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ABSTRACT: Immucillin-H (ImmH) and immucillin-G (ImmG) were previously reported as transition-state
analogues for bovine purine nucleoside phosphorylase (PNP) and are the most powerful inhibitors reported
for the enzymeK;* = 23 and 30 pM). Sixteen new immucillins are used to probe the atomic interactions
that cause tight binding for bovine PNP. Eight analogues of ImmH are identified with equilibrium
dissociation constants of 1 nM or below. A novel crystal structure of bovineRINRG—PQ, is described.

Crystal structures of ImmH and ImmG bound to bovine PNP indicate that nearly every H-bond donor/
acceptor site on the inhibitor is fully engaged in favorable H-bond partners. Chemical modification of the
immucillins is used to quantitate the energetics for each contact at the catalytic site. Conversion of the
6-carbonyl oxygen to a 6-amino group (ImmH to ImmA) increases the dissociation constant from 23 pM
to 2.6 million pM. Conversion of the'4mino group to a 4oxygen (ImmH to 9-deazainosine) increases

the dissociation constant from 23 pM to 2.0 million pM. Substituents that induce sialihanges at

N-7 demonstrate modest loss of affinity. Thus, 8-F or 8s@Hbstitutions decrease affinity less than
10-fold. But a change in the deazapurine ring to convert N-7 from a H-bond donor to a H-bond acceptor
(ImmH to 4-aza-3-deaza-ImmH) decreases affinity>#0’. Introduction of a methylene bridge between
9-deazahypoxanthine and the iminoribitol (9-(H,)-ImmH) increased the distance between leaving and
oxacarbenium groups and increasgdo 91 000 pM. Catalytic site energetics for 20 substitutions in the
transition-state analogue are analyzed in this approach. Disruption of the H-bond pattern that defines the
transition-state ensemble leads to a large decrease in binding affinity. Changes in a single H-bond contact
site cause up to 10.1 kcal/mol loss of binding energy, requiring a cooperative H-bond pattern in binding
the transition-state analogues. Groups involved in leaving group activation and ribooxacarbenium ion
stabilization are central to the H-bond network that provides transition-state stabilization and tight binding
of the immucillins.

Kinetic isotope effect analysis of bovine PNP predicted increase the affinity from a 14M K, for inosine to a 23
that the transition-state structure for this concerted reactionpM Ki* for ImmH, a difference of—8.2 kcal/mol (Figure
has ribooxacarbenium character in the ribosyl group and anl). Increased binding energy with this inhibitor has been
elevated [, for the purine leaving-group, with little nu-  attributed to seven hydrogen bonds that are shorter by more

cleophilic participation from the phosphate anidn-8). On
the basis of this information, ImmHand ImmG were

than 0.2 A each in comparing the X-ray crystal structures
of PNP-ImmH—PO, to PNP-inosine-SO,. Here we ex-

synthesized to approximate the features of the transition state

(4—6). Inhibition of bovine PNP was found to be slow-

1 Abbreviations: The trivial name immucillin indicates 9-deazapurine

onset, slow-release with thermodynamic equilibrium dis- inac-9 to C-1carbon-carbon bond to 1,4-dideoxy-1,4-iminsfibitol
sociation constants of 23 and 30 pM, respectively (Figure (see atomic numbering in Figure 1). Specific inmucillin analogues are

1; 7, 8). The X-ray structure of bovine PNRmMmH—-PQO,
differed significantly from Michaelis-analogue complexes by

named to indicate modifications in the 9-deazapurine and the imino-
ribitol groups. Examples include the following: ImmH (immucillin-
H, [(19-1-(9-deazahypoxanthin-9-yl)-1,4-dideoxy-1,4-imipgibitol]),

numerous favorable hydrogen-bond contacts between thewhere H indicates 9-deazahypoxanthine; ImmG (immucillin-GSj{(1

enzyme and inhibitor9—11). The substrate inosine and
transition-state analogue ImmH are isosteric, differing by
only two atoms, N-9— C-9 and O-4— N-4'. These changes
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1-(9-deazaguanin-9-yl)-1,4-dideoxy-1,4-imineribitol]), where G in-
dicates 9-deazaguanine; ImmA (immucillin-A, §11-(9-deazaadenin-
9-yl)-1,4-dideoxy-1,4-imina-ribitol]), where A indicates 9-deazaadenine;
2'-d-ImmH (2-deoxy-immucillin-H, [(19-1-(9-deazahypoxanthin-9-yl)-
1,2,4-trideoxy-1,4-imina-ribitol]); A2-ImmH (C2-deleted-immucillin-
H, [(19)-1-(3-amino-2-carboxamidopyrrol-4-yl)-1,4-dideoxy-1,4-imino-
p-ribitol]). Other abbreviations for immucillins, together with the
structures, are indicated in Figure 3. PNP, purine nucleoside phospho-
rylase;Ki*, dissociation constant for a slow-onset tight binding inhibitor
that includes slow onset and release componefis;dissociation
constant for rapidly reversible binding (initial phase inhibition) of an
inhibitor to PNP.

10.1021/bi026636f CCC: $22.00 © 2002 American Chemical Society
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Ficure 1: The reaction catalyzed by PNP and the bond lengths in
the reaction coordinate from crystal structures and transition-state
analysis. The structures of PNhosine-SQO,, transition state,
product complex, and PNAHmmH—PQO, have been reporte®(

3, 10, 11). The major changes on conversion of substrate to
transition state are indicated in blue and are highlighted in
immucillin-H. ImmH is shown as the N4rotonated cation, based
on the H-bond patterns of the ImmH and ImmG complexes in
Figure 2b,c. The 3.7 A separation between N9 of hypoxanthine
and C1 of ribose 1-PQOn the product complex is a consequence
of the electrophile migration mechanism in which'@hnslates
from the purine ring toward the phosphatel).

amine atomic substitutions in ImmH and correlate the
changes in affinity with individual interactions characterized
in the crystal structurel@). The crystal structure of PNP
with ImmG is also reported here to define the interactions
with the exocyclic amine and analogues of ImmG.

The results establish that the high-affinity binding of
ImmH and ImmG is not the result of single interactions, but
results from a constellation of cooperative hydrogen bond
interactions, all of which are required to form the tightly
bound complex. However, the binding energy of the transi-

tion-state analogue can be eliminated by changes to a singlg,,

H-bond, especially when these contribute to the electrostatic
nature of the transition state. Analysis of transition-state
analogue binding energies by atomic interrogation is analo-
gous to catalytic site analysis by site-directed mutagenesis
but removes the uncertainty of modifying the protein
structure with the mutations.

MATERIALS AND METHODS

Reagentsimmucillin-H [(19-1-(9-deazahypoxanthin-9-
yI)-1,4-dideoxy-1,4-imina-ribitol] and related immucillins
were synthesized fronp-gulonolactone and chemically

Kicska et al.

determined at 30C in 50 mM KPQ, pH 7.4, with variable
inosine concentration (40M to 5 mM). In a coupled assay,
hypoxanthine was converted to uric acid by the presence of
160 milliunits/ml of xanthine oxidase. The reaction is
followed by measuring uric acid formation at 293 nm with
Ezos = 12.9 mM cm! (14). Individual experiments were
conducted to establish that the reaction rates were not
influenced by the interactions of the inhibitors with xanthine
oxidase.

Inhibition Studieslnitial reaction rates were measured by
addition of enzyme to complete assay mixtures. Substrate
concentration was adjusted so that suitable reaction rates
could be obtained with inhibitor concentration at least 10-
fold greater than enzyme concentration. Tight-binding inhibi-
tors exhibit two phases of inhibition. The initial rate inhibition
is the reversible competitive binding with respect to substrate,
and is described by the dissociation const&nfrom fits to
the equationy, = (kea®)/(Km(1 + I/K;) + A), whereu, is
the inital reaction rateky,, is the Michaelis constant is
the substrate concentration, ani@ the inhibitor concentra-
tion. Slow-onset inhibition may occur following the initial
rate period and results in a second steady-state phase at a
lower reaction rate. These second slopes are used to
determineK* by fitting to the equation for competitive
inhibition; vs = (KeaA)/(Km(1 + I/K*) + A), whereus is the
steady-state rate following completion of slow-onset inhibi-
tion andK;* is the equilibrium dissociation constant for the
tightly bound enzymeinhibitor complex (5, 16). Examples
of these slow-onset kinetic curves and the kinetic analysis
for bovine PNP are illustrated in Miles et aB)( The K,
value under the conditions used for inhibitor assays was
measured to be 1ZM.

Energetics of Inhibitor BindingDifferences in Gibbs free
energy for binding of inhibitors or substrate were compared
for ligand pairs using the expressis?vGG° = RT In[K1/K],
hereK; andK; are dissociation constants for the test and
reference compounds, respectively. For purposes of this
expressionKy, was assumed to be a dissociation constant,
which is only an approximation of the true value, since
bovine PNP is known to demonstrate forward commitment
to catalysis with inosine and to have release of the purine-
base product as a slow step in the catalytic cy@lel{).
When K; and K, are for competitive inhibitors, the com-
parison is thermodynamically correct.

Crystallography of PNPImmG-PO,. The methods and
conditions for growth of crystals, collection of data, and
determination of the structure are the same as described

protected 9-deazapurine bases, or were synthesized byearlier for the structure of PNAMmH—PQ,, except that

sequential additions to protected iminoribitols as described
previously 6, 12). [7-*N]Immucillin-H was prepared by the
introduction of ethylf®N]Jaminoacetate at the step incorporat-

ImmG was used in the crystallization drops in place of ImmH
(12). The complex with ImmG and Prystallized in the
P2,3 space group with unit cell dimensioas= 90.32 A

ing N7. Structure and mass of analogues were establishedand diffracted to 2.0 A for the complex with ImmG. Data

by NMR and mass spectrometry, and purity was confirmed
by HPLC. Inosine, xanthine oxidase and purified calf spleen
PNP were purchased from Sigma (St. Louis, MO). For NMR

and crystallographic studies, PNP was further purified to near
homogeneity by affinity chromatographg3).

Catalytic Actvity Assays Purified enzyme preparations
provided by the manufacturer (see above) were used directly
in inhibition and kinetic studies. Enzyme purity for kinetic
and inhibition studies was approximately 80% by denaturing
polyacrylamide gel electrophoresis. Catalytic activity was

collection was 86.8% of the complete set at 2.0 A with an
Rsym Of 7.7%. In the 2.08-2.09 A shell, completeness of the
data was 76.8%. The structure was solved by molecular
replacement as described previously for the complex with
ImmH (11). The final model included residues—279,
ImmG, phosphate, a Mg ion (from the crystallization
medium, and remote from the catalytic site), and 145 water
molecules. FinalR.ys and Ryee were 0.164 and 0.246,
respectively. The model displayed good stereochemistry with
91.5%, 7.7%, 0.4%, and 0.4% of amino acid geometries in
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Ficure 2: Noncovalent contacts in the complexes bovine PMBsine-SO,, PNP-ImmH—PQO, and PNP-ImmG-PQ. The distances (in

A) in panels a and b are from Protein Data Base files 1A9S and 1B8O, while that reported in panel c is available from PDB file 1B8N.
Interactions shown in panels b and ¢ that are 0.2 A or more closer than that in panel a are shown in red, and those that are 0.2 A or more
distant in panels b and ¢ than in panel a are shown in blue. All contacts of 3.0 A or closer are shown, together with selected 8d@htacts

A for important interactions.

the most favored, additional allowed, generously allowed,

and disallowed regions, respectively. The single residue in

the category of disallowed geometry is Thr221. It demon-

strates good electron density in omit maps and is in the same

geometry in the structure of PNPmMmMH—-PQO, solved
previously to 1.5 A. Thr221 is adjacent to Ser220, whose

side chain hydroxyl shares 2.6 and 2.7 A hydrogen bonds to

phosphate in complexes with ImmH and ImmG, respectively.
The coordinates for bovine PNP in complex with phosphate

and ImmG have been deposited with the Protein Data Base

code 1B8N. The complex with phosphate and ImmH has
PDB code 1B8O.

1D *H NMR of ImmH and Complexgd-*N]Immucillin-
H was dissolved in 10% fD containing 50 mM KPQ pH
7.4, and the NMR spectra were collected at 3R8or 2048

RESULTS AND DISCUSSION

Introduction to the ImmucillinsFollowing the discovery
of the PNP transition state, ImmH and ImmG were designed,
synthesized, and characterized as transition-state analogues
(7). They are powerful inhibitors of human and bovine PNPs,
binding up to 106 fold tighter than substrates and causing
complete inhibition of the bovine PNP when only one of
the three catalytic sites is filled). The crystal structure of
bovine PNP-ImmH—PQ, established catalytic site contacts
of a saturated structure with all three sites filled, and
comparison with earlier structures revealed that catalysis
occurs by C-1migration of the ribosyl groupl(, 11). The
work presented here is a direct extension of the earlier studies
by presenting the first characterization of 16 new immucillins
with bovine PNP and the crystal structure of bovine PNP

scans on a 600 MHz Bruker Avance spectrometer using ajmmG—PQ,. Interactions for some of these immucillins have

1-1 experiment with an excitation maximum at 15 ppm and
an excitation null at the water resonance. Purified PNP in

been reported for human and malarial PNEg 19) but not
the bovine enzyme. Here we compare substrate and transi-

the same buffer was concentrated to 30 mg/mL and diluted tjon-state analogue interactions by kinetic and structural

to a final concentration of 670M with 10% D,O. After the
spectra of the PNPPQ, complex was collected, the solution
was made to 67M with [7-*N]immH, and additional

analysis to establish the energetic contribution of hydrogen
bond pairs in binding transition-state analogues.
Substrate and Transition-State Binding Affinitposine

spectra taken as a function of temperature (2048 scans). NMRand guanosine bind to form Michaelis complexes with PNP
experiments were conducted to locate downfield protons + pQ, with K, values of 17 and 18M, respectively. ImmH

coupled to the®™N. The >N-edited proton spectrum was
acquired using a one-dimensional version of the HMQC
experiment where all hard 9@nd 180 pulses were replaced
by their 1-1 counterparts. A total of 32 000 transients were
collected. All chemical shifts were referenced to internal
3-trimethylsilyl-propionate. Additional details are provided
in the legend to Figure 4.

Gaussian Calculationsviolecular cutoff models oA-C2—
ImmH andA-C2—PZ—ImmH were optimized for geometry

and ImmG are the transition-state analogues for each of these
substrates 7). The substitutions of carbon for N-9 and
nitrogen for O-4increases equilibrium binding affinityK(*)

by factors of 7.4x 10° and 4.3x 1CP, respectively. The

two atomic changes in the substrate molecules therefore
contribute—8.1 and—7.8 kcal/mol to binding energy. The
structural basis for the increased binding affinity of ImmH

is summarized in Figure 2 and involves improved H-bond
distances at seven or more sites in the PNP complexes with

and electron distribution in Gaussian 98 using basis setsimmH and ImmG relative to Michaelis complexe$l).

3-21G, 6-31G*, and, in one case, DFT:B1lLyp/6-31G*.
Mulliken charge distribution at H-bonding sites and energet-
ics of carboxamide group rotation were the primary param-
eters of interest.

Thus, the full accounting of transition-state analogue binding
energy requires improved H-bond energy of only-1112
kcal/mol per altered H-bond interaction. In the atomic
alterations of ImmH and ImmG described here, the energetic
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contributions of these H-bonds to inhibitor binding energy charge in the purine ring, and these compounds have a
is evaluated. chemically destabilized N-ribosidic bond, rendering the

Substitutions in the 9-Deazahypoxanthine Rifithe enzymatic activation at N7 unnecessary. The N-ribosidic
catalytic site of bovine PNP accepts both inosine and bond is sufficiently weak that PNP can simply hydrolyze
guanosine as substrates but is inactive with adenosine or/-methylguanosine in the absence of;P@wever phosphate
xanthosine20). The enzyme holds the 9-deazahypoxanthine increases the rate. Likewise, nicotinamjgie-riboside is an
ring of ImmH in close proximity to a loop covering the atypical substrate for PNP because of the positively charged
catalytic site, with hydrogen bonds to N7, 06, and N1. In and activated leaving groud Q). The substrate activity of
the Michaelis complexes of inosine SO, interactions to 7-methylnucleosides indicates that the Asn243, located on a
both N7 and O6 are weaker than those in the complex with flexible region of PNP10), has sufficient mobility to relocate
ImmH + PO, (Figure 2;9, 11). The interactions of N243  away from the 7-methyl group when purine group activation
with N7 and O6 are critical for catalysis since the bovine is not needed. This mobility has limits since constraints on
enzyme is catalytically inactive with adenosine as substrate,the leaving group pocket prevent PNP from accepting
and Asn243Ala in the human PNP decredsgdy a factor ~ p-nitrophenyl Of-p-ribose as substrat@4).
of 1C® for inosine RO—22). Mutation of Asn243 to Asp NMR Analysis of the Asn243N7 Hydrogen BondThe
decreases efficiency for inosine but permits phosphorolysis distance between the oxygen and nitrogen in the Asr243
of adenosine at about 1% the rate of the native enzyme forN7 hydrogen bond is 2.8 A, within crystallographic error of
inosine 22). The interactions of Glu201 at N1 do not change strong hydrogen bonds that demonstrate downfield chemical
in substrate, transition-state analogue, and product com-shifts @5). In the 2.0 A structures of the hypoxanthine
plexes; nevertheless, it is essential for catalysis sinceguanine phosphoribosyltransferases from human and malarial
mutation of Glu201Ala decreasks, by 10~ for guanosine ~ sources, a 2.8 A hydrogen bond is present between a
(22). Likewise, the presence of a C2-amino group in carboxylate oxygen of an Asp at the same position of Asn243
guanosine is accepted for catalysis but the hydroxyl group in PNP and N7 of ImmH Sphosphate at the catalytic site.
of xanthosine at this position eliminates substrate activity NMR proton signals at 13.9 and 14.3 ppm (for the two
(20). enzymes) were unequivocally assigned to this hydrogen bond

The H-bond at N7Asn243 Energetics for purine base DY “°N-edited proton NMR spectra using [N]immH 5'-
interactions to PNP can be explored by comparing the Phosphate26—28). The NMR spectrum of bovine PNP with
equilibrium dissociation constant for ImmH with single Pound [72*N]immH and phosphate reveals a downfield
atomic substitutions. At the transition state for inosine H-bond at 15.1 ppm unique to the PNEMmMH—PG,
phosphorolysis, the departing purine base has increased?®mPplex. However, an HSQC experiment to measure protons
negative charge (electron density) from the bonding electrons,coupled to **N-spins demonstrated that the downfield
increasing the I, of N7 from 1.2'in inosine, to an increased  Nydrogen bond does not originate from this interaction
(but unknown) value at the transition state. This electronic (Figure 4). _ o
change permits H-bond formation between the carboxamide The 10.1 kcal/mol difference in binding energy between
oxygen of Asn243 and N7. ImmH has KJof approximately ImmH and 4—aza-3-deaza—|_mmH is not the result of a single
9.5 for N7 and is 99% protonated at neutral pHhis H-bond to N7. However, this l_)ond is necessary to foster the
protonation is critical to form the H-bond to the carbonyl COOperative interaction of optimal H-bonds at other sites in
oxygen of the carboxamide side chain of Asn243. The the ImmH molecule. The assignment of the 15.1 ppm H-bond
contribution of this interaction can be tested by moving N3 Signal has not yet been made, and the 14 hydrogen bonds of
to the 4 position of the ring, to alter the conjugation pattern 2-8 A or less in the complex make this assignment an
of the heterocycle and decrease th& pf N7, as seen in ~ €xperimental challenge. _
4-aza-3-deaza-ImmH (Figure®3)he dissociation constant Changing the pK at N7. Substituents placed at C8,
increases from 23 pM for ImmH to 422 million pM for the ~ @djacent to N7 cause small changes in thg yalue for N7
4-aza-3-deaza analogue, corresponding to a remarkable 10.Protonation. Matching of i, values for hydrogen bond pairs
kcal/mol loss in binding energy. As shown below, this IS Proposed to play an important role in transition-state
energetic change is not due to the single H-bond at N7, butStabilization 29, 30). If the pK, of 9.5 for N7 of ImmH is

is a cooperative interaction between this and other H-bondsOpPtimal, addition of electron-withdrawing or electron-donat-
to the immucillins. ing groups at C8 will decrease affinity. Conversely, tighter

binding might be expected if theKp of N7 is shifted to
rovide a more favorable H-bond pattern at the catalytic site.
he pyrazolopyrimidine analogue PZ-ImmH exhibits slow-

pnset inhibition and binds with &* of 40 pM, not
substantially different from the parent ImmH. Substitution
of C8 with methyl or fluoro groups to give 8-MdmmH

and 8-F-ImmH results in inhibitors that retain the slow-

?The K, values for ImmH were determined by pH titration, gnset, tight-binding inhibition pattern but increase e

following the NMR spectra of [23C], [1'-*H], and [4-**N]. NMR . .
studies on the enzyme are in progress (Sauve, A. A., Cahill, S. M., values to 90 and 140 pM, respectively. Since each of these

Girvin, M. E., and Schramm, V. L. (2002) unpublished results). substitutions at C8 decrease the binding slightly, tke qf
°A single atomic numbering system is used in discussing the the N7 of ImmH is likely to be near the optimal value to

inhibitor molecules. Atomic numbering of the purine and ribosyl rings - stapjlize formation of the transition-state analogue complex.
of inosine and guanosine is imposed on the immucillin ring systems,

even when the rings are open or are substituted in ways that alter | "€ Ka values of the N7 positions of PZ 8-Me—, and
IUPAC-recommended numbering systems. 8-F—immucillins have not yet been established due to lack

The nature of the interaction between N7 of purine
substrates and Asn243 has been confused by the observatio
that N7-methyl nucleosides (7-methylinosine, 7-methyl-
guanosine and 6-thio-7-methylguanosine) are substrates fo
PNP @3). However, N7 methylation induces a positive
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Ficure 3: Transition-state analogues, substrates, and competitive inhibitors for PNP. The values shown below each compound are equilibrium
dissociation constants. Inhibitors with dissociation constants of 1000 pM or below generally display inhibition in two phases defined by the
constantK; andK;* (see the Methods), while those above this value exhibit a single phase inhibition. Values reported here are the smaller
of the values, reflecting the final equilibrium dissociation constants. Constants for ImmH, ImmG, 9-deaza-inosine, guanosine, inosine,
2'-d-guanosine, 7-deazainosine and formycin-B were reported earlier, as referenced in the text. All other immucillin interactions with
bovine PNP are novel to this work.

of sufficient material but provide an obvious avenue for weak hydrogen bonds, and the loss of the O6-centered
extension of this inhibitor design program. H-bond pattern causes the binding to decrease from the pM
Interaction of Glu201 with O6 and NHydrogen bonds  range toward theM affinity of substrates, where the H-bond
between Glu201 and several immobilized water molecules pattern around O6 is weak (Figure 2).
in contact with ImmH form a well-ordered network between  Conversion of the 6-oxy of ImmH to the 6-amino of ImmA
the protein, O6, and N1 of the six-membered ring (Figure changes the 6-substituent from a H-bond acceptor to a donor
2). Asn243 is also involved at 06 as a 3.1 A H-bond donor. and also changes the protonation pattern at N1. Both of these
Many of these contacts tighten substantially on formation changes disrupt the H-bond pattern centered around Glu201
of the complex with ImmH, and Glu201 is known to be and change the affinity from 23 pM for ImmH to 2.6 million
important for catalysis9; see above). The single atom pM for ImmA, aloss of 5.9 kcal/mol in binding energy. Thus,
substitution of a sulfur for O6 explores the nature of the a major energetic contribution to the binding of immucillin
hydrogen bonds to O6, and demonstrates a change from 23analogues comes from the H-bond network surrounding O6
pM for ImmH to 1.9 million pM for 6-S-ImmH, a 5.7 kcal/ and N1. This network is proposed to provide a proton-transfer
mol energetic loss as a result of this change. Thiols form bridge that donates the protons for the transition-state
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308K amide oxygens is-0.651 and-0.631 forA-C2—ImmH and
A-C2—PZ—ImmH, respectively; thus, th&-C2—PZ—ImmH

is a weaker hydrogen bond acceptor at this site. The charge
at the N7 proton changes only slightly, from 0.421 to 0.429
for the same pair. These differences may bias the disposition
of the carboxamide group in the catalytic site and thereby
account for the differences in binding energy. Additional
crystallographic analysis will be required to establish the
structural basis for this difference.

308K AN Substitutions at C2Inosine and guanosine are good
substrates for bovine PNP, and ImmH, and ImmG are equally
powerful as transition-state analogues at 23 and 30 pM,

288K respectively. These values suggest the possibility that

catalytic site contacts to the C2 substituent are weak and
that other C2 substituents would serve equally as transition-
state analogues. ImmX replaces the C2 exocyclic amine with
a carbonyl oxygen, and decreases the affinity from 30 pM
in ImmG to 310 000 pM in ImmX for a decrease in binding
"% 15 14 18 12 11 ppm energy of 5.5 kcal/mol. The X-ray crystal structure of bovine

FiGURE 4: 1D *H NMR spectra of PNP in complex with [¥N]- PNP W'th ImmG and PQ bound at the . catalytlc site
ImmH and phosphate. The lower three spectra, labeled 273K, 288K, establishes that contacts to the exocyclic amine are an
and 308K, are the 1017 ppm downfield spectra of 67M bovine extension of the H-bond network to Glu201 with an
PNP and equimolar [#*N]immH containing 50 mM KP@buffer, additional 2.9 A H-bond from the C2 amine to a carboxylate
pH 7.4, at increasing temperatures. The second spectrum from theoxygen of Glu201 (Figure 2c, 5). Substitution of an exocyclic

top labeled 308K is the same PNP sample befor®{fknmH is L - . .
ad%led. These spectra were-1 experir%ents, W#}M excitation  ©Xygen at C2 prevents this interaction, disrupting the H-bond

maximum at 15 ppm. A total of 2048 transitents were collected Network to cause a 5.5 kcal/mol loss of binding energy. The
(42). The top spectrum is atPN-edited spectrum using a one- interaction of ImmG at the catalytic site is similar to that
dimensional version of the HMQC experiment as described in the reported for other guanine analogues with respect to the

methods and elsewheré2). Protons coupled t¥N would provide Glu201 interaction ), except that the H-bonds to the
a single peak at the same chemical shift as in the lower spectra..” . . .
Control experiments with [#N]immH in the buffer alone show  inhibitor are strengthened in the same manner as those to

the proton coupled to the [PN] at 11.7 ppm (not shown). Chemical  ImmH in comparison to analogues of the Michaelis complex.
shifts for ImmH in HO/D,O give proton spectra with 8.06 and  Within the limits of crystallographic resolution, complexes

7.66 ppm as the most downfield protons from H2 and H8, of |mmH and ImmG establish the same contacts at the

respectively. Spectra were collected using 10¥© s the lock o . . )

signal. Similar experiments with hypoxanthinguanine phospho- gattalytlc Sg? V;gthode;(r?e%“gns' A new 2.9 A Hdb?hnd |f_|orbms d

ribosyltransferases and [PN]ImmH 5-PO, have established etween Glu and the Lz-amino group, and theé H-bon

positive control results for this experimer6( 28) between the Glu201 carboxylate oxygen and the water in
contact with O6 increases from 2.6 A with ImmH to 2.9 A

hydrogen bonds to both N7 and OBL. Disruption of this with ImmG (compare panels a and c of Figure 2). Since the

pattern prevents catalysis and tight-binding of transition-state affinity of ImmH and ImmG are equivalent, these two

8
%

|
-

inhibitor analogues. changes in H-bond strengths provide equivalent and opposite
Rigid versus Open Ring Systenideletion of C2 from the  contributions to transition-state analogue binding. Since
9-deazapurine ring of ImmH givea-C2—ImmH and inosine and guanosine are equivalent substrates, this H-bond

changes N1 to a carboxamide group. The ability of O6 to pattern is also energetically equivalent in contributions to
form hydrogen bonds will now be affected by the rotational the rate-limiting step for PNP catalysis, namely, the release
freedom of the carboxamide group and internal H-bonds that of hypoxanthine and guanine. If the energetic contributions
may form between the carboxamide oxygen and the N3 to transition-state formation are also the same, pre-steady-
amino group’ These changes reduce the affinity of ImmH state catalysis purine formation on the enzyme would occur
from 23 pM to 12 000 pM forA-C2—ImmH, a change of  at equivalent rates.

3.8 kcal/mol. The same strategy applied to-RZMH gives Energetics of N9 SubstitutioiThe chemical stability
A-C2—PZ—ImmH. The dissociation constants of 40 pM and inherent in the immucillins stems from the 9-deaza substitu-
60 pM are not significantly changed in the case of the tion, which also alters thelf of N7, as indicated above.
pyrazolo derivatives. The reasons for the differences betweenThe effect of this substitution alone can be considered by
the ImmH and PZImmH analogues with respect to deletion comparing interactions of inosine, 9-deazainosine, 4-aza-3-
of C2 are not established but may relate to differences in deaza-ImmH, and ImmH with PNP. If the increased binding
the H-bond potential for the carboxamide oxygen as a result affinity of ImmH arises primarily from the increase&pat

of the pyrazolo group. Gaussian 98 calculations were N7, 9-deazainosine would be expected to bind tightly. Inosine
conducted to determine the optimal geometry and the electronhas aK, of 17 uM, while 9-deazainosine inhibits with a
distributions of model compounds af-C2—ImmH and dissociation constant of 2ZM (17). The K, for inosine is
A-C2—PZ—ImmH. In the computational models, the imi- greater than the dissociation constant, and forward commit-
noribitol group is replaced by a methyl group, and computa- ment factors established that the first turnover for arsenolysis
tions were conducted at the basis sets indicated in theof inosine is 10-fold greater thak,, indicating thatky, is
methods. The Mulliken charge distribution on the carbox- 10 times greater thaKy for the arsenolysis reactior2,(3).
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Thus, the binding affinity of inosine and 9-deazainosine are iminoribitol ring are hydrophobic, with Phel59 from the

equivalent. ImmH and 9-deazainosine differ only in the
replacement of the'4mino group. The ImmH analogue with

neighboring subunit and the side-chain of Met119 dominating
the interactions (Figure 5B). Incursion of the ara-ImmH 2

N3 and C4 reversed tests interactions at N7, since PNP doesiydroxyl into this region is expected to disrupt the hydro-

not interact at N3 (Figure 2). The weak binding of 3-deaza-
4-aza-ImmH confirms that 9-deaza alone or thiénino
group alone does not elicit tight binding. Both are needed
to induce the transition-state binding geometry.

Ribosyl Ring Substitutiongransition-state formation in

phobic packing of these residues, and force the iminoarabitol
into an unfavored conformation, both of which decrease
binding affinity.

Binding of 3-d-ImmH Mammalian PNP evolved to
catalyze the phosphorolysis of purine ribosides afd 2

PNP is characterized by a partially developed ribooxacar- deoxypurine ribosides, and thétdydroxyl is present in all
benium ion, a Pauling bond order of 0.36 remaining to the of its biological substrates. Thé-Bydroxyl accepts a 2.8 A
leaving group, and a very low bond order to the attacking H-bond from Tyr88 and donates a 2.7 A H-bond to O4 of
phosphate nucleophilg), Transition states for nucleoside phosphate. This phosphate oxygen is the nucleophile for
phosphorolysis are reached by the combination of leaving phosphorolysis, thus the H-bond pattern here is related to
group interactions, interactions at the ribosyl group to form the reaction coordinate. Th&* value for 3-d-ImmH is 1000
the oxacarbenium ion and by the electrostatic contribution pM, a 2.3 kcal/mol penalty in binding relative to ImmH. We
from the nearby phosphate anion. Experimental values fromwould therefore expect a mutation in Tyr88 to Phe to reduce
kinetic isotope effect studies demonstrated that there is nocatalysis by a similar extent. However, in human PNP, the
significant nucleophilic participation of the phosphate at the mutation Tyr88Phe is silent fd¢./Km; thus, the change in
transition state J). Acid-catalyzed chemical solvolysis of binding affinity between the transition-state analogues ImmH
purine nucleosides operates through leaving group activationand 3-d-ImmH is not reflected in catalysis when the atomic
in which the purine is protonated to the dication, to withdraw mutation is made in the protei®); The rate-limiting step
bonding electrons from the ribosyl grouplj. The transition for mammalian PNPs is release of the purine base product
states for chemical solvolysis of purine ribonucleosides are from the enzyme 7). Thus, changes in the on-enzyme
highly dissociative with bond orders to the leaving group catalytic rate that reflect transition-state interactions are not
lower than that seen for PNR3Z). The relatively simple manifested in steady-state kinetic studies. This analysis
H-bond pattern to the purine base suggested that ribooxac-predicts that the pre-steady-state burst of product formation
arbenium ion formation may be a dominant force in reaching on Tyr88Phe at saturating substrate concentration will be
the transition state. However, good leaving groups in reduced, but the steady-stdtg: may be nearly unchanged.
O-ribosyl linkage are poor substrates for bovine PI28).( Atomic substitution of inhibitors reveals changes in transi-
But highly activated purine or pyridine cation leaving groups tion-state energy that are inaccessible to steady-state kinetics.
do serve as substrate2}. The crystal structure of ImmH Binding of 3-d-Immucillins Isotope effect studies with
or ImmG—PO, bound to PNP provided the surprising result bovine PNP revealed a large normal kinetic isotope effect
that the iminoribitol group is stabilized by only three H-bond with [5'-3H]inosine, and it was interpreted as a geometric
contacts to the protein, and none of these are within 3.0 A distortion of the Shydroxyl group at the transition state
of the site of oxacarbenium ion formation but form at the relative to free inosine( 3). This proposal is confirmed in
2'-, 3- and 3-hydroxyls (Figure 2). The other four interac- the crystal structures with bound ImmH and ImmG, where
tions to the iminoribitol are neighboring group interactions the 3-hydroxyl oxygen is poised 2.7 A above theisino
from the phosphate and from th&tydroxyl interaction to nitrogen. The role of His257 has been proposed to be
the 4-imino group and serve to position thetydroxyl and important in positioning the 'shydroxyl to serve in desta-
a phosphate oxygen to sandwich the’ [gdsition, the site  bilizing the electrons at O4n the actual transition stat&,(
of electron departure to form the ribooxacarbenium ion in 11). However, the significance of this interaction has been
ribonucleosides](l). Systematic elimination of the each of questioned by the site-directed mutagenesis of His257 to Ala,
the hydroxyl groups that hydrogen bond to the enzyme where thek../K, for inosine is decreased only by a factor
provides estimates of their energetic contribution to the of 20 (9). Inhibition by 5-d-ImmH gave &; value of 15 000
complex. pM, a 650-fold decrease in binding relative to ImmH,
Binding of 2-Alterations in the Immucillins The 2- representing a 3.9 kcal/mol difference in binding energy. If
hydroxyl groups of ImmH and ImmG in complex with PNP  5'-d-ImmH introduces an atomic change equivalent to the
accept a 2.8 A hydrogen bond from the peptide backbone His257Ala mutation, the efficiency of crossing the transition-
amide of Met219 and donate a 2.8 A hydrogen bond to O2 state barrier should be reduced by a factor of 650. Since
of bound phosphate. Elimination of th&t2ydroxyl in both product release is rate-limiting for mammalian PNPs, the
2'-d-ImmH and 2-d-ImmG decreases the affinity to 100 and effect of the His257Ala mutation on the transition-state
190 pM, respectively, a decrease of only 1 kcal/mol in both efficiency can only be measured in pre-steady-state experi-
cases. The ability to bind'2leoxy analogues is expected ments, which are of increased interest with this knowledge
from the substrate specificity, wheré@inosine and 2d- of the effect of the 5d-ImmH mutation. The energetics of
guanosine are good substrates, and from the biologicalthe 3-deoxy construct was confirmed withh&-ImmG, which
perspective, since the major function of human PNP is to gave aK; value of 37 000 pM, binding 4.3 kcal/mol less

remove 2-d-guanosine 33). A more damaging change to
immucillin binding is incorporation of the opposite hydroxyl
stereochemistry at Cth ara-ImmH. Here, the dissociation

favorably than ImmG and in good agreement with the ImmH
pair. It should be noted that neithet-&ImmH nor 3-d-
ImmG shows slow-onset, tight-binding characteristics. Loss

constant changes to 4400 pM, giving an energetic penalty of the His257 interaction prevents the time-dependent
of 3.2 kcal/mol. PNP residues at the upper face of the engagement of H-bonds required to form the transition-state
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Ficure 5: Crystallographic structures of PNP in complex with ImmG and phosphate. PNP is a homotrimer, and the stereoview of panel

A compares the backbone traces of apoenzyme PNP (in blue, PDB code 1BBb that with bound ImmG and phosphate (in red, PDB

code 1B8N) for one of the subunits. ImMmG and JPfe shown in green. The structures were overlaid usiagatms of amino acids

3—279 which give an rms deviation of 1.0 A. A stereoview of the catalytic site of one subunit of RINRG-phosphate is shown in panel

B. Three structurally significant water molecules are shown as red spheres, and carbon, oxygen, nitrogen, sulfur, and phosphorus atoms are
in gray, red, blue, yellow, and green, respectively. The purple residue F159 is from the adjacent subunit and closes over the catalytic site
near the top of the iminoribitol ring when ImmG and P&e bound.

ensemble. Crystal structures of these complexes have nobeen done with other transition-state analoguzs-@6).
yet been obtained, but would be most useful in the However, the imino groups of both inhibitors are positioned
interpretation of binding energy. to donate 2.7 A hydrogen bonds to thedxygen and the
Contribution of the 4Imino Group to CatalysisimmH 04 of bound phosphate, provided that the immucillin imino
and 9-deazainosine differ by only théigino group. Both groups are protonated when tightly bound to the catalytic
are competitive inhibitors with substrate and permit com- sites.
parison of equilibrium dissociation constants. For this pair,  Kinetic and pH profile studies of iminoribitol inhibitors
ImmH binds 87 000 more tightly, to give an energetic binding to nucleoside hydrolases and to Mycobacterium
contribution of 6.8 kcal/mol as a consequence thamno tuberculosisPNP have established that the initial binding
group. The same comparison can be made in the pyrazolo-step occurs with the neutral (unprotonated) form of the
pyrimidine inhibitors, where PZ-ImmH is compared to iminoribitol inhibitors, and preliminary pH profile studies
formycin-B. The dissociation constants are 40 pM and 60 with bovine PNP are also consistent with the binding of
million pM, respectively. This difference of 1.5 10° in neutral ImmH (37, 39). Initial binding of immucillins
binding affinity corresponds to 8.5 kcal/mol in binding
energy. Since there are no H-bonds between the enzyme and 4The initial phase inhibitionK;) by ImmH decreased as a function

the imino groups of ImmH or ImmG, we cannot attribute  of gecreasing pH between 8 and 5. Thé, for N-4' protonation is
this difference to a specific H-bond to the protein, as has 6.52 (Miles, R. M. and Schramm, V. L. (2002) unpublished results.)
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therefore mimics the formation of Michaelis complexes with $6.8 NH, 7.0
nucleosides, since both interactions are with neutral sub- NO.3 \O/
strates. It has been proposed that the slow-onset step leading \ " AC23.38
to tight-binding inhibition involves protonation of the imino Me 08 ~__ ”“/

i ; ; — "\ NH; 0.2
group, and computational modeling of nucleoside hydrolase F1.1 SN /LH/

. . N

complexes supports this proposab). Experimental proof CH2 5.0 \\ OH57
of the ionization state of immucillins on enzyme complexes 068 "~ ons ZC'N 101
has not yet been reported, but work is progressing toward H3o o - Hoo

that goaPk
Distance between Le@ng Group and Iminoribitol Tran- N
sition-state analysis from kinetic isotope effects is a develop- o H23 _
ing technology. It has been suggested that the transition-F'GURE 6: Changes of binding energdAG” in kcal/mol) for the
) . I interaction of immucillin analogues to bovine PNP in the presence
state structure of PNP may be more highly dissociative than ot jnorganic phosphate. The arrows indicate the atomic changes
indicated by the kinetic isotope effects reported earler ( that lead to the indicated energy changes. Note that IOH at
3, 40). The bond between the ribooxacarbenium ion and the the 2 position refers to ara-ImmH, antiC2 refers toAC-2-ImmH,
leaving group is proposed to be 1.77 A at the transition stateWhere deletion ?L thg Catl)rlbor? azj %2 givesbN-l and ’\’l\‘33 as dfrge4
(3; Figure 1). A fully dissociated transition state requires ¢l 9r2Ups. " Coub e Aoarse é{gg‘éh:r?ggE%O for s
both leaving and nucleophilic groups to be greater than 3.0 change is a consequence of the,at N-7, not direct interactions
A from C1. However, in ImmH or ImmG, this distance is  at N-3 (see the text).
only 1.5 A (the length of a €C bond). Group separation
was increased with a methylene bridge between the 9-deazaHowever, on the basis of the 12 most favorable H-bonds
hypoxanthine and iminoribitol groups in 9%CH,)-ImmH, between PNP and bound immucillins (Figures 2b,c), even a
which increases the C9 to Cdistance to 2.5 A, more closely  modest H-bond energy of 2 kcal/mol provides 24 kcal/mol,
related to a dissociated transition state (Figures 1 and 3). Ifa large excess relative to the decrease in transition-state
the nucleoside at the transition state of PNP is highly barrier.
dissociated, the binding of 94CH,)-ImmH might be
expected to improve relative to ImmH or ImmG. TKgefor CONCLUSIONS
9-(2'-CHy)-ImmH is 91 000 pM, approximately 4000-fold Atomic changes to the immucillin transition-state ana-
weaker than that for ImmH. Introduction of the methylene logues for PNP alter interactions with catalytic site contacts.
bridge also results in geometric constraints that may affect Seven immucillins with dissociation constants below 1000
binding, however, the loss of 5.0 kcal/mol in binding energy pM have been identified. Tight binding of these transition-
indicates that this separation of iminoribitol and deazapurine state analogues cannot be attributed to any single strong
groups does not create an improved approximation of the hydrogen bond, although one unassigned downfield H-bond
transition state. is generated in the complex. Rather, a precise arrangement
Summary of Binding Interaction€omplexes of ImmH  of H-bond acceptor/donor patterns must be satisfied to cause
or ImmG and P@ with bovine PNP are characterized by the enzyme to form an ensemble of favorable H-bond
favorable H-bonds to every H-bond donor/acceptor site in contacts at numerous sites in the immuciliphosphate
the complex except N3. The contacts are closely related tocomplexes relative to Michaelis complexes. The sum of free
the Michaelis complex of PNPInosine-SQ;, except that  energy available from these interactions readily exceeds the
the hydrogen bond contacts improve with the immucillins. ~10' catalytic rate enhancement imposed by PNP. Disrup-
For example, five H-bond contacts to the purine ring of tion of any of any single interaction that prevents transition-
bound inosine are weak interactions (average distance of 3.7state mimicry prevents tight-binding from occurring.
A), and shorten to favorable interactions (average distance
of 2.9 A) in complexes with the immucillins (Figure 2). Other REFERENCES
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