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a Transition-State Inhibitdr

Massimo Degand,Steven C. Almo, James C. Sacchettifiignd Vern L. Schramm*
Department of Biochemistry, Albert Einstein College of Medicine, Bronx, New York 10461
Receied December 8, 1997; Rised Manuscript Receéd February 26, 1998

ABSTRACT. Nucleoside N-ribohydrolases are targets for disruption of purine salvage in the protozoan
parasites. The structure of a trypanosomal N-ribohydrolase in complex with a transition-state inhibitor is
reported at 2.3 A resolution. The nonspecific nucleoside hydrolase@rithidia fasciculatacocrystallized

with p-aminophenyliminoribitol reveals tightly bound €aas a catalytic site ligand. The complex with

the transition-state inhibitor is characterized by (1) large protein conformational changes to create a
hydrophobic leaving group site (2) G8xo geometry for the inhibitor, typical of a ribooxocarbenium ion

(3) stabilization of the ribooxocarbenium analogue between the neighboring grougrbxyl and bidentate
hydrogen bonds to Asn168; and (4) octacoordinat&" @aients a catalytic site water and is liganded to

two hydroxyls of the inhibitor. The mechanism is ribooxocarbenium stabilization with weak leaving
group activation and is a departure from glucohydrolases which use paired carboxylates to achieve the
transition state.

INTRODUCTION atomic structure of nucleoside hydrolase complexed with

) o p-aminophenyliminoribitol (pAPIR) reveals the structural
_Enzymatic cleavage of the N-ribosidic bonds of nucleo- pagis for tight binding of the transition-state complex.
sides, nucleotides, cofactors, RNA, and DNA is essential for - 1he inosine-uridine preferring nucleoside hydrolase (IU-

normgl metabolic function in aII. organisms. _ Hydrolytic NH) from Crithidia fasciculata catalyzes the N-ribosyl
reactions release the aglycone in DNA repair and tRNA pyqrolysis of all commonly occurring purine and pyrimidine
modification {, 2), are essential for the pathways of . cleosides via an oxocarbenium-ion transition state (Figure
nucleoside salvage in protozoan parasis4), and are 1) | js the most extensively characterized of the N-ribosyl
responsible for the action of ribosome-inactivating toxins, hydrolasesZ0, 25, 27-34). 1U-NH is involved in the purine

of which ricin is one examplex( €). N-ribosyl transferases  ggyage pathways of protozoan parasites and has not been
are also members of this group and include cholera, pertussisgond in mammals, since higher eukaryotes release the purine
and d|pht_her|a toxins which ADP-ribosylate G—_protems and ring of nucleosides by the phosphorolysis catalyzed by purine
transcription factors7). Also related are the signal trans- 1y cjeoside phosphorylase. Protozoan parasites lack de novo
duct_lon proteins such as CD38, which fqrm and hydrolyze purine biosynthetic pathways, making them completely
cyclic-ADP-ribose as a Ca flux regulator in cell develop- dependent on exogenous purines salvaged from the [sts (

ment @). Purine nucleoside phosphorylase is an essential|nnipitors specific for enzymes of purine salvage are under
mammalian enzyme capable of phosphorolysis or hydrolysis ¢onsideration as antitrypanosomals. Analogues that resemble

of the same carbemnitrogen bonds, 10. Several ofthese 4tk the geometric and electronic properties of the transition
enzymes have been characterized by structural stutlles ( giate have been synthesized and have proven to be powerful

18), and others have been among the first enzymes to havecompetitive inhibitors of 1U-NH, displaying inhibition
their transition-state structures established by kinetic isotopegnstants to 2 nM 26, 32. The complex withp-amino-

effect studies19-24). However, there has been no crystal pnenyliminoribitol (PAPIR, Figure 1) is characterized by a
structure of an N-ribosyl hydrolase in a transition-state yissociation constant of 30 nM2%). The structure of 1U-
complex. The purpose of this report is to characterize a Ny ith PAPIR is compared to the structure of the
member of the N-ribohydrolases in a complex with a pjiganded enzyme to provide information on the confor-
transition-state analogue. The 1-substituted iminoribitols are ational changes in the enzyme as it is converted from the
powerful inhibitors for some of these enzym@5(29. The  pliganded state to the transition stag5)( Active-site

elements in contact with the transition-state inhibitor identify
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Ficure 1: Nucleoside depurination reaction catalyzed by the nonspecific [U-NH. The structure of the transition state includes protonation
of the leaving group, oxocarbenium ion character in the ribose, preassociation of the water nucleophile and reorientatihyafriine/b
Features of the transition state are based on analysis of kinetic isotope e?f@ct$He I-substituted iminoribitols are transition-state
inhibitors and bind to the enzyme with the imino nitrogen in the unprotonated 2&t&§. Mutagenesis and substrate specificity studies
have implicated His 241 as the group which neutralizes the hypoxanthine leaving §&up (

drop vapor diffusion method, from 1.8 M ammonium sulfate andF, — F. omit maps 41), calculated after omitting 10%
and 3% 2-propanol. The enzyme, 34 mg/mt1(0 mM of the model, and simulated annealed omit maps were
subunits,~0.25 mM tetramer) in 10 mM triethanolamine inspected for manual adjustment of the protein model, using
pH 7.0, was incubated with 4 mM inhibitor at°€ for 30 the program O42). A macrocycle of refinement, consisting
min prior to mixing with an equal volume of precipitant of manual adjustment of the model followed by positional
solution. The crystals belong to the orthorhombic crystal refinement and restrained individu&factor refinement, was
system, space grod@22. The unit cell parameters aae= considered successful only if it resulted in a decreas®dn
120.04 Ab=158.53 A,c=205.37 Ao ==y = 9C°. Amino acid residues 7883, missing in the unliganded
The crystals contain one IU-NH tetramer per asymmetric structure 85), were unambiguously identified in difference
unit with 65% solvent, {, = 3.58 A¥/Da). maps and included in the model. The resolution was then
Data Collection. X-ray diffraction intensities were col-  extended to 2.3 A and four inhibitor molecules, one per
lected from single crystals at room temperature on a SiemensTonomer in the asymmetric unit, were added to model.
%1000 area detector coupled to a Rigaku rotating anodeAPplication of a solvent mask, as implemented in X-PLOR,
X-ray generator operating at 55 kV and 85 mA. A graphite allowed the productive inclusion of the low-resolution data,
monochromator was used to select for the @uiédiation  resulting in significantly improved electron density maps and
(1.5418 R). A 2.75 A resolution data set was collected and in @ decrease dRiee by 2.0%. The last stage of refinement
allowed the solution of the structure of the complex. A resulted in final values for the crystallographic validators
second, higher quality and better resolution data set wasReys @NdRiee Of 20.5 and 23.4%. In the final model, 313
collected and used for the refinement of the structure. Data@Mino acid residues of each 1U-NH monomer have been
indexing was performed using SADIE, while data integration, included, as well as four inhibitor and 158 ordered water
reduction, and scaling were performed using SAINEE)( molecules. Analysis of the fm_al moqlel with PROCHECK
Structure Determination.The structure was solved by (43). shows 807'7% of t_h_e residues in the most fav%rat_ale
molecular replacement using the program AMoR&, (38, regions, 11.5% in add!t|onally allowed_ regions, 0.7% in
The dimer found in the orthorombic crystals of the unli- geqerously allowed regions, and no r§5|dues m_unfavorable
ganded IU-NH was used as the search model (PDB accessiof,9'ons- The rms error on the cpordma"[;s, estimated from
code 1MAS), after resetting the temperature factors of all a cros;s-vallda'_[ed Luzzati plod4) is 0.35 A.
atoms to 20.0 Aand removing all water molecules and ions Cee" Analysis. E_nzyme was passed t.thQh a Sephadex
from the model. Two rotation function solutions were found, G-25 column previously equilibrated with 50 mM trietha-

: . ; : nolamine, pH 8.0, or 20 mM HEPES, pH 7.5, containing
corresponding to the orientations of the two homodimers that s . .
constitute the tetrameric, active IU-NH. From the results 0-1 MM EDTA and 0.1 mM dithiothreitol. The peak protein

of the translation function, the correct space group was fractions and fractions containing no enzyme were analyzed

determined to b&222, based on the differences in correlation for 20_metal lons _by plasma emission spectroscopy at the
coefficients between solutions in the two space groups. At Chemical Analysis Laboratory, University of Georgia. .
this stage, 7% of the measured unique reflections equallySeveral enzyme samples have bee.n analyzed and contain
sampled in resolution ranges, corresponding to 6118 reflec-o'e_l'3 mol of Qa/mpl IU-NH_subunlt. None of the other
tions, were set aside for cross-validati@®), Rigid body of 19 elements in this analysis were present at more t_han
refinement of the four IU-NH subunits resulted in values of -1 mol/mol of enzyme except those present as counterions

37.3% for Reys and 39.2% forReee using all reflections for the buffer.
between 8.0 and 2.8 A. A simulated annealing procedure

. : e RESULTS AND DISCUSSION
from 4000 K as implemented in X-PLORY, 40, restraining

noncrystallographic symmetry by applying a harmonic
strength constant of 300 kcal/(moPAwas followed by an
overall temperature factor and individual temperature factor
refinement. This resulted in a decreaseRgfs and Riree tO
0.22 and 0.25, respectively. SIGMAA-weighteB2— F

Structure of the IU-NH/pAPIR ComplexThe structural
determination of the complex between IU-NH and pAPIR
was performed by molecular replacement using the coordi-
nates of the native IlU-NH as a search mod#) (Table 1).
The structure of the complex has been refined to a nominal



Transition-State Complex of Nucleoside Hydrolase

Table 1: Data Collection, Structure Determination, and Refinement

Statistics
Data Collection
resolution  unique completeness Rsymn?
data set A reflections (%) <la()> (%)
native 1 2.75 49 457 92.4 5.90 7.5
(3.0-2.75) (82) (1.9)
native2 2.3 73 166 80.8 9.31 8.2
(2.4-2.3) (75) (2.2)

Molecular Replacement
rotation function:

resolution range (A) 12:84.0
integration radius (A) 25.0
dimer 1 RF6(RF) value 9.7
dimer 2 RF6(RF) value 9.1
first noise peak 4.1
translation function
resolution range (A) 8:85.0
dimer 1 correlation coefficient 23.9
(first noise peak) 20.6
dimer 2 correlation coefficient 43.4
(first noise peak) 24.0
Refinement Statistics
resolution range (A) 25:02.3
Reryd 0.204
Rired’ 0.234
Rms deviation from ideal geometry
bond lengths (A) 0.011
bond angles (deg) 1.8
b factors (&) 3.1

aRsymm = Yhyi [1(h) — Li(h)|XnYili(h) whereli(h) andI(h) are the
ith and mean intensity values of reflectibyrespectively? R= S ||F|

— |F /3 nFo| whereF, andF. are the observed and calculated structure
factor amplitudes of reflectioi, respectively. The sum is extended

over all unique reflections foRcys; While for Ryee the sum is over a
subset of reflections excluded from all stages of refinement.

resolution of 2.3 A to values d® = 0.205 andRjee = 0.234

for these crystallographic validators. The inhibitor is bound

at the C-terminal end of the core eight-strangesheet of
IU-NH (Figure 2). Upon binding the inhibitor, IU-NH
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GIn 40. A second structural change involves the amino acid
residues 166 through 170 in the sha% segment (C2 of
Figure 2), which brings the aromatic rings of Phe 167 and
pPAPIR roughly perpendicular to each other. The side chain
atoms of Asn 168 also rearrange to hydrogen bond to the
O3 hydroxyl and the N4imino group of the inhibitor. The
position of Glu 166 is unchanged from the native enzyme,
but forms a 2.5 A hydrogen bond to the iminoribitol 'O5
hydroxyl. A substantial conformational change observed
upon binding of the inhibitor is a partial rearrangement of
helix a9 (C3 of Figure 2). Residues 22232 at the
C-terminal end of this helix were more flexible in the
unliganded enzyme, as judged by higher temperature factors
and weaker electron density. Heti® rotates about its axis
by approximately 10 and pivots around residue Glu 220,
relocating toward the back of the cofesheet. The loop
connecting the C-terminal portion @f9 to the following
helix 010 also undergoes a hinged movement toward the
interior of the cavity. These combined movements bring the
phenyl group of Tyr 225 inside the catalytic site cavity,
enhancing the hydrophobic character of the nucleoside base
binding site. Tyr 229 relocates above His 241 on top of the
binding cavity, 4.2 A from the aromatic ring of the inhibitor.
Its side-chain hydroxyl group is directed toward the cavity
which accommaodates the purine ring of nucleoside substrates.
The loop connecting the C-terminal end of strag#Rito
the crossover helix3 (amino acids 7883, C4 of Figure
2) was poorly defined in electron density maps of the
unliganded IU-NH 85). In the structure of the complex with
the pAPIR inhibitor, this loop is located on top of the active
site, acting as a “lid”. His 82 is 3.6 A from the phenyl ring
of the inhibitor, in proper orientation for a positive charge
interaction ¢5). Similar cation-r interactions have been
described in other systems, for example, the WSXWS box
of extracellular cytokine receptord, 47, and is a stabiliz-
ing factor in these structures. Closing the “lid” also provides
van der Waals contact between the methyl group of the
isobutyl side chain of lle 81 and the aromatic ring of the

undergoes structural changes which bring protein residuesphound inhibitor.

into the binding site and restricts the access to the solvent Binding of the Transition-State InhibitorThe refined
(Figure 2). The root-mean-square deviation for backbone conformation of bound pAPIR is not commonly observed
atoms between the unliganded and liganded protein is 1.07in the structures of free, protein bound, or polymeric
A, but decreases to 0.61 A when the three segments thatucleosides or nucleotides, demonstrating that the enzyme
undergo conformational change are removed from the forces an unusual geometric strain on the inhibitor. The
calculation. The two rmsd values were computed over iminoribitol ring of pAPIR adopts an uncommon @8o-
residues 237, 43-74, 83-318, 94-164, 169-220, and  C2exo (C4 endo) conformation with the major exo-
240-314, from models of the native enzyme and the 1U- configuration at C3(Figure 5). The phase angfeis 233,
NH/pAPIR complex. The average temperature factors for and the puckering amplitudd®) is 36°. These values differ
the two polypeptide chains found in the asymmetric unit of from the lowest energy conformations usually found in
unliganded IU-NH are 18.0 and 38.02Arespectively,  nucleosides. To test that the refined conformation of pAPIR
indicating higher disorder for one subun®y. In the was not biased by the initial model, the electron density of
complex with pAPIR, the mean temperature factors of the the inhibitor was fitted with both C2ndo and C3endo
four subunits are homogeneous, their values averaging 29.3nitial conformations of the iminoribitol. In both cases, the
Az final conformation of the inhibitor was CG&xo after refine-
The loop (C1 of Figure 2) connecting strafid to helix ment.
o2 (residues 3842) closes toward the interior of the The C3-exo conformation is characteristic of the ribooxo-
occupied binding cavity, placing the side chain of Asn 39 carbenium ion transition state?@. The transition-state
3.1 A from the O2hydroxyl of the iminoribitol (Figures 3  geometry results from the coordination of both theu2d 3
and 4). The movement of this loop is obtained by a rotation hydroxyls to the calcium ion, and the OBxygen by its
hinged about Gly 38 that propagates to residue Thr 42. Two hydrogen bonds to Glu 166 and Asn 160 (Figures 3, 4, and
ordered solvent molecules in the unliganded structure are6). Iminoribitol inhibitors bind to IU-NH with the imino
replaced by the side-chain amide nitrogens of Asn 39 and nitrogen (K, = 6.5) in the unprotonated forn2%). The
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Ficure 2: The ribbon structure of the IU-NH/pAPIR complex with strand assignments is shown in the upper panel. The fold of the enzyme
is related to a Rossmann fold, with an opejf structure.s-Strands are in blue, depicted as arrows, anlelices in red. The strand
identifiers are placed near the N-terminus of each strand. The inhibitor, bound at the C-terminal end of fhishmet is shown as a
ball-and-stick model. The figure was generated using Midas Plus58)0 Iqhibitor-induced conformational changes in IU-NH (middle

panel). A stereoview superposition of unliganded IU-NH (PDB accession code 1MAS, displayed as a gray tube) and the IU-NH/pAPIR
complex (green tube). The regions of the protein secondary structure which relocate upon inhibitor binding are indicated in green. The loop
C4 was not located in the native structure, and the ends of this region are marked with an asterisk (*). The conformational changes are
localized in the active site area, bordered by strg¢id$4, and helicest9 anda10. The orientation of the enzyme in the upper and middle
panels has been changed to best illustrate the structural features. The C1 change moves the loop ¢ggthaedi®jto position Asn 39

near the inhibitor (Figure 3). The C2 changes brings aromatic residuesofsamto the catalytic site. Relocation of the entiu8-helix is

indicated by C3. Unresolved residues from the loop betw#&anda3 in the unliganded structure appear above the catalytic site in the
complex and are indicated as C4. The lower panel presents a view of the electrostatic potential of [U-NH with an empty catalytic site (left)
and for the complex with pAPIR (right). Areas of negative and positive charge are red and blue, respectively. The centrally located positive
potential surrounded by an area of negative potential is tfe Qarrounded by acidic residues. The inhibitor molecule (right) is almost
completely enclosed by the protein as a result of the conformational change which accompanies binding. The figure was generated using
GRASP 66).

2.5 A hydrogen bond to Glu 166 is the shortest between theinteraction 28, 29. The distance from O%0 N4 in the
enzyme and inhibitor. The O&iydroxymethyl group is bound inhibitor is 2.7 A. The dihedral angle G55-C4-
oriented toward the iminoribitol ring in a geometry which O4' of the bound inhibitor is near-eclipsed at 336elative
would stabilize a transition state oxocarbenium ion via the to the average value of 23%or free nucleosides and
lone pair electrons from O5in a neighboring group  nucleotides 48).



Transition-State Complex of Nucleoside Hydrolase Biochemistry, Vol. 37, No. 18, 199%281

Ficure 3: Stereoview of the conformational changes which occur in the catalytic site region of IU-NH in response to pAPIR binding. The
backbones of the amino acids from the unliganded enzyme are indicated with thin bonds. Their repositioning in the complex of IU-NH/
PAPIR is indicated by the arrows. The inhibitor is shown in a ball-and-stick model. Oxygens, including?ther@tated water nucleophile

are shown in red. The major hydrogen bond and metal chelate interactions are indicated by the black lines. Amino-at& re®éain

near the same positions in the unliganded and filled site while side chains surrounding the p-aminophenyl group change substantially.

Structura}l.B.asis for Sub_strate Recognitioihe Ieaving.- Table 2: Comparison of Ligands to €ain Native IU-NH and with
group specificity for IU-NH includes all commonly occurring  Bound pAPIR
nucleosides, purine riboside, amdnitrophenylribose but

recognition of the ribosyl group is stringent, since the enzyme _ , A distances

is catalytically inactive with 2 3 or 5 deoxyribopurines, ligand native  pAPIR complex _structural conact

and with mono-, di-, or triphosphonucleotide87( 30. oz none 2.5 inhibitor

Binding of pAPIR results in the formation of at least nine %f’r 1260 P %% ﬁ'zh'b'tor

hydrogen bonds and two metal chelate interactions to the asp2420D2 2.5 26 al0

iminoribitol moiety of the inhibitor but only one catiefi Asp 10 OD1 25 25 loop1l-al

interaction and van der Waals contacts to the aniline ring Asp 150D1 2.5 2.5 al

(Figures 3, 4, and 6). Nucleosides which lack th@23 Aspl50D2 2.7 2.6 al :
o H0 2.4 2.4 O-nucleophile

hydroxyls are expected to lose two hydrogen bonds and the - — :
bidentate chelate interaction to the calcium ion. Lack of the _*Protein contacts to bound Eaare indicated as sequentjasheet

\ anda-helix elements numbered from the N-terminal. Lgtipal refers
5" hydroxyl causes loss of the 2.5 A hydrogen bor_]d to (_Slu to a short loop connecting these sequences. In the native structure the
166, the 3.0 A contact to Asn 160 and the 2.7 A neighboring cz+ is hexacoordinate.
group interaction between thé-Bydroxyl and the oxocar-
benium ion of the transition state. These are crucial site (Figures 3-5). This electron-dense ion was present in
interactions for catalysis sincé-8eoxynucleosides are not the unliganded enzyme but was assigned as potassium based
substrates?7). Substrates phosphorylated at thgBsition on its hexacoordination and the presence of 0.3 MrKthe
cannot be accommodated because of the restricted activeerystallization medium3b). In the native enzyme, the six
site volume and the unfavorable electrostatic potential. The ligands are provided by carboxyl contacts from Asp 15, Asp
broad specificity for the leaving group results from the 242, and Asp 10 and the main-chain carbonyl of Thr 126
paucity of amino acids to form specific interactions. Tyr together with one ordered water. In the complex with
229, His 82, and His 241 are the only residues in the leaving inhibitor, the metal is coordinated by eight oxygens, with
group site likely to form such interactions, and Tyr 229 is the two additional ligands contributed by the @nd 3
on one of the flexible loops. His 241 has been demonstratedhydroxyls of bound inhibitor. Octacoordination by oxygen
to be involved in leaving-group activation in the hydrolysis is the most common chelate scheme for>Can the
of inosine, presumably as the proton donor for hypoxanthine Cambridge Structure Database for small molecules and is
(34). The residual activity (1) of the His 241 Ala mutant  also the most common in proteins from the Protein Data
could occur from an alternate proton donor, possibly His Bank @9). The distances between the ion and its ligands
82. However, the activation of ribose is the most important are summarized in Table 2 and are compared to the distances
catalytic force for ITU-NH 25, 30. for the metal ion in unliganded IU-NH. Plasma emission

A Novel Calcium Interaction at the Catalytic Site of IU-  spectroscopic analysis confirmed that a near-stoichiometric
NH. The enzyme-inhibitor complex reveals a calcium ion amount of calcium is bound to IU-NH. The &ais tightly
bound between the cluster of acidic residues in the active bound, since the initial reaction rate of IU-NH catalytic
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FIGURE 4: Stereoviews of the interactions between the enzymé, @ad transition-state inhibitor. The upper panel is a stereoview of the
ligands to the C& ion in the enzyme-inhibitor complex. The view demonstrates the octacoordination geometry of the metal ion. The sole
coordinated water molecule is 3.2 A from ‘Qif the iminoribitol and is the only candidate for the incipient nucleophile in the transition
state. The lower panel indicates amino acid interactions with the inhibitor. Hydrogen bonds to the iminoribitol group of the inhibitor are
drawn as dashed lines. The interactions with the aniline ring of the inhibitor are hydrophobic with the exception of the H&y82m
interaction. The distance of the NE1 atom of His 82 to the center of the aromatic ring is 3.6 A. The figure was generated using Midas Plus

2.0 59).

activity is not inhibited by the presence of 10 mM EGTA in
the reaction mixture. Extensive incubation with EGTA

interacting with protein residues from distributed structural
elements of the protein. Asp 10 is located in a short loop

causes loss of activity which can be restored by addition of connecting strang1 to helixal. Asp 15 is in the first turn

C&" in assay mixtures (V. L. Schramm, unpublished
material).

The C&*-chelated water is located 2.4 A from €aand
3.2 A from C1 of the inhibitor with polar contacts to Asn
39 (2.5 A) and Asp 10 (2.9 A) (Figures 3-5). Activation of
the water nucleophile in IU-NH could occur by the®Ca
H,O interaction to decrease th&pfor the bound water,
followed by proton transfer to the carboxyl oxygen of Asp
10 as the incipient hydroxyl ion attacks, following formation
of the ribosyl-oxocarbenium ion. Kinetic studies with the

of helix al; Thr 126 is in the middle of strang¥4 and Asp

242 is the N-terminal residue of helx10. In phospholipase

A2, the calcium is heptacoordinated, with two water mol-
ecules as part of the coordination sphere. The interaction
with one aspartate residue is bidentate, and three main-chain
carbonyl oxygens, separated each by one amino acid residue,
form a characteristic Ca binding loop in a distorted
bipyramidal coordination. In staphylococcal nuclease, three
coordination sites are filled by protein atoms, including one
main chain carbonyl and two side-chain carboxylates. Three

Asp 10 Ala mutant support this assignment for the general water molecules and an oxygen from the bound substrate
base $0). The C&"-bound water molecule is in the complete the heptacoordination. The protein residues in the
appropriate geometry to attack 'Cdfter the ribooxocarbe-  nuclease come from two distinct loop regions of the structure
nium ion has been formed. The calcium ion of IU-NH also with Asp 21 coordinating the calcium and the water molecule
aligns the carboxylate side chain of Asp 10 in a position to that is proposed to attack the substrate. In the classic EF
accept a proton from the bound water, and constrains'the 2 hand, calcium ion is coordinated by residues from a
and 3 hydroxyls of iminoribitol in an orientation that semicircular loop connecting twa-helices. In calmodulin,
stabilizes an oxocarbenium ion conformation for a ribosyl this motif is 11 residues long with two aspartate and one
group. The only other conclusive report of a calcium ion glutamate carboxylate as well as a threonine main-chain
which directly activates a water molecule for catalysis is the carbonyl to bind the Ca (54, 55. The average protein
staphylococcal nuclease fror@8. aureus,although other C&" distances are comparable for all three enzymes, at 2.6
enzymes (e.g., phospholipase A2 and lysosomal sulfatase®. The C&"—nucleophilic HO bonds of both IU-NH and
use Ca" for geometric organization at the catalytic sifd ( staphylococcal nuclease are 2.4 A, reflecting stronger
52). The calcium-binding site of IU-NH is unique by interactions to provide water activation. In these three
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suggests transition-state interactions. The transition state for
hydrolysis of inosine has the features (a) neutral, planar
hydrophobic leaving group caused by proton donation to the
leaving group using His 241 as the general acid; (b) a
flattened, positively charged ribooxocarbenium ion with sp
hybridized C1 and C3-exo geometry; (c) distortion of the
5'-hydroxymethyl group to place thé-Bydroxyl over the
ribose ring; and (d) an enzyme-activated water molecule is
3.0 A from C1 and is distinct from bulk solvent water
molecules 20, 28.

Each of these transition-state features is reflected in the
crystal structure with bound pAPIR: (a) The aniline group
is in a pocket surrounded by hydrophobic residues, which
cluster to the site as a consequence of inhibitor binding. The
unfavorable [, of the aniline group prevents protonation.
The hydrophobic pocket has few residues which can interact
specifically with substrates and accounts for the broad
leaving-group specificity of [U-NH. (b) An Sghybrization
at CI predicts a ribose C&xo conformation, with C3
below the plane of the ring. In free inosine, the'@8&do
puckering, with C3above the plane of the ribose ring, is
favored. Even though CDf pAPIR is covalently locked
in sp® conformation, the enzyme forces the sugar pucker
toward C3-exo, using the numerous hydrogen bonds and
constraining the 2and 3-hydroxyls in the C&" octacoor-
dination geometry. (c) Positioning of thé-Bydroxyl to
within 2.7 A of N4 of the iminoribitol establishes an unusual
FiGURE 5: Stereoview of the electron density and the model for ribosyl geometry, indicating neighboring-group participation
the inhibitor, calcium and catalytic water (upper panel). Shown in of the 8-oxygen lone pair being directed toward the positive
red is the electron density map, calculated with SIGMAA-weighted charge of the oxocarbenium ion. (d) the observeth@iter

F, — F. coefficients and phases from the model after molecular . . .
replacement and rigid body refinement to 2.5 A resolution. Electron oxygen distance of 3.2 A is close to the predicted 3.0 A

density is contoured at3 At this stage of the structural analysis, from kinetic isotope effects. The €abound water is
the inhibitor, ion and water, shown in black, had not been included surrounded by protein with no access for bulk solvent to the

in the model. Final electron density (lower panel), calculated from ribosyl C1 atom. At the transition state, the;8 is not yet
SIGMAA-weighted F, — Fc coefficients after omitting the jonized, but is converted to the hydroxyl ion after transition

inhibitor, C&* ion and water molecule, contoured at.1The . X
inhibitor geometry was established from a crystallographic refine- Staté formation, based on solvent isotope effe2fs £9. It

ment in which only bond lengths, bond angles, and the chiralities iS assumed that # rather than hydroxide ion is bound at
that define ap-p-nucleoside were restrained. The figure was the catalytic site in the pAPIR structure. The most likely
generated using the program TOM, a derivative of FROBQ.(  candidate for the subsequent ionization afoHs Asp 10.
examples, CH is located in a crevice near the protein Activation of HO by C&" is unusual for hydrolases and
surface. InIU-NH, the ion is at the bottom of a deep cavity. was not predicted for [U-NH until the ion was located by
This shields the reaction center from bulk solvent and fosters crystallography.
the tight interactions clustered about the#CaSolvent access Most of the binding energy for pAPIR resides in the
to the C1 atom of the bound iminoribitol moiety was iminoribitol contacts 25, 29. Of these, the two bifurcated
calculated using GRASF56) and a spherical probe of 1.7 hydrogen bonds are of note (Figures 3 and 6), as are the
A radius. The accessible surface for the &bm using this multiple C&" interactions. The H-bonding pattern impli-
probe is 0.0 & indicating no solvent access. cated in Figure 4 has thé-Bydroxyl as a H-bond donor to
Transition State StabilizationFeatures of actual enzy- Glul66 and H-bonds to the'-6xygen from the imino
matic transition states are not directly available from nitrogen and Asn 160. The imino nitrogen also is a H-bond
spectroscopic or structural approaches but can be deducedionor to Asn168 suggesting a formal chargetdf for the
from kinetic isotope effects5{). The structure of inosine  iminoribitol, similar to that of the transition state. This
at the transition state of IU-NH has been established by this conclusion does not agree with the pH profiles which are
method and used to design transition-state inhibitors, includ- consistent with binding of unprotonated iminoribito5(
ing pAPIR @26, 28, 29. Comparison of the transition-state  28). More direct methods will be necessary to resolve this
features for inosine, predicted from the isotopic studies, can discrepancy.
now be directly compared in the crystal stucture with bound  Although the 30 nM binding constant greatly exceeds that
PAPIR. The protein contacts which play a role in stabilizing of the substrate, it is far from the hypothetical limit of 10
the transition state also cause the tight binding observed withM for the perfect transition-state inhibitor for IU-N29).
PAPIR, since the pH profiles for the binding of iminoribitol  Perfection in transition-state inhibitors has not been achieved
analogues is equivalent to that fqg:and do not correspond  because of the need for chemical stability and the difficulty
to pH profiles for substrate binding2%, 58. The tight in matching nonequilibrium bond lengths. Fortunately,
binding of this inhibitor K./K; is approximately 1€ also capturing only a small fraction of transition state binding
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Axn 3%

AgRn 16l

Ther 126

Cila 166

Ficure 6: A two-dimensional map of the distances for contacts between the enzyme and the bound transition-state inhibitor. In the unliganded
enzyme Asp 14 is hydrogen bonded to His 241. These groups separate when inhibitor binds and the enzyme undergoes the conformational
changes shown in Figure 2. The highlighted residues indicate van der Waals contact, and dashed lines indicate H bonds with the indicated
distances. Interactions with &aare shown in Figures 3 and 4. Hydrogen bond and van der Waals contacts were calculated using HBPLUS
(61) and the plot generated with LIGPLOT 2.62].

energy still provides powerful inhibitors{). Knowledge in inhibitor design. Thus, Arg 233, Tyr 229, His 82, Tyr
of the interactions of pAPIR with the enzyme provides access 225, and His 241 are all candidates for hydrogen bond or
to additional improvements in nucleoside hydrolase inhibi- hydrophobic interactions within reach of the leaving group
tors. cavity. The dramatic relocation of Arg 233, Tyr 225, and

Implications for Rational Inhibitor Design.An applied Tyr 229 upon inhibitor binding are of special note. Incor-
interest in the nucleoside hydrolases resides in the essentiaporation of groups which interact with these flexible groups
pathway of purine salvage for the life cycle of protozoan around the catalytic site offer a strong possibility of increas-
parasites. Inhibitors of nucleoside hydrolases have beening the binding energy.
considered as antiprotozoan agents since mammals rely Conclusions. The structure of IU-NH with pAPIR dem-
primarily on de novo synthesis of purines and lack nucleoside onstrates a novel mechanism for ribohydrolases by establish-
hydrolase activity. Nucleobases are salvaged in mammalsing a C&"-bound water at the catalytic site. The basis for
by phosphoribosyl transferases, which have structural andsubstrate specificity is established from the flexible and
catalytic properties distinct from nucleoside hydrolases. hydrophobic nature of amino acids in the leaving-group
Analogues to 2 nM inhibitor constants have been designedpocket. Transition-state features from physical-chemical
on the basis of the transition-state structure; however, theapproaches are closely correlated to that found in the structure
most powerful are chemically unstabl&1( 32. The with bound transition-state inhibitor. Features which can be
availability of the three-dimensional structure of the enzyme targeted for improved inhibitor design are apparent from the
with a bound pAPIR should permit a rational modification structure.
of these inhibitory ligands.
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energy for the iminoribitol inhibitors, and the close packing  The authors thank Drs. R. N. Furneaux and P. C. Tyler,
of residues around this group make it unlikely that large Industrial Research Limited, New Zealand for providing the
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