UDP binding2{). However, it iS jyteractions of the UDP moiety and the pyrophosphate group
possible that the enzyme utilizes much of the favorable ;, the active site point to specific interactions in the basic

binding free energy to order the active site, since NMR 550 that could be exploited in the design of LpxC inhibitors.
studies of the native enzyme in solution indicate substantial To develop broad-specificity inhibitors that target Gram-

actlvle S't"; mobility I'r_‘ thz_ug!lga_nderzld enzynmid). Itis also » negative bacteria from a wide array of species, we should
not clear how metal ion binding in the LpxC active site could ,ngjger interactions with strictly conserved residues. For

influence these affinity measurements. On the basis of theexample such residues are H265 and K239. which make
It?w daﬁ'n.'tt%’ OT L.FI)XC for UDPI' itis Ilkfef!y.';hat pyrophosphate key interactions with the tetrahedral intermediate and its
Inds W_' } simiiar-or evgn o'welr a ".“ y ) flanking transition states2@) and UDP (Figure 3), respec-
Surprisingly, a new zinc-binding site is o_bserved in both tively. Also in the basic patch, the positively charged
the UDP and pyrophosphate complexes?‘interacts with gy anidinium groups of R143 and R262 interact with UDP
pyrophosphate and the diphosphate group of UDP, afitiZn  through bridging water molecules: since these residues
may similarly interact with the UDP moiety of the actual usually appear as lysine in most other sequenced LpxC
LpxC substrate. Upon inspection of the initial difference enzymes, they similarly could be targeted for enzyme
electron density maps, this metal ion was originally hypoth- jnhipitor charge-charge interactions. Finally, E197 makes
esized to be Mg, present at millimolar concentrations in key interactions with both the ribose ring of UDP (Figure

the crystal stabilization buffers. The Ngion also accom- 3) and the C-4 hydroxyl of the hexose ring of TU-522)
modates the binding of diphosphate and/or pyrophosphaterys resique also appears as aspartate or glutamine in most

in a variety of enzyme systems, e.g., terpenoid cycl&@®s ( other sequenced LpxC enzymes, so an enzyimiabitor

Howeve_r, the Bijvoet difference F_our_ler map in Figure 3A hydrogen bond interaction could target this residue.
conclusively demonstrates that zinc is bound at the E-site.

Even so, M§* could conceivably bind to the E-site in the The identification of a new zinc binding site could also

absence of high 2 concentrations. Although a histidine °€ exploited in inhibitor design. For instance, “two-prong”
imidazolate would be unusual as a Mgligand, 325 inhibitors could be designed to target the?’Znand Zrii'e

examples of histidineMg?* coordination interactions are ~ Pinding sites simultaneously by incorporating a phosphate
found in the Metalloprotein Database (http://metallo- @nalogue or metal ligand designed to interact within the UDP
.scripps.edu) and nine examples of imidazelég?* coor- diphosphate binding site. A similar approach has been
dination interactions are found in the Cambridge Structural @dopted in the design of inhibitors of carbonic anhydrases |
Database37), so there is ample structural precedent for such @nd Il, in which a cupric iminodiacetate moiety is tethered
interactions. On the other hand, Zrbinds more frequently  to @ sulfonamide group to simultaneously bind to the active
to nitrogen ligands than Mg (38), and the results of the ~ Site Zr¢* ion and a histidine residue8 A away @9-41).
anomalous scattering experiment provide conclusive evidence Previously, LpxC inhibitors have targeted two other
for Zn?*e binding in this study. features of the active site: the catalytic zinc ion{Zy) and

It is noteworthy that the newly identified Zhe site is the hydrophobic tunnel2, 27, 42—45). It is possible that
accompanied by the partial displacement of the inhibitory with modifications incorporated to target the UDP binding
zinc ion, Zr¥*g, which is~6 A away. Possibly, Z4s moves site, the binding affinity of inhibitors such as CHR-09 [
to the E-site to accommodate UDP binding. Perhaps this~ 2 nM (45)], could be enhanced even further. The X-ray
could occur in catalysis, where at suitable zinc concentrationscrystal structure determinations of LpxC complexes with
the enzyme would remain in a zinc-inhibited resting state CHR-090 and other tight-binding inhibitors will facilitate the
until substrate binding, whereupon the inhibitory zinc ion design of a new class of LpxC inhibitors targeting all three
would shift from the B-site to the E-site to stabilize the areas of molecular recognition in the active site: the catalytic
negative charge on the incoming UDP diphosphate group.zinc ion, the hydrophobic tunnel, and the UDP binding site.
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In summary, this work provides the first view of UDP
binding in the active site of LpxC. Data from previously
determined structures of LpxC complexes with the substrate
analogue inhibitor TU-51420—22), taken together with the
structural information for UDP binding presented in this
work, provide a complete view of intermolecular interactions
important for enzymesubstrate association in catalysis,
particularly with regard to the role of the newly discovered
E-site metal ion in the molecular recognition of the substrate.
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