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ABSTRACT: Diversity in the polysaccharide component of lipopolysaccharide (LPS) contributes to the
persistence and pathogenesis of Gram-negative bacteria. The Nudix hydrolase GDP-mannose mannosyl
hydrolase (Gmm) contributes to this diversity by regulating the concentration of mannose in LPS
biosynthetic pathways. Here, we present seven high-resolution crystal structures of Gmm from the
enteropathogeni&. coli strain 0128: the structure of the apo enzyme, the cocrystal structure of Gmm
bound to the product Mg—GDP, two cocrystal structures of precatalytic and turnover complexes of
Gmm-C&"—GDP-u-p-mannose, and three cocrystal structures of an inactive mutant (His=12du)

Gmm bound to substrates GRp-mannose, GDR+D-glucose, and GDB-L-fucose. These crystal
structures help explain the molecular basis for substrate specificity and promiscuity and provide a structural
framework for reconciling previously determined kinetic parameters. Unexpectedly, these structures reveal
concerted changes in the enzyme structure that result in the formation of a catalytically competent active
site only in the presence of the substrate/product. These structural views of the enzyme may provide a
rationale for the design of inhibitors that target the biosynthesis of LPS by pathogenic bacteria.

Lipopolysaccharide (LPS) is the major constituent of the sugars onto a lipid molecule on the cytoplasmic side of the
outer membrane of Gram-negative bacteria. LPS is composednner membrane, and processing proteins that mediate
of a lipid core (lipid A) attached to a variant polysaccharide membrane translocation and polymerizati@h (
group. The lipid A region mediates the toxicity of LPH ( The O-antigen clusters of several pathogeBiccoli and
whereas the variable polysaccharide contributes to thes_ entericastrains encode another member of the first major
heterogeneity of LPS2). Variations of the polysaccharide class, GDRa-p-mannose mannosyl hydrolase (G&)r(8).
component of bacterial LPS are found in the polysaccharide Gmm catalyzes the hydrolysis of GORp-mannose into
side chains termed the bactei@antigen 8). The composi- GDP and mannose9) (Figure 1). By preventing the
tion of theO—antigen varies among different Gram—negative accumulation of h|gh concentrations of GPe-mannose
bacterial strains, and this diversity is dictated by the nature, in the sugar biosynthetic pathway, Gmm can regu|a’[e the
order, and linkage of the different sugars within the polysac- amount of mannose and maintain sugar diversity in the
charide 4). Diversity of the polysaccharide side chains allows O-antigen 9).
the pathogen to evade the host's immune response and geq,ence comparisons and mutational studies place Gmm
subsequent phagocytotic engulfment. within the Nudix hydrolase superfamily of enzym&s 10).

The O-antigen consists of at least 20 different sugars, and Nudix enzymes are typically pyrophosphatases that catalyze
this diversity is important for its biological functioB), The the hydrolysis of nucleotide diphosphates and their deriva-
genes involved in the biosynthesis of tiieantigen are  tives. These enzymes exhibit a common structural fold,
usually found as a gene cluster and are transcribed as a unitermed the Nudix fold, punctuated by the presence of the
(6). These gene products fall into three major classes: Nudix signature sequence GEX;REUXEEGU (whereU
proteins involved in the biosynthesis of the nucleotide sugar = |eucine, isoleucine, or valine, anti= any residue) 11).
precursors, glycosyltransferases that attach the precursoGmm falls within a subclass of Nudix enzymes that cleave

the phosphoglycosyl bond between nucleotide sugars by

T This work is supported in part by a grant from the American Cancer nucl'eophlllc spbstltutlon at carbon-10). Thus', the Gmm
Society and startup funds from the University of lllinois. family of Nudix enzymes are sugar nucleotide hydrolases

*The following pdb codes were deposited in the Protein Data rather than pyrophosphatases.

Bank: 2180, 218P, 218Q, 218R, 218S, 218T, and 218U.
*To whom correspondence should be addressed. Tel: (217) 333- The crystal structure of the Gmm-Mg-GDP product

2688. Fax: (217) 244-5858. E-mail: snair@uiuc.edu. complex, from the nonpathogeric coli K12 strain, reveals
§ Department of Biochemistry, University of lllinois at Urbana-
Champaign.
'Center for Biophysics and Computational Biology, University of 1 Abbreviations: GDP, guanosiné@rihydrogen diphosphate); Gmm,
lllinois at Urbana-Champaign. GDP-mannose mannosyl hydrolase; HEPES, 4-(2-hydroxyethyl)-1-
Y Argonne National Laboratory. piperazineethanesulfonic acid.

10.1021/bi061056u CCC: $37.00 © 2007 American Chemical Society
Published on Web 03/20/2007



GDP-mannose mannosyl hydrolase

Biochemistry, Vol. 46, No. 14, 2004295

a canonical Nudix fold augmented with an amino terminal
loop—helix extension 12). The GDP product is shown to
bind to an internal cavity created by tlehelical segment

of this extension. Finally, the switch in specificity from a
pyrophosphatase to sugar nucleotide hydrolase is explained
by a shortening of the loop containing the putative catalytic
base such that substitution occurs at C1 of the sut@r (

Here, we describe seven high-resolution crystal structures
of Gmm from the 0128 antigenic subgroup of enteropatho-
genic E. coli. We have determined the structure of the
unligandecE. coli 0128 Gmm, the cocrystal structure with
product GDP, and three cocrystal structures of an inactive
mutant (His-124— Leu) bound to GDRx-b-mannose, GDP-
o-D-glucose, and GDB-L-fucose. In addition, we have also
determined two high-resolution crystal structures of wild-
type Gmm bound to the substrate GlbR>-mannose. For
the first of these structures, we used crystals, harvested
immediately after growth, of GmmGDP-o-D-mannose in
which the catalytically requisite divalent magnesium ion was
replaced with calcium in order to determine the structure of
an unreacted ternary complex. Our kinetic studies demon-
strate that substitution of calcium compromises the catalytic
efficiency of the enzyme, thus facilitating structural analysis
of the precatalytic ternary complex. The second crystal
structure of Gmm-Cd —GDP-a-D-mannose, from crystals
that had incubated in the crystallization media for an
addtional 72 h, reveals a product complex and demonstrates
that the enzyme is active in the crystal. These crystal
structures) reveal the determinants of substrate and product
binding by the enzyme2J explain the molecular basis for
substrate promiscuity, an@)(provide a structural rationale
for understanding the kinetic parameters previously estab-
lished for each of these different substrates. Progress along
the reaction coordinate of GD&-D-mannose hydrolysis is
characterized by a significant conformational change at the
active site. These crystal structures detail concerted changes
in the enzyme structure that track the formation of a
competent active site during progress along the catalytic
reaction coordinate.

MATERIALS AND METHODS

Enzyme Cloning, Expression, and Purification. Escherichia
coli antigenic subgroup 0128.38) was purchased from the
American Tissue Culture Collection, and genomic DNA was
extracted using standard molecular biological methodology
(14). The gene encoding the Gmn®DP-a-D-mannose
mannosyl hydrolase was cloned by the polymerase chain
reaction using primers designed on the basis of the published
sequencel). The sequence of the forward primer is 5
aagcagccgCATATGatgtttttacgtcaggaagactttgceath an
engineered Nde | restriction site (shown in capital letters)
preceding the start codon. The sequence of the reverse primer
is 5-ccgCTCGAGtcagacatttttgacttcctttttatttaagéavBh an
engineered Xho | restriction site (shown in capital letters)
following an engineered stop codon. The gene was inserted
into a pET-14 plasmid (Novagen) bearing an amino terminal
polyhistidine tag and a thrombin digestion site preceding the

FIGURE 1: Schematic representation of the mechanism of action proposed inserted gene. The Quickchange (Stratagene) system was

for the hydrolysis of GDR-0-mannose as catalyzed by Gmm. The pro-  ysed to generate the His-124 Leu variant. The integrity
posed oxocarbenium character of the transition state is consistent with prior f all d thei - fi d b
studies 25). The identity of the residues shown to be involved in inter- ©Of all constructs and their variants were confirmed by

actions with the substrate and product is based on biochemicaliijta (  sequencing.
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E. coli exp_ression Strain BL21(DE3) was tr_anSf()rmed _With Table 1: Kinetic Parameters for Metal-Substituted Gmm
the appropriate expression vectors, and single colonies of
transformedE. coli were used to inoculate 5 mL of LB

GDP-o-D-mannose

medium supplemented with ampicilin (1Q@/mL). Five keat Kwm Keat/Kur
hours following inoculation, the small-scale culture was _ ) (mM) (s mM™)
added o 1 L of LB medium containing ampicilin (100g/ magnesium 0.1 0.02 0.75+0.18 0.21

mL) for growth at 37°C. When theAggonmValue of the culture calcium 0.054£0.012 2361047 0.023

reached 0.5, protein expression was induced with 0.5 mM
isopropyl#-p-thiogalactopyranoside, and the cells were  Crystallization. Initial crystallization conditions were
further grown overnight at 18C. Bacterial cells were established by sparse-matrix sampling methods using com-
pelleted by centrifugation (40@Cfor 1 h) and resuspended mercial (Crystal Screens I, Il and Natrix from Hampton
in 100 mM KCI, 20 mM Tris-HCI (pH 8.3), 10% glycerol, Research; Wizard Screens I, Il, and Il from Emerald
and a cocktail of protease inhibitors. Resuspended cells wereBiosystems) and homemade screens. Refinement of promis-
disrupted by multiple passes through an Avestin C5 Emul- ing conditions yielded large crystals suitable for diffraction
siflex French press cell, and insoluble aggregates and cellularanalysis. Crystals oE. coli 0128 Gmm were grown using
debris were removed by centrifugation (15 @dor 1 h). the hanging drop vapor diffusion method. Brieflyu® of
Recombinant Gmm was purified from the clarified super- the protein sample (10 mg/mL) was added t@l2 of the
natant by virtue of the amino terminal polyhistidine tag using precipitant (16-20% polyethylene glycol 4000, 200 mM
a Talon resin (Clontech) column charged with cobalt sodium acetate, 100 mM HEPES at pH 8.0, and 10 mM of
chloride. Following elution from the cobalt affinity resin, MgSQ;) and equilibrated over a well containing the precipi-
the cleavable polyhistidine tag was removed using thrombin tant solution at 20C. Crystals grew in 24 h and reached a
(1 U/mg protein, G.E. Healthcare). The protein was further maximum size of 0.3< 0.3 x 0.6 mn¥in 3 days. Cocrystals
purified by anion exchange (5 mL HiTrap Q, G. E. of the wild-type Gmm-M§"—GDP and Gmm-Cd—GDP-
Healthcare) and size exclusion chromatography (Superdexa-pD-mannose complexes and His-124Leu Gmm-ligand
75 16/60, G. E. Healthcare) prior to crystallization. Site- complexes were grown under similar conditions (with 10
specific variants were purified in essentially the same manner.mM of either MgSQ or CaSQ and 10 mM of the
Selenomethionine incorporated Gmm was produced by theappropriate ligand), but the equilibration temperature was 8
method of van Duyne et al16) and purified in the manner  °C. In order to obtain cocrystals of the wild-type enzyme
described above except that 5 mMmercaptoethanol was — substrate complex, crystals of Gmm2CaGDP-o-b-man-
added to all of the buffers. The protein samples were nose were harvested and cryo-cooled immediately after
estimated to be greater than 95% pure as judged by-SDS growth (approximately 12 h following the initiation of
polyacrylamide gel electrophoresis. crystallization). In order to demonstrate turnover in the
Substrate and ProducGDP, GDPe-p-mannose, GDP-  crystal, we utilized cocrystals of Gmm-&a-GDP-.-p-
a-p-glucose, and GDPB-L-fucose were purchased from mannose that were incubated in the crystallization drop for

Sigma and used without further purification. an additional 72 h at 8C and were then harvested and cryo-
Enzyme Assagteady-state kinetic experiments to measure cooled. Because the crystallization precipitant proved to be

the hydrolysis of GDRx-b-mannose by M- or Ca&'- suitable for cryoprotection, single crystals were harvested

activated Gmm were performed as describdd, (12). straight from the crystallization drop and flash cooled in

Briefly, the assay measures the amount of GDP producedliquid nitrogen prior to data collection.

by the hydrolysis of GDRx-b-mannose by measuring the X-ray Data Collection and Structure Determinatidtiash-
concentration of phosphate produced by the treatment of thecooled crystals of unliganded, Se-Met labeled Gmm dif-
product with calf intestinal alkaline phosphatase in a coupled fracted X-rays to a minimum Bragg spacing of 1.8 A using
enzyme assay. The GDEbp-mannose substrate is not an insertion device X-ray beam line utilizing a ADSC Q4
cleaved by alkaline phosphatase. These assays were pel€cCD detector (BIOCARS-Sector 141D, Advanced Photon
formed with saturating concentrations of eitherdigr C&* Source, Argonne, IL). A 4-fold redundant data set was
such that the reaction was regarded as a single substrateollected from crystals flash cooled to 100 K in a single°1.80
reaction. Each 5@L reaction contained 80 mM HEPES at sweep at the selenium edge (Table 2). These crystals
pH 7.5, 20 mM of the either My or C&", and 0.05ug of occupied space group;2,2; with unit cell parametera =
enzyme. The following concentrations of G@P>-mannose  49.4 A b = 79.6 A, andc = 94.5 A. The structure was
were used: 0.2, 0.5, 1, 2, and 5 mM. The reaction was solved by single-wavelength anomalous diffraction utilizing
allowed to proceed at 2TC for 20 min, and terminated by = anomalous scattering from the two selenium-substituted
heat treatment at 9%5C for 3 min. The reactions were then methionines per monomer of Gmm. Data were indexed and
treated with alkaline phosphatase (1 unit) at°& for 11 scaled using the HKL2000 packader). Four selenium sites,
min in order to release the phosphate group from GDP. A corresponding to the two molecules of Gmm in the asym-
250 uL volume of 5 mM EDTA and 70Q:L of Ames mix metric unit, were identified and further refined using SOLVE
(1 part of 10% ascorbic acid and 6 parts of 0.42% ammonium (18), yielding an initial figure of merit of 0.392.2 A
molybdate m 1 N H,SO,) were added to the reaction resolution (Table 1). Solvent flattening with RESOLVE
mixtures, and the reactions were incubated at@7or 30 further improved the quality of the initial map and permitted
min. The concentration of molybdate phosphate was deter-almost 85% of main chain and 29% of side chain residues
mined by measuring the absorbance at 780 nm usingto be automatically built by the softwarg9). The remainder
potassium phosphate as the standard. Each experiment wasf the model was fitted using XtalView2Q) and further
replicated in triplicate in order to minimize errors (Table 1). improved by rounds of refinement with REFMACBS1) and
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Table 2: Data Collection and Refinement Statistics

Data collection Statistics
apo-Gmm Gmm-GDP GDB-bp-Man GDPe-D-Gluc GDP#-L-Fuc precatalytic turnover

space group P212121 P212121 P212121 P212121 P212121 P212121 P212121
cell dimensions (A) a=49.4 a=49.5 a=489 a=149.1 a=489 a=49.6 a=49.6
b=79.6 b=280.7 b=775 b=75.4 b=70.6 b=281.6 b=81.2
c=945 c=98.0 c=0927 c=923 c=289.3 c=098.3 c=97.9
resolution (A) 1.9 (1.97) 1.5 (1.55) 2.0 (2.07) 2.1(2.16) 2.0 (2.07) 1.3 (1.35) 1.4 (1.45)
total observations 201,773 237,730 137,299 73,886 105,268 360,764 374,501
unique reflections 29,041 63,778 24,313 20,452 21,132 94,585 77,746
completeness (%) 99.5 (99.5) 98.9 (99.1) 99.4 (100) 98.6 (96.9) 95.7 (92.1) 95.8 (81.2) 98.7 (96.4)
Rinerge(%0)° 3.9 (8.7} 3.7 (16.9% 5.7 (15.8% 5.2 (26.3) 5.6 (16.9) 4.0 (14.9} 4.0 (14.9)
1o(1) 59 (23} 57 (13} 27 (103 24 (47 21 (8 29 (5p 29 (5)
SAD Analysis
wavelength (A) 0.9686
phasing resolution 2.2A
mean FOM 0.39
density modified FOM 0.73

Refinement Statistics
Apo-Gmm Gmm-GDP GDR:-D-Man GDPe-D-Gluc GDP#-L-Fuc precatalytic turnover

resolution range (A) 2471.9 23. 715 43-2.0 23-2.1 37-2.0 42-1.3 29-1.4
reflections used 26,869 59.027 22,655 26,651 19,561 87,720 72,076
Rerystal Riree (%0)¢ 19.4/24.4 17.8/19.0 20.2/25.1 20.6/24.4 21.1/24.8 14.9/17.1 13.9/16.5
number of atoms

protein 2618 2433 2505 2436 2277 2448 2448
ligand n/a 56 39 39 3% 78 56

solvent 354 332 140 146 70 593 557
averageB value (£2) 20.9 13.8 42.3 46.8 34.9 8.5 8.7

rmsd length (A) 0.013 0.010 0.016 0.018 0.011 0.002 0.003
rmsd angle) 1.45 1.48 1.73 1.71 1.52 1.73 1.65
coordinate error (A) 0.16 0.07 0.19 0.25 0.21 0.04 0.04
pdb code 2180 2I18P 218Q 2I8R 218S 2I18T 218U

2The numbers in parentheses correspond to the values for the outermost Bhellligand is bound to only one copy of the dimer in the
asymmetric unit® Ruerge= Z|I — <I>|/ZIl , wherel is the integrated intensity of a given reflectidtRerysia™= =||Fobd — |Fead /2| Fobd- Riree Was
calculated using 57% of data excluded from refinement.

manual building. Cross-validation, using 7% of the data for collected at SER-CAT (Sector 22BM, Advanced Photon
the calculation of the fre®-factor 22), was utilized to Source, Argonne, IL) using a Mar 225 CCD detector. Data
monitor building bias. The stereochemistry of the model was were collected from two independent crystals for each of
routinely monitored throughout the course of refinement the Gmm-C& —GDP-a-D-mannose ternary complexes de-

using PROCHECK Z3). scribed above, and the identity of the bound ligand was

Crystals of wild-type Gmm-Mg—GDP and Gmm-Ca— confirmed in each of the two data sets by analysis of
GDP-a-p-mannose complexes and His-124Leu Gmm— difference Fourier electron density maps. For both Gmm-
GDP-o-p-mannose, His-124— Leu Gmm-GDP-u-D- Ca+*—GDP-a-db-mannose ternary complexes, only the higher

glucose, and His-124—~ Leu Gmm-GDP-L-fucose resolution data sets were subject to crystallographic refine-
complexes were manipulated in a similar fashion. Data from ment including treatment of anisotrofefactors (Table 2).
crystals of the wild-type GmmGDP complex were collected Because of significant variations in the unit cell parameters
at COM-CAT (Sector 32ID, Advanced Photon Source, among the various ligand cocrystals, the ligand cocrystal
Argonne, IL) using a Mar 165 CCD detector; data from structures could not be solved by standard difference Fourier
crystals of the His-124~ Leu Gmm-GDP-a-D-mannose techniques, and several of these structures were outside the
and His-124— Leu Gmm-GDP-a-p-glucose complexes radius of convergence of rigid body refinement methods.
were collected at SER-CAT (Sector 221D, Advanced Photon Therefore, phases for each of these structures were deter-
Source, Argonne, IL) utilizing a Mar 300 CCD detector; and mined by molecular replacement with the program MOLREP
data for His-124— Leu Gmm-GDP-L-fucose were (24) using the unliganded Gmm structure as a search model.
collected at IMCA-CAT (Sector 171D, Advanced Photon Multiple rounds of manual model building were interspersed
Source, Argonne, IL) utilizing a ADSC Q4 CCD detector. with refinement using REFMACZ2(1) to complete structure
Data from crystals of the Gmm-&a-GDP-o-b-mannose refinement. For the substrate complexes of His-124eu
ternary complex were collected from crystals that were Gmm, density corresponding to the bound ligand was
harvested and cryo-preserved immediately after growth observed in only one copy of the asymmetric unit dimer.
(approximately 12 h following the initiation of crystallization) Cross-validation used-5/% of the data in the calculation

at SER-CAT (Sector 22ID, Advanced Photon Source, Ar- of the freeR-factor. The stereochemistry of the model was
gonne, IL) utilizing a Mar 300 CCD detector. Data from routinely monitored throughout the course of refinement
similar crystals of the Gmm-Ca—GDP-o-b-mannose ter-  using PROCHECKZ3). The refined coordinates have been
nary complex, which had been allowed to further equilibrate deposited in the PDB with identification numbers 2180 (wild-
in the crystallization drop for an additional 72 h, were type apo-Gmm), 2I8P (wild-type GmaGDP complex),
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218Q (Gmm His-124— Leu Gmm-GDP-a-b-mannose terminal helix and loop followed by a 147 residue Nudix
complex), 2I8R (Gmm His-124> Leu Gmm-GDP-u-D- domain (1, 12). The structural elements common to the
glucose complex), 2I18S (Gmm His-124 Leu Gmm-GDP- Nudix domain are entirely conserved, and an amino terminal
B-L-fucose complex), 218T (Gmm-Ca—GDP-u-db-mannose  extension first observed in the K12 enzyme structde® is
unreacted ternary complex), and 218U (Gmn*CaGDP also present. The structure of wild-tyfe coli 0128 Gmm
reacted product complex). is essentially identical to that of the K12 enzym)( as
expected from the overall sequence identity of 90% between
RESULTS the two polypeptides. Superposition of thearbons of both
Kinetic Properties of E. coli 0128 GmrKinetic param- structures yields a root-mean-square deviation (rmsd) of 0.3
eters for the hydrolysis of GDR-p-mannose by Gmm in A for 150 residues. Notably, the active site features, including
the presence of saturating concentrations of magnesium ionsall catalytically relevant residues, are conserved between the
were determined. Thi§y andk.4 for the hydrolytic reaction two enzymes. Given the high conservation of structural
catalyzed byE. coli 0128 Gmm are comparable for features and our demonstration of comparable kinetic
previously determined values for the enzyme from strain K12 parameters for the two enzymes, it is likely that the existent
(10, 25). This is to be expected, given the high sequence biochemical data established for the K-12 enzyme are equally
identity between the two enzymes (over 90%) and the fact apt for the studies presented here withcoli 0128 Gmm
that all of the residues within the active site are conserved (10, 25).
and may be superimposed (see below). The enzyme requires Analytical and preparation gel-filtration chromatographic
a divalent metal ion, such as magnesium, for catalysis. studies document thaE. coli 0128 Gmm is dimeric in
Because prior studies with the K12 enzyme demonstrate thatsolution, and each of the unliganded and ligand cocrystals
manganese may be substituted for magnesiad), (we of Gmm contains a dimer in the crystallographic asymmetric
reasoned that substitution of other divalent metals may unit. Dimerization is mediated by an extensive set of polar
support catalysis but would compromise efficiency. Kinetic and nonpolar contacts between the two protomers, with
analysis of the hydrolytic reaction with calcium as a divalent approximately 2510 Asurface area buried upon dimerization
metal ion demonstrates a close to 10-fold decrease in catalytic(as calculated with a probe radius of 1.4 A). The buried area
efficiency (e.afKv) relative to that of the magnesium- accounts for about 28% of the total surface area of each
substituted enzyme (see Table 1 for details). As a result of individual protomer (accessible surface areas of protomer
the compromise in catalytic efficiency, substitution of A = 8891 &, protomer B= 8718 A?). Because the buried
calcium as the divalent metal ion during the crystallization surface area exceeds values typical for crystal-packing
of the Gmm-GDP-a-p-mannose complex yielded crystals artifacts (typically 700 &) (26), the dimer observed in the
of an unreacted ternary complex. Prolonged incubation of crystallographic asymmetric unit likely represents the bio-
these crystals produced a structure of the product complexlogically relevant species.

demons.trating that the enzyme is active in the crysta}l. The presence of noncrystallographic symmetry allows two
Overview of the Crystal Structuresn order to determine  jndependent views of the protein, ruling out crystallographic
the structural d(_atails of s_ubstrate and product recognition packing artifacts in our data analysis. The root-mean-square
along the reaction coordinate of GBR-p-mannose hy-  deviation of thea-carbon positions between the two mol-
drolysis, we have determined seven different crystal struc- ecyles in each of the crystallographic asymmetric units varies
tures of E. coli 0128 Gmm: the crystal structure of fom 0.3 to 1.2 A. The largest differences between the two
unliganded enzyme, its binary complex with product GDP, mglecules in the asymmetric unit are observed in the
and the binary complex of the inactive site-specific mutant ¢ocrystal structures of His-124 Leu Gmm and correspond
His-124 — Leu Gmm bound to substrates GloPs- to changes in the loop region encompassing residues Pro-
mannose, GDReD-glucose, or GDB-L-fucose, each 10 120 through Asp-126 (see below in Substrate-Induced
resolutions between 1.5 and 2.1 A. In addition, we also conformational Change). Because only one molecule of the
present the crystal structures of the unreacted ternary compleXjimer contains a bound ligand, the position of this mobile

of wild-type Gmm-C&"—GDP-a-D-mannose (1.3 Aresolu-  |o0p varies the greatest between two copies in each of the
tion), from crystals harvested immediately after growth, and His-124— Leu Gmm structures.

of the Gmm-C& —GDP complex (1.4 A resolution), from

equivalent crystals that had been incubated in the crystal-|nteractions with Substrate and Product

lization media for an additional 72 h. Each of these structures

has been well refined as judged by the following criteria: A network of hydrogen bonds mediates the specific

(1) the residualR (and corresponding fre®) values are  recognition of substrates GDé-p-mannose, GDFReD-

within the appropriate range for acceptability for the given glucose, and GDB-L-fucose and product GDP by Gmm.

resolution of the data, (2) the majority of residues in each Unambiguous electron density, corresponding to the position

of the models fall within the most favored region (90% or Of the respective ligands, can be observed in difference

greater) or additionally allowed regions of the Ramachandran Fourier maps of each cocrystal structure (Figure-2). For

plot, (3) no additional features are present in difference the substrate complexes of His-124 Leu Gmm, density

Fourier maps calculated with phases from the final refined corresponding to the bound ligand was observed in only one

structure, and (4) the stereochemistry of each structure iscopy of the asymmetric unit dimer, presumably because of

excellent as judge by the root-mean-square deviations fromlattice-packing constraints.

ideal values (see Table 2 for details). Gmm-Md@*—GDP Product Complexn the 1.5 A resolu-
The overall fold of Gmm is similar in each of the seven tion cocrystal structure oE. coli 0128 Gmm bound to

crystal structures and is composed of a 20-residue aminoproduct GDP, the guanine nucleotide contributes to the
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Ficure 3: Interaction of wild-type Gmm with the guanine
nucleotide of product GDP. For clarity, only the hydrogen-bond
interactions between the nucleotide and the protein are labeled. The
ligand is shown in yellow, and the protein residues are shown in
cyan. The catalytically requisite divalent metal (magnesium) is
shown as a cyan sphere.

Leu-4 backbone carbonyl-N2 (3.0 A), Leu-4 backbone
carbonyl-N1 (2.7 A), and Leu-4 backbone amide-O6 (2.8
A) (Figure 3). The position and orientation of the GDP
moiety is slightly altered in each of the substrate complexes,
perhaps because of the interactions between the protein and
c the sugar tail of the substrate. However, each of the
component hydrogen bonds involved in the interaction with
the nucleotide is still maintained.

His-124— Leu Gmm-GDP-o-p-mannose Complexn
the 2.0 A resolution crystal structure of Gmm bound to GDP-
o-D-mannose, the sugar moiety of the substrate forms five
hydrogen bonds with vicinal enzyme residues, and these
hydrogen bonds account for substrate specificity. The 2-hy-
droxyl of mannose forms hydrogen bonds with Asp-2220
= (2.7 A), the 3-hydroxyl hydrogen bonds to Ser-2¢ @.7
A) and Asp-22 ®2 (2.6 A), and the 4-hydroxyl hydrogen
bonds to His-88 M1 (2.7 A) and Tyr-90 @ (2.7 A) (Figure
4A). The branched 6-hydroxyl of mannose is located adjacent
to Tyr-90 (Oy—OH distance of 2.7 A) and engages in a
weakly polar interaction with the aromatic ring of Phe-47
(27). The guanidinium side chain of Arg-37 further stabilizes
the interactions with the ligand by hydrogen bonding to an
oxygen atom on th@g-phosphate of the nucleotide diphos-
phate (NH1-02B distance of 2.9 A and NH202B distance
of 2.9 A). These interactions result in the tight packing of
the a-D-mannose moiety in the active site pocket.

His-124— Leu Gmm-GDP-a-b-glucose Complexn the
Ficure 2: Difference Fourier electron density maps, calculated with 2 1 A resolution crystal structure of the binary complex of
expe'rlmenta}lly determined amplltudes and phases cglculated fromem with substrate GDB-b-glucose, a similar network
the final refined structures, minus the appropriate ligand, which )
have been subject to maximum likelihood refinement with REF- Of hydrogen bonds is also observed. Howeven-glucose
MACS. The coordinates of the final refined structure are superim- cannot be accommodated in the active site in the same
posed upon the electron density maps. The difference mapsorientation as that af-mannose because of steric constraints
correspond to (A) the 1.5 A resolution cocrystal structure of wild- imposed by the change in the position of the 2-hydroxyl from

type Gmm bound to GDP, (B) the 2.0 A resolution crystal structure __: .
of His-124— Leu Gmm bound to GDR-D-mannose, (C) the 2.1 axial to equatorial in glucose. In order to accommodate the

A resolution crystal structure of Gmm bound to GBF-glucose, pyranose group of glucose and maintain all possible hydrogen-
and (D) the 2.0 A resolution crystal structure of Gmm bound to bond interactions, the sugar undergoes a rotation of roughly
GDP#-L-fucose. The contour levels are 25(blue) and 8.00 25° about the P201B—C1 bond (Figure 4B). This rotation
(magenta). The catalytically requisite divalent metal (magnesium) ragults in a reorientation of the hydrogen-bond donors and
is shown as a cyan sphere.

acceptors such that the 3-hydroxyl now forms a hydrogen
specificity of the recognition of GDPsugar derivatives from  bond with Asp-22 @2 (2.6 A), and the 4-hydroxyl hydrogen
other nucleotide-diphosphate sugars. Several key amino acid bonds to the @ of Ser-20 (2.7 A) and with Asp-22 (&—
residues are involved in hydrogen bonds with the nucleotide, OH distance of 2.8 A), and the branched 6-hydroxyl forms
including Arg-52 NH—06 (2.6 A), Arg-52 N—N7 (3.0 A), a hydrogen bond with Tyr-90 (@-OH distance of 2.6 A)

4 -.ﬂi;i

\?{%' e B
e =y
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Asp-22 Asp-22

Ser-20
Ser-20 His-88

H‘_\‘Eiso" jzs“

\ 20H
r:-

GDP-a-D-glucose

GDP-¢-D-mannose

Asp-22

His-88

GDP-f-L-fucose

Ficure 4: Interaction of His-124— Leu Gmm with sugar nucleotigediphosphate sugar substrates. For clarity, only the hydrogen-bond
interactions between the sugar moiety and the protein are labeled. (A) Interaction witlw®BRannose: There are five hydrogen bond
interactions between the sugar of GBR>-mannose (shown in yellow) and the residues in the active site of Gmm (shown in cyan). Two
additional hydrogen bonds are formed between the side chain of Arg-37 and a phosphate oxygen. (B) Interaction with-@d®se:

The sugar is rotated approximately°2®lative to that in the GmmGDP-o-p-mannose complex. Although the orientation of the sugar has
been altered, five hydrogen-bond interactions are still maintained, and the side chain of Arg-37 moves to fill the cavity created by the
reorientation of thew-p-glucose sugar. (C) Interaction with GOfRe-fucose: Only three hydrogen-bond interactions are observed between
the S-L-fucose sugar and the residues in the active site. Begauskicose does not contain a C5-gbH extension, the aromatic side

chain of Phe-47 moves closer to form a smaller pocket, which results in increased van der Waals interactions with the sugar.

and His-88 (M1—OH distance of 2.7 A). Despite this p-L-fucose does not support interactions with either His-88
reorientation of hydrogen-bonding partners, the net result is or Tyr-90. However, replacement of the extended C5-CH
that the number of hydrogen-bond interactions with the sugar OH chain by a C5-Cklin fucose results in a small cavity
moiety is the same as that observed in the cocrystal structurethat is accommodated by movement of the aromatic side
with GDP-o-p-mannose. However, this reorientation results chain of Phe-47 (compare Figure 4A and C). This movement
in a cavity between the-p-glucose group and Phe-47 that  results in additional van der Waals interactions between the
is accommodated by movement of the guanidinium side protein ands-L-fucose and a tighter packing of the sugar

chain of Arg-37 into this cavity, where it can now interact yelative to that observed in the cocrystal structure with GDP-
with the O5 of the pyranose #,—O distance of 3.1 A) Q-D-Mannose.

(Figure 4B). This movement of Arg-37 results in a loss of "
the two hydrogen bonds with an oxygen atom on the Gmm-C&'—GDP-o-p-mannose Unreacted Ternary Com-

B-phosphate observed in the cocrystal structure with GDP- plex Kinetic analysis demonstrates that replacement of the
o-D-mannose (compare Figure 4A and B). catalytically requisite magnesium with calcium results in a

His-124— Leu Gmm-GDP-3-L-fucose Complexn the close to 10-fold decrease in the catalytic efficiency of Gmm.
2.0 A resolution crystal structure of the binary complex of Data collected from the crystals of the GmmZCaGDP-
Gmm with GDPB-L-fucose, there are fewer hydrogen-bond @-D-mannose complex, harvested immediately after crystal
interactions between the protein and the sugar group of thegrowth (approximately 12 h) and continuous electron density
ligand relative to those of the the cocrystal structures with corresponding to the substrate GidR>-mannose (Figure
GDP-o-p-mannose and GDR-d-glucose. The only hydrogen-  5A) are shown in Figure 5. In the 1.3 A resolution crystal
bond interactions are between the 3-hydroxyl and Asp-22 structure of the wild-type Gmm-C&-GDP-o.-D-mannose
0062 (2.9 A) and Asp-22 01 (2.9 A), and the 2-hydroxyl  complex, the position of the sugar moiety and all interacting
and Asp-22 ©2 (2.9 A) (Figure 4C). The configuration of  residues are identical to those observed in the cocrystal
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A @ @7

His-124 (closed)

His-124 (open)

FIGURE 6: Superposition of the ribbons diagrams of the active site
loop observed in the crystal structures of apo-Gmm and the Gmm-
C&+"—GDP-o-p-mannose substrate complex. The purple ribbon
diagram shows the backbone trace of apo-Gmm around residues
110-130, with the active site His-124 shown as a stick figure. Note
that in the absence of the ligand, a loop harboring catalytically
important residues is positioned away from the enzyme core toward
Ficure 5: Difference Fourier electron density maps, calculated with the bulk solvent. The cyan ribbon diagram shows a trace of the
experimentally determined amplitudes and phases calculated fromequivalent residues observed in the Gmn#Ca5DP-a.-b-mannose

the final refined structures, minus the appropriate ligand, which substrate complex. A catalytically competent active site is formed
have been subject to maximum likelihood refinement with REF- in the presence of the appropriate substrate. The substrate GDP-
MACS. The coordinates of the final refined structure are superim- g-p-mannose is shown as a yellow stick figure, and the requisite
posed upon the electron density maps. The difference mapsmetal ion is shown as a red sphere.

correspond to (A) the 1.3 A resolution cocrystal structure of the . ) ) .
wild-type Gmm-C&*—GDP-a-p-mannose complex, solved from In molecule A, the residues encompassing this loop region
data collected on the crystals of the ternarK complex harvestedare displaced an averagé®A relative to their respective

immediately after growth and (B) the 1.4 A resolution crystal positions in molecule B. The rms deviation between the loop
structure of the wild-type Gmm-Ca~GDP product complex,  reqiques of the two molecules is as follows: Pro-120 (5.8

solved from data collected on the crystals of the ternary substrate .
complex harvested 72 h after crystal growth. The catalytically A), Asp-121 (5.5 A), Glu-122 (5.7 A), GIn-123 (5.5 A), His-

requisite divalent metal (calcium) is shown as a red sphere. The 124 (5.3 A), Asp-125 (2.5 A), and Asp-126 (4.3 A). In the

contour levels are 2.6 (blue) and 10r (magenta). open orientation, a total of 15 water molecules occupy the
shallow region of the active site.
structure of His-124— Leu Gmm bound to GDPR:D- Upon binding to the substrate (GORp-mannose and
mannose. Ca*) or product (GDP and M), this loop region under-
Gmm-C&"—GDP Product Ternary CompleData col- goes a significant reorientation toward the core of the enzyme

lected from crystals of the Gmm-&a-GDP-a-p-mannose  (the closed orientation) (Figure 6). In comparison with the
complex that had incubated in the crystallization buffer for structure of the unliganded enzyme, the average displacement
approximately 72 h at 8C reveal an electron density of the residues within this loop is as follows: Pro-120 (5.4
consistent with a product complex (Figure 5B). The 1.4 A A), Asp-121 (6.2 A), Glu-122 (7.7 A), GIn-123 (8.3 A), His-
resolution crystal structure of the wild-type Gmm2Ca 124 (6.2 A), Asp-125 (3.9 A), and Asp-126 (2.2 A) (total
GDP complex is identical to that of the product Gmm- rmsd= 4.4 A for all atoms in this loop). This movement
Mg?*—GDP complex. The position and orientation of the results in the formation of a well-defined internal cavity that
GDP moiety are identical, and each of the hydrogen bonds houses the products and presumably the substrate. A network
involved in the interaction with the nucleotide is maintained. of hydrogen bonds stabilizes the closed orientation of this
Substrate-Induced Conformational ChanBeogress along  loop and positions the putative catalytic base His-124 for
the reaction coordinate of the hydrolytic reaction is ac- catalysis. In addition, the divalent metal ion interacts with
companied by significant rearrangement of atoms in the the carbonyl of GIn-123 (2.1 A distance) and also participates
enzyme active site. In the absence of the substrate or productin stabilizing the hydrogen-bonding network of water
a loop encompassing residues Pro-12@p-126 is posi- molecules in the active site. The position of each residue
tioned away from the enzyme core, toward the bulk solvent within this loop in the Gmm-Cd—GDP-o-p-mannose and
(Figure 6). This loop contains the putative catalytic base His- Gmm- Mg?*—GDP structures is nearly identical between the
124, and the displacement of this region away from the two molecules within the crystallographic asymmetric unit
enzyme core results in an ill-formed active site (the open (rmsd of 0.2 A). Stable interactions between the catalytically
orientation). The open orientation of the active site region requisite divalent calcium or magnesium ion, the GDP
is observed in each of the two copies of Gmm observed in substrate, or the GDR-p-mannose product and a host of
the crystallographic asymmetric unit, albeit with slightly associated water molecules facilitate the formation of a
different dispositions. compact structure with appropriate active site residues poised
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for catalysis. Finally, we note that the residues within this of the substrate GDRB-D-mannose byE. coli 0128 Gmm
loop are ill defined in our structures of the His-124Leu are comparable to those reported for the enzyme feEom
Gmm substrate complex, presumably as a consequence otoli strain K12 @0, 25). Although Gmm can hydrolyze both
the fact that the mutant Leu-124 side chain is not capable of GDP-o-p-glucose and GDR-b-mannose, with GDRD-
forming the requisite hydrogen bonds necessary for the glucose as a substrate, tkg is higher relative to that for

formation of a stable active site cavity. GDP-a-p-mannose (2.9-fold and 4.3-fold, respective®3)
Hence, the affinity for the substrate GPe-glucose is
DISCUSSION lower. Additionally, although GDW-L-fucose is a poor

substrate for Gmmk{, is 58-fold lower), the affinity of the
enzyme for this nucleotidediphosphate sugar is higher than
hat for GDPei-p-mannose Ky is 6-fold lower) @5). Our

We present here seven crystal structures of the Nudix
hydrolase Gmm in apo form and in complex with various
substrates and products. Cocrystal structures of Gmm boun ; -

tructural results may help reconcile these observed differ-
to GDP-a-p-mannose, GDRe-D-glucose, and GDIB-L- y nep

; ; . . . . ence in substrate binding.
fucose were of a catalytically inactive site-specific variant ) )
in which the active site His-124 has been replaced with a Onthe pa3|s of the comparisons of our cocrystal structures
Leu. Because residues in the loop region encompassing thif the His-124 =~ Leu Gmm-GDP-a-p-mannose and
residue are ill-defined in each of these crystal structures, it GMM—GDP-a-p-glucose complexes, we can postulate the
is important to establish that the binding mode of these Pasis for the decreased affinity for GPe-glucose. In our
substrates observed in the cocrystal structures of His-124C0Crystal structuresy-p-glucose cannot be accommodated
— Leu Gmm reflect productive complexes and that each of I the active site in the same position as thadxaf—mannos.e
these observed species lies along the reaction coordinate. [/P€cause of steric constraints and undergoes a rotation of
order to do this, we sought to identify a substituted divalent foughly 25 about the P201B—C1 bond (compare Figure
metal ion for the catalytically requisite magnesium, which 4A and B). Although the net result of this reorientation
would compromise catalytic efficiency but still support Maintains the same number of hydrogen bonds to the sugar
turnover with the aim of trapping a pre-catalytic ternary Moiety as that observed in the GPe-mannose cocrystal
complex for crystallographic analysis. Our kinetic studies Structure, this movement creates a cavity between t.he sugar
establish that replacement with calcium results in a close to@nd Phe-47. The side chain of Arg-37 moves to fill up a

10-fold decrease ikeafKy for the enzyme with GDReD- cavity adjacent to the-p-glucose, resulting in the loss of
mannose as a substrate. two hydrogen bonds with an oxygen atom on thehos-

phate. Consequently, the imperfect packing of the-

. " )
Substrate Turnger in Crystals of C&-Gmm.The struc glucose sugar and the loss of these two hydrogen bonds likely

ture of the Gmm-C# —GDP-a-D-mannose complex, deter- . >
mined from the crystals of the ternary complex harvested resul_t in the decreased affinity of Gmm for GPe-glucose
immediately after crystal growth, reveals an unreacted ternaryrelat've to that for GDRx-D-mannose.
complex (Figure 5A). Comparison of the crystal structures ~ Our cocrystal structures may also explain the previously
of the Gmm-C& —GDP-0-b-mannose complex with that of ~ 0bserved increase in affinity of Gmm for GOfPe-fucose
the His-124— Leu Gmm-GDP-o-D-mannose complex as a substrate2f). Replacement of the extended C5-£H
confirms that the His-124~ Leu mutation does not affect OH chain by a C5-CHlin S-L-fucose results in a small cavity
the binding or orientation of the sugar. We also determined that is accommodated by the movement of the side chain of
the structure of the ternary complex from crystals that had Phe-47 (compare Figure 4A and C). This rearrangement
been incubated in the crystallization drop for an additional results in the tighter packing of the sugar in the active site
72 h, and this structure reveals a Gmn%CaGDP complex pocket relative to that observed in the structure of GbP-
(Figure 5B), demonstrating that the enzyme is active in the D-mannose, accounting for the reported decreaggiwith
crystal and that the unreacted ternary complex likely GDP#-L-fucose as the substrat2s).
represents the Michaelis complex. The orientation of the  Concerted Conformational Changes along the Reaction
substrate in the unreacted Gmm?CaGDP-o-p-mannose  Coordinate.A comparison of the structure of unliganded
ternary complex is identical to that observed in the His-124 Gmm with that of the Gmm-Ca—GDP-a-D-mannose
— Leu Gmm-GDP-a-p-mannose complex. Thus, the His-  substrate and Gmm-Mg—GDP product complex reveals a
124 — Leu mutation does not affect the binding mode of significant movement of the loop-encompassing residues Pro-
the substrate relative to that observed in the wild-type Gmm- 120-Asp-126, containing the putative catalytic base His-
Ce&* complex, and the binding mode of the substrates 124 (Figure 6). In the crystal structures of the related Nudix
observed in each of the cocrystal structures of His=¥24  enzymesE. coli ADP-ribose pyrophosphatas2g 29) and
Leu Gmm Iikel_y represents a productive complex along the M. tuberculosis ADP-ribose pyrophosphatase(j, the
reaction coordinate. respective catalytic bases are disordered in the absence of
Molecular Basis for Substrate and Product Recognition. the substrate and become anchored upon the binding of three
Prior biochemical studies have established kinetic parameterametal ions and the substrate. Similarly, our structures
for the hydrolysis of various substrates by Gmi®,(25). illustrate the first example of the substrate-induced formation
Although these studies utilized the enzyme frBurcoli strain of a catalytically competent active site for the glycosyl
K12, the results can be applied to thecoli 0128 enzyme  hydrolase class of Nudix enzymes. The concerted changes
under study here, given the high overall sequence identity observed in our crystal structures illustrate gross movements
between the two proteins (approximately 90%), the structural toward the formation of a functional active site architecture
and sequence conservation of residues in the active site, andhat accompanies progress along the reaction coordinate
our demonstration that the kinetic parameters for hydrolysis (Figure 6).
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The ordered structural transition observed in the case of 8.

the pyrophosphatases has been interpreted as a mechanism

to ensure substrate specificity against ubiquitous high-energy
phosphates2g). It is likely that the concerted movement of
the catalytic base containing loop residues of Gmm serves
an analogous role in catalytic specificity. Given the preva-
lence of sugar polymers encoded within the LPS component
of the bacterial outer membrane, residual hydrolytic activity
against mannose (or glucose) linked sugars would be
detrimental to the viability of the organism. The substrate/
product induced conformational changes in this loop region,
to form a catalytically competent active site architecture,
would ensure specificity toward glucose or mannose nucle-
otide—diphosphate sugars over other important sugar con-
jugates.

Given the role of LPS in the persistence of pathogenic
bacteria, the enzymes that carry out their biosynthesis are
viable targets for therapeutic interventioB1f 32). Our
structures provide insights aiding such design efforts.
Although GDPg-L-fucose itself would not be an effective
inhibitor because Gmm shows residual activity against this
nucleotide-diphosphate sugar29), guanine dinucleotide
sugar analogues that mimic the structure of GBRfucose
and exploit the proteinligand interactions observed in our
cocrystal structure would be viable inhibitors. The disruption
of Gmm activity by such inhibitors would result in a decrease
in the diversity of theD-antigen.E. coli strains lacking the
O-antigen have been shown to be more susceptible to the
bactericidal effects of normal human serugs,(34).

ACKNOWLEDGMENT

We thank Keith Brister (BioCARS, Beamline 14-1D), Lisa
Keefe (IMCA-CAT, Beamline 17-ID), and Marie Graham
(Southeast Regional Collaborative Access Team, Beamlines
22-ID and 22-BM) for assistance with synchrotron data
collection and N.G. Wetters for assistance with crystalliza-
tion. We also thank W. A. van der Donk and M. V. Lasker
for the critical reading of this manuscript.

REFERENCES

1. Yoshida, M., Rietschel, E. T., Galanos, C., Hirata, M., Luderitz,
0., and Westphal, O. (1972) Hemorrhage and necrosis in the bone
marrow by lipid A, Jpn. J. Med. Sci. Biol 25238-242.

. Nowotny, A., Behling, U. H., and Chang, H. L. (1975) Relation
of structure to function in bacterial endotoxins. VIII. Biological
activities in a polysaccharide-rich fractiah,Immunol. 115199-

203.

. Adorini, L., Ruco, L., Uccini, S., De Franceschi, G. S., Baroni,
C. D., and Doria, G. (1976) Biological effects of Escherichia coli
lipopolysaccharide (LPS) in vivo. Il. Selection in the mouse
thymus of PHA- and con A-responsive cellsgmunology 31
225-232.

. Samuel, G., and Reeves, P. (2003) Biosynthesis of O-antigens:
genes and pathways involved in nucleotide sugar precursor
synthesis and O-antigen assemlfarbohydr. Res. 3382503-
2519.

.Raetz, C. R., and Whitfield, C. (2002) Lipopolysaccharide
endotoxins Annu. Re. Biochem. 71635-700.

. Whitfield, C., Kaniuk, N., and Frirdich, E. (2003) Molecular
insights into the assembly and diversity of the outer core
oligosaccharide in lipopolysaccharides fré&scherichia coland
SalmonellaJ. Endotoxin Res.,244-249.

. Reeves, P. R., Hobbs, M., Valvano, M., Skurnik, M., Whitfield,
C., Coplin, D., Kido, N., Klena, J., Maskell, D., Raetz, C., and
Rick. P. (1996) Bacterial polysaccharide synthesis and gene
nomenclatureTrends Microbiol. 4 495-503.

10.

11.

12.

14.

15.

[Eny

17.

19.

20.

21.

23.

24.

25.

26.

27.

28.

29.

6.

Biochemistry, Vol. 46, No. 14, 2004303

Wang, L., and Reeves, P. R. (2000) TB&cherichia coliO111
andSalmonella enteric®35 gene clusters: gene clusters encoding
the same colitose-containing O-antigen are highly conseied,
Bacteriol. 182 5256-5261.

. Frick, D. N., Townsend, B. D., and Bessman, M. J. (1995) A novel

GDP-mannose mannosyl hydrolase shares homology with the
MutT family of enzymes,J. Biol. Chem. 27024086-24091.

Legler, P. M., Massiah, M. A., Bessman, M. J., and Mildvan, A.
S. (2000) GDP-mannose mannosyl hydrolase catalyzes nucleo-
philic substitution at carbon, unlike all other Nudix hydrolases,
Biochemistry 398603-8608.

Mildvan, A. S., Xia, Z., Azurmendi, H. F., Saraswat, V., Legler,
P. M., Massiah, M. A., Gabelli, S. B., Bianchet, M. A., Kang, L.
W., and Amzel, L. M. (2005) Structures and mechanisms of Nudix
hydrolasesArch. Biochem. Biophys. 43329-143.

Gabelli, S. B., Bianchet, M. A., Azurmendi, H. F., Xia, Z., Sarawat,
V., Mildvan, A. S., and Amzel, L. M. (2004) Structure and
mechanism of GDP-mannose glycosyl hydrolase, a Nudix enzyme
that cleaves at carbon instead of phospho&tsycture (Cam-
bridge, MA, U.S.) 12927-935.

. Sengupta, P., Bhattacharyya, T., Shashkov, A. S., Kochanowski,

H., and Basu, S. (1995) Structure of the O-specific side chain of
the Escherichia coli 0128 lipopolysaccharidgarbohydr. Res.

22, 283-290.

Sambrook, J., Fritsch, E. F., and Maniatis, T. (198®)ecular
Cloning: A Laboratory Manual 2nd ed. Cold Spring Harbor
Laboratory Press, New York.

Shao, J., Li, M., Jia, Q., Lu, Y., and Wang, P. G. (2003) Sequence
of Escherichia coli 0128 antigen biosynthesis cluster and
functional identification of an alpha-1,2-fucosyltransferddeBS
Lett. 553 99—-103.

Van Duyne, G. D., Standaert, R. F., Karplus, P. A., Schreiber, S.
L., and Clardy, J. (1993) Atomic structures of the human
immunophilin FKBP-12 complexes with FK506 and rapamycin,
J. Mol. Biol. 229 105-124.

Otwinowski, Z., and Minor, W. (1997) Processing of X-ray
diffraction data collected in oscillation modelethods Enzymol.
276, 307-326.

. Terwilliger, T. C. (2003) SOLVE and RESOLVE: automated

structure solution and density modificatidiethods Enzymol. 374
22—37.

Terwilliger, T. C. (2002) Automated side-chain model-building
and sequence assignment by template-matcliaig, Crystallogr.,
Sect. D 5945-49.

McRee, D. E. (1999) XtalView/XfitA versatile program for
manipulating atomic coordinates and electron densitystruct.
Biol. 125 156-165.

Murshudov, G. N., Vagin, A. A., and Dodson, E. J. (1997)
Refinement of macromolecular structures by the maximum-
likelihood method Acta Crystallogr., Sect. D 5340-255.

. Bringer, A. T. (1993) Assessment of phase accuracy by cross

validation: the free R value. Methods and applicatioAsta
Crystallogr., Sect. D 4924—36.

Laskowski, R. A. (2003) Structural quality assurandethods
Biochem. Anal. 44273—-303.

Vagin, A., and Teplyakov, A. (2000) An approach to multi-copy
search in molecular replacemedntcta Crystallogr., Sect. D 56
1622-1624.

Xia, Z., Azurmendi, H. F., Lairson, L. L., Withers, S. G., Gabelli,
S. B., Bianchet, M. A., Amzel, L. M., and Mildvan, A. S. (2005)
Mutational, structural, and kinetic evidence for a dissociative
mechanism in the GDP-mannose mannosyl hydrolase reaction,
Biochemistry 288989-8997.

Janin, J. (1997) Specific versus non-specific contacts in protein
crystals,Nat. Struct. Biol. 4973-974.

Burley, S. K., and Petsko, G. A. (1988) Weakly polar interactions
in proteins,Adv. Protein Chem. 39125-189.

Gabelli, S. B., Bianchet, M. A., Bessman, M. J., and Amzel, L.
M. (2001) The structure of ADP-ribose pyrophosphatase reveals
the structural basis for the versatility of the Nudix familyat.
Struct. Biol. § 467—472.

Gabelli, S. B., Bianchet, M. A., Ohnishi, Y., Ichikawa, Y.,
Bessman, M. J., and Amzel, L. M. (2002) Mechanism of the
Escherichia coliADP-ribose pyrophosphatase, a Nudix hydrolase,
Biochemistry 419279-9285.



4304 Biochemistry, Vol. 46, No. 14, 2007 Zou et al.
30. Kang, L. W., Gabelli, S. B., Cunningham, J. E., O'Handley, S.  33. Stawski, G, Nielsen, L, Orskov, F., and Orskov, I. (1990) Serum

F., and Amzel, L. M. (2003) Structure and mechanism of MT- sensitivity of a diversity ofEscherichia coliantigenic reference
ADPRase, a nudix hydrolase froMycobacterium tuberculosis strains. Correlation with an LPS variation phenomend®AMIS
Structure (Cambrid_ge, MA, U.S.) 11015-1023. o 98, 828-838.
31.Heath, R. J, White, S. W, and Rock, C. O. (2001) Lipid 34 Byrns, S. M., and Hull, S. I. (1998) Comparison of loss of serum
Egsi’g;hisg'i as a target for antibacterial ageRteg. Lipid Res. resistance by defined lipopolysaccharide mutants and an acapsular
' BN - . . mutant of uropathogenigscherichia coliO75:K5,Infect. Immun.
32. Yethon, J. A., and Whitfield, C. (2001) Lipopolysaccharide as a 66 424¢425%. 9

target for the development of novel therapeutics in gram-negative
bacteria,Curr. Drug Targets Infect. Disord. 1 91—-106. BI061056U



