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ABSTRACT: Stable chemical analogues of enzymatic transition states are imperfect mimics since they lack
the partial bond character of the transition state. We synthesized structural variants of the Immucillins as
transition state analogues for purine nucleoside phosphorylase and characterized them with the enzyme
from Mycobacterium tuberculosi@MtPNP). PNPs form transition states with ribooxacarbenium ion
character and catalyze nucleophilic displacement reactions by migration of the cationic ribooxacarbenium
carbon between the enzymatically immobilized purine and phosphate nucleophiles. As bond-breaking
progresses, carbocation character builds on the ribosyl group, the distance between the purine and the
carbocation increases, and the distance between carbocation and phosphate anion decreases. Transition
state analogues were produced with carbocation character and increased distance between the ribooxac-
arbenium ion and the purine mimics by incorporating a methylene bridge between these groups.
Immucillin-H (ImmH), DADMe-ImmH, and DADMe-ImmG mimic the transition state of MtPNP and

are slow-onset, tight-binding inhibitors of MtPNP with equilibrium dissociation constants of 650, 42, and

24 pM. Crystal structures of MtPNP complexes with ImmH and DADMe-ImmH reveal an ion-pair between

the inhibitor cation and the nucleophilic phosphoryl anion. The stronger ion-pair (2.7 A) is found with
DADMe-ImmH. The position of bound ImmH resembles the substrate side of the transition state barrier,
and DADMe-ImmH more closely resembles the product side of the barrier. The ability to probe both
substrate and product sides of the transition state barrier provides expanded opportunities to explore
transition state analogue designNrribosyltransferases. This approach has resulted in the highest affinity
transition state analogues known for MtPNP.

The large rate enhancements imposed by enzymaticorder and geometrical solution to enzymatic transition states
reactions occur by lowering the transition state barrier. in favorable cases5(-7). From this analysis, quantum
Achieving the transition state is typically o 10> more chemistry approaches provide a molecular electrostatic
probable on the enzyme than in uncatalyzed reactions, andpotential surface comparison of the substrate, transition state,
rate enhancements of Zthave been reportedl), Stable and products of the reactioB)( These structures provide a
mimics of the substrate molecule at the transition state trap blueprint for the design of inhibitors more closely resembling
this energy of catalysis as stable binding energy and thereforethe transition state than the reactant sta@esi(l). Here, we
have the potential to bind #0to 10* times more tightly ~ explore the effects of altered transition state analogue charge
than reactant molecule8<4). The tight binding of transition  and geometry by increasing the distance between the groups
state analogues is a thermodynamic phenomenon and isised to mimic the purine leaving group and the ribooxac-
independent of the dynamic motions that may be involved arbenium ion that characterizes the transition state (Figure
in achievement of the transition state. Thus, knowledge of 1). These analogues are characterized with the homotrimeric
enzymatic transition states has been a long-sought goal. TheeNP from Mycobacterium tuberculosidy both kinetic
application of multiple kinetic isotope effects provides a bond analysis and X-ray crystallography.

Bovine purine nucleoside phosphorylase is the prototype
T This work was supported by research grants from the National Of the homotrimeric PNPs, and the transition state structure
Institutes of Health, the New Zealand Foundation for Research, Scienceof bovine PNP has been solved for the arsenolysis of inosine

and Technology, and the CNPg/MCT (Millennium Project) of Brazil. : " : :
* Corresponding author. Telephone: (718) 430-2813. Fax: (718) (12, 13). It provides the only transition state information

430-8565. E-mail: vern@aecom.yu.edu. presently available for any PNP. The transition state is
#The X-ray coordinates have been submitted to the Protein Data reached with 0.36 Pauling bond order remaining in the
Base, ID code IN3. . N-ribosidic bond, but only 0.03 bond order to the attacking
§ Albert Einstein College of Medicine. . .
I Industrial Research Limited. phosphate, corresponding to nuclear separations of 1.77 and
U Universidade Federal do Rio Grande do Sul. 3.0 A, respectively (refl3; Figure 1). This degree of
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Ficure 1: Phosphorolysis of inosine catalyzed by PNP with features
of the transition state and selected features for Michaelis complexes.
The complexes of bovine PNP with inosine and sulfate or
hypoxanthine and ribose 1-phosphate reveal the distances betwee

HO OH HO OH

atoms as shown. At the transition state, distances shown are from

KIE studies (2, 13). Structures of inhibitors with features related
to the transition state are indicated with their abbreviated names
and Ki* values. Atomic numbering is shown for inosine. For
consistency, this numbering system is used for all inhibitors but is
inconsistent with IUPAC nomenclature.

N-riboside bond order at the transition state is unusual for
N-ribosyltransferases since purine nucleoside and nucleotid
hydrolases as well as ADP-ribosyltransferases and oligo-
nucleotide purind-ribohydrolases all reveal lowét-ribosyl
bond order at their transition stateisl). This early transition
state for bovine PNP is the result of strong leaving group
forces to the purine groud ). Immucillin-H was designed

to match the transition state for bovine PNP and is a 23 pM
inhibitor for its cognate enzyme. It is a weaker inhibitor for
PNPs from other species, possibly because the covalet C
ribosidic bond is a better mimic of the early transition state
known to characterize the bovine enzyme. Here, we explore
the interaction of MtPNP with unique transition state
analogues synthesized to vary the distance between th
cationic oxacarbenium ion mimic and the purine leaving
group.

While many bacterial PNPs are hexameric, that from
MtPNP is trimeric and closely resembles human and bovine
PNPs in protein architecture and catalytic site contdifs (
However, Immucillin-H binds less tightly to MtPNP than to
bovine PNP, suggesting that MtPNP has a transition state
poise different from that of bovine PNR4).

! Abbreviations: ImmH, Immucillin-H, ($)-1-(9-deazahypoxanthin-
9-yl)-1,4-dideoxy-1,4-imina-ribitol; DADMe-ImmH, 4'-deaza-taza-
2-deoxy-1-(9-methylene)-Immucillin-H, (B,4R)-N-[(9-deazahypoxanthin-
9-yl)methyl]-4-hydroxymethyl-pyrrolidin-3-ol; '19-Me-ImmH, 1-(9-
methylene)-Immucillin-H, }[(9-deazahypoxanthin-9-yl)methyl-1,4-
dideoxy-1,4-iminoe-ribitol; DADMe-ImmG, (3R4R)-1-[(9-deazaguanin-
9-yl)methyl]-4-hydroxymethyl-pyrrolidin-3-ol; PZ-DADMe-ImmH,
(3R ,4R)-N-[(8-aza-9-deazahypoxanthin-9-yl)methyl]-4-hydroxymethyl-
pyrrolidin-3-ol; N4,9-Me-ImmH, 1,4-dideoxy-1,4-imind-(3H,5H-
pyrrolo[3,2d]pyrimidin-4-one-7-yl)methylle-ribitol; PNP, purine nu-
cleoside phosphorylase; MtPNP, purine nucleoside phosphorylase from
Mycobacterium tuberculosis

e

Lewandowicz et al.

An inherent difficulty in the design of transition state
analogues is the stable covalent nature of transition state
analogues, while the transition state structure has partly
dissociated, nonequilibrium bond lengths with partial charges.
Transition state analogues can be either slightly smaller or
larger but never exactly equal in size or charge to the actual
transition state. Likewise, they can be neutral or designed
to carry unit charge but not the partial charges of the
transition state. Here, we evaluate several sizes and charge
distributions in transition state analogues of MtPNP by
kinetic and structural methods. We use a distinct molecular
scaffold to produce DADMe-Immucillins and compare them
to ImmH (Figure 1). These transition state analogues have
shifted the location of the cationic charge to the position of
the carbocation that is known to develop at the transition
state. The inhibitors have a higher affinity for MtPNP than
any inhibitors described previously. X-ray structure reveals
that their increased affinity results from more favorable ion-
pair formation between the cationic mimic of the oxacarbe-
nium ion and the anionic phosphate nucleophile.

MATERIALS AND METHODS

n Synthesis of DADMe-Immucillin-H and-©9-Methylene)-

Immucillin-H. Synthesis of DADMe-Immucillin-H was
achieved via the reductive amination of\ebenzyloxym-
ethyl-4-methoxy-81,5H-pyrrolo[3,2d]pyrimidine-7-carbal-
dehyde, derived from the lithiation and subsequent formyl-
ation of the previously reported N-benzyloxymethyl-7-
bromo-4-methoxy-8,5H-pyrrolo[3,2d]pyrimidine (17) with
(3R,4R)-3-hydroxy-4-hydroxymethylpyrrolidinel®). Acid
deprotection of the product followed by chromatographic
purification afforded DADMe-Imm-H as the HCI-salt that
was characterized by NMR, mass spectroscopy, and elemen-
tal analysis. 19-Me-ImmH was prepared via the addition
of lithiatedtert-butyl acetate to the previously reported imine,
5-O-tert-butyldimethylsilyl-1N-dehydro-1,4-dideoxy-1,4-
imino-2,3-0O-isopropylidinep-ribitol (19). The tert-butyl
acetate moiety was converted to a propionitrile residue that
was elaborated to the corresponding pyrrolopyrimidine using
a standard method2(). Acid deprotection followed by
chromatographic purification afforded, a-Me-ImmH as the

d—ICI salt that was characterized by NMR, mass spectoscopy,

and elemental analysis. The purified 2tMe-ImmH and
DADMe-ImmH were>95% purity and were stored as dried
HCl-salts until use. The extinction coefficient of solutions
was assumed to be equivalent to that of 9-deazainosine; 9.54
mM~t cm! at 261 nm 21). The full description of the
chemical synthesis of DADMe-ImmH and related analogues
will be published elsewhere.

Protein Preparation.PNP from M. tuberculosiswas
cloned and expressed Hscherichia coliand purified as
described earlier2Q). Briefly, MtPNP was produced ik.
coli BL21(DE3) cells bearing a pET-23{)::deoD plasmid.
Preparations used for both kinetic analysis and for X-ray
crystallography were-95% homogeneous by denaturing gel
electrophoresis.

Determination of Kinetic and Inhibition ConstantSon-
tinuous assays for MtPNP coupled the production of hypox-
anthine to uric acid by xanthine oxidas23]. MtPNP (2.7
nM) was added to inosine (1 mM) and xanthine oxidase (60
mU/mL) in 50 mM KPQ buffer pH 7.4 (25°C). The
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increase in absorbance was monitored at 293agp€ 12.9
mM™1). ForK; andK;* analysis, the amounts of enzyme and
inhibitor were adjusted to give an absorbance chang®

Scheme 1: Slow-Onset Inhibition for Tight-Binding
Inhibitors 24)2

ki Keat

for the full analysis, corresponding to less than 7.8% E*A =, FEA E + products
conversion of substrate to product and limiting ribose T K. = (ko » kenlk
1-phosphate formation to less than iZ81. Coupling with m - e
xanthine oxidase prevents hypoxanthine accumulation and ka |l ks Ki = kylks

approach to thermodynamic equilibrium. Initial inhibition ks . K* = Kkel(ks +ke)

(Ki) was determined by fitting to the equation for competitive o= e

inhibition, v; : (kcaS)/ﬂ(m(1+ I/Ki) + S)’ wherevi, Keay _Km' . a For the assays seen in Figure 2, E is the MtPNB complex, A
Ki, and | are initial rates, catalytic turnover number, Michaelis s inosine, and | is one of the tight-binding Immucillin inhibitors. El is
constant, inhibitor dissociation constant, and free inhibitor the rapidly reversible complex with inhibitor. The slow-onset, tight-
concentration, respectively. The substrate concentration (S)binding step iss, forming E*I, a conformationally tightened complex
of 1 mM exceeds th&, (23 M) by a factor of 44 and that is incapable of releasing | without relaxing Wato El.
increases the amount of inhibitor (I) that can be added to
permit | > E concentrations. Under most conditions, the
concentration of | was 10 times that of enzyme as required
for fitting to the equation for competitive inhibitior24).
For powerful inhibitors where E and | are within an order
of magnitude in concentration, the free inhibitor was
determined by the relationshipd I, — (1 — vilvo)E;, where X . R
I1 is total inhibitor concentration;; andwv, are inhibited and Dependlng on th&* value, partial or complete activity is
uninhibited steady-state rates, andsHotal enzyme catalytic regained. ) ) )
site concentration. This expression can be applied to the pre- Crystal Growth, X-ray Diffraction, Data Collection, and
or post-slow-onset inhibition phase with equal validity, Analys_ls.CrystaIs were grown from a solution containing a
provided that the steady-state conditions are well-defined. 1:1 mixture (2uL of each) of 730uM PNP, 1.1 mM
With the xanthine oxidase assay, there is a small but DADMe-ImmH, 3 mM sodium phosphate pH 8.0 with the
significant time-dependent loss of catalytic activity, so reservoir solution containing 100 mM Tris-HCI pH 8.0, 25%
instantaneous slope measurements are required both foPCly(ethylene glycol) 4000 and 25 mM MgC{Hampton
inhibited and for uninhibited rates under the same reaction crystallography screen). This procedure is similar to that
conditions except for presence of inhibitor. The dissociation "eported earlier for crystals with ImmH except for protein
constant for the tightly bound complei;f) was determined ~ concentrations and DADMe-ImmH replacing ImmBEi6j.
by the same equation after the slow-onset equilibrium had Diffraction from the crystals was consistent with the trigonal
been achieved. Apparent valueskdor DADMe-ImmH and ~ SPace groupa(= b = 102.84 A,c = 128.76 A) containing
DADMe-ImmG were obtained by fitting progress curves at @ trimer in the asymmetric unit.
each inhibitor concentration to the equatien= vgd + Crystals were transferred to a reservoir solution containing
(vo — v9(1 — e/k where P is product,vs and v, are 20% glycerol and were frozen atl78°C. X-ray diffraction
inhibited and initial reaction rates, ands time 23). Rate data were collected on a R-AXIS IV area detector coupled
constantks andks were established frork = kg + ks(I/Ki/ to a RIGAKU RU-H3R X-ray generator. Data were reduced
(1 + SKn + I/K)) andks = ks(Ki/Ki* — 1) after establishing  using the HKL package2f) and were 95.8% complete to
the apparent constaktfrom the progress curves. 1.9 A resolution withRs,m of 3.6%. The structure was refined
Previous studies of MtPNP and its inhibition by Immu- Wwith CNS @6) using the MtPNRImmHsPQO, complex as a
cillin-H used 7-methyl-6-thioguanosine as substrate at pH starting model. TheRuyst and Riee Were 28.6 and 29.0%
7.6 and monitored production of the 7-methyl-6-thioguanine following the initial round of rigid-body refinement and
at 360 nm. Using that assalf; andK;* values of 2.2 and ~ simulated annealing. One DADMe-ImmH and one phosphate
0.04 nM were reported, but reanalysis of that data indicates molecule were built into the electron densities of each active
the correct value oK* to be approximately 0.6 nM2?). site using the program Q27). The final model includes
Here, we use inosine as substrate at pH 7.5°@5and  residues 7268, DADMe-ImmH, a phosphate for each
establishK; andK;* values of 6.6 and 0.65 nM (see Results monomer, and 432 water molecules, to gR&s and Ryee
and Discussion). In the present study, we use the coupledof 18.3 and 21.3%, respectively (Table 1). Analysis by
assay with inosine as substrate and report all kinetic constants?ROCHECK 28) indicates 91.6% of residues in the most
of the competitive inhibitors with respect to this physiological favored conformation, 7.9% in the additionally allowed
substrate. region, and only Thr209 in the disallowed region. Thr209
Enzyme-Inhibitor Dissociation Studieselaxation of the ~ demonstrates good electron density infe- Fc omit map
tightly bound complex E*| occurs via the stép (Scheme and is adjacent to Ser208, a phosphate binding residue. The
1). Whenk, > ks or ks, dilution of the E*I complex in the structure has been submitted to the Protein Data Bank, PDB

presence of excess inosine causes activity regain with a first-ID code IN3I.

were diluted 1:500 into the same buffer followed by an
additional 1:100 dilution into assay mixtures as described
above for a total dilution of 50 000. Assay mixtures contained
1 mM inosine, 44x K, to provide competition against
recombination of free inhibitor. It should be noted that a
1:50 000 dilution of 10Q«M inhibitor yields 2 nM inhibitor.

order rate constant equal t@ (24). Studies ofks were
performed with DADMe-ImmH, DADMe-ImmG, and ImmH.
Samples of 5.uM MtPNP and 10QuM inhibitor (16 uL)
were incubated for 5.5 h, 252 in 20 mM Tris-HCI pH 7.5

Computational Chemistryviolecular electrostatic potential
surfaces of inhibitor molecules were generated by Gaussian
98 (29). Structures were optimized using the PM3 semiem-
pirical level of theory, with the geometry restrained to fit

in the presence or absence of 65 mM phosphate. Samplegrystallographic constraints. The transition state model



6060 Biochemistry, Vol. 42, No. 20, 2003 Lewandowicz et al.

Table 1: Data Collection and Refinement StatisticsNor 80 ' ' ' O'nM
tuberculosisPNP °
resolution range, A 201.9 (1.971.90) é
k]
completeness, % 95.8 (76.9) ,_,60' g
Rmerga %0 3.6 (10.5) z |3 .
meanl/o(l) 45.9 (10.3) —
no. of reflections S 40- 05 12{{1&1 20 25 30
unique 59 925 o
total 321763 5
Refinement 204
Reryst(%) 18.3
Rfree (%) 213
no. of amino acids 786
no. of ligands 3 DADMe-ImmH 04 . , . . . .
3 phosphate 0 20 40 60
no. of waters 432 time [min]
ave. B factor (&), protein atoms 17.8 0.15 . T
ligands 12.6 ImmH
water 219
RMSD, bond (A) 0.004724 1 —— control
angle (deg) 132049 | without phosphate
g 0104 ... with phosphate <]
constrained the N-9 to C-lbond to 1.77 A with N-7 &
protonated as established from KIE studies of bovine PNP 5
(13). Molecular electrostatic potential surfaces were calcu- ® 0054 1
lated in the CUBE function of Gaussian 98 and visualized '
by the Molekel 4.0 package30).
RESULTS AND DISCUSSION 000 LT |
Inhibition of MtPNP. Initial rate kinetic studies with 0 o2 40
DADMe-ImmH demonstrated slow-onset, tight-binding in- time [min]
hibition of MtPNP (Figure 2, Table 2). The initial rate ToADMelmmH '
inhibition (Kj) occurs prior to slow-onset inhibition and o5
corresponds to the dissociation constant from the initial 199 —— control |
. . T R T LT without phosphate
interaction of the inhibitor. It has been proposed tkKat | with phospate
represents the reversible binding of the neutral form of ImmH
(22). Similar data is not yet available for the other inhibitors g 0.10+ T
of Figure 1. After the initial rate period, a first-order change 3 e
occurs to a more inhibited steady-state that deternies § P
(Scheme 1; re24). MtPNP is inhibited by DADMe-ImmH © 0.05+ o
with K; andK;* values of 1.3 nM and 42 pM, respectively, |
indicating a 31-fold increase in affinity because of slow-
onset. By comparison, ImmH (Figure 1) inhibited MtPNP 0,004 £52n T 4
with K; and Ki* values of 6.6 and 0.65 nM, respectively ] " 20 " 20 " 0
(Table 2). Inhibition of MtPNP by DADMe-ImmH is of time[min]
significantly higher affinity than by ImmH in both thki  Figure 2: Inhibition of MtPNP. Inhibition by DADMe-ImmH is
and theK;* phases of inhibition. shown in the upper panel, ai¢* determination is shown in the

: : inset. Regain of activity from PNEIMmMHePO, and PNRDADMe-
Formation and release Of. the tightly bc_)und MERNP ImmHePO, complexes (middle and lower panels) demonstrates the
DADMe-ImmH complex requires conformational changes greater affinity of DADMe-ImmH.

defined byks to form the E*I complex andks to relax it (El

< E*). Analysis of the slow-onset step for DADMe-ImmH Catalytic activity regained from complexes of MtPNP
gave aks value of 9.9x 107%s™*, andks was calculated to  ImmH was complete by 15 min following dilution into assay
be 3.3x 104 s™* by solving the equations described above mixture, while complexes of MtPNIPOgelmmH required

for ke. The correspondings value for ImmH is 2.4x 1073 over 20 min and were more inhibited throughout the assay
s %, a factor of 7 more rapid. These rates can be experimen-(Figure 2, middle panel). The initial rates on initiation of
tally confirmed by measuring the release of the inhibitors the assay represent the fraction of enzyme free and rapidly
from the MtPNRBImmucillin and MtPNRBPQzelmmucillin dissociable ImmH at the time the assay was initiated. The
complexes (Figure 2, middle and lower panels). DADMe- assay contains excess P@ausing the rapid equilibration
ImmH has a higher affinity in the initial complex (1.3 vs  of MtPNPePOgelmmH from MtPNRImmH. The initial rate
6.6 nM) and a slower conformational relaxation (3.30°* upon dilution suggests that 43% of MtPNP exists as
s tvs 2.4x 1073 s71) than ImmH, both of which contribute  MtPNPsImmH following dilution to 100 nM enzyme and
to the decreased value f&&*. 200 nM, indicating a dissociation constant of 210 nM. Initial



Mycobacterium tuberculosiBurine Nucleoside Phosphorylase Biochemistry, Vol. 42, No. 20, 2005061

Table 2: Inhibition ofMycobacterium tuberculosiBNP by Immucillins

inhibitor Ki Ki* ks Ks
DADMe-Immucillin-H 1.3+ 0.1 nM 42+ 2 pM 9.9x 103s? 3.3x10%s?
DADMe-Immucillin-G 540+ 40 pM 24+ 1 pM 7.1x 1073 3.3x10*
Immucillin-H 6.6+ 1.0nM 650+ 20 pM 2.2x102st 24x103%st
PZ-DADMe-Immucillin-H 2.1+ 0.2nM no slow-onset none none
N4',9-Me-Immucillin-H 7.0+ 0.2 nM no slow-onset none none
1',9-Me-Immucillin-H 3.3+ 2.2uM no slow-onset none none

Scheme 2: Binding Equilibrium for Substrates, ImmH, and Me-ImmH, closely related to both ImmH and DADMe-

DADMe-ImmH to MtPNP ImmH (Figure 1). Inhibition of MtPNP by '19-Me-ImmH
PNP.PO, gave aK; value of 3.3uM with no indication of slow-onset
300 uM 6.6 nM inhibition in experiments similar to Figure 2. Th&pvalues
\ Y of N'.7 and_N-4 are unperturbed in this moIecuIe,_ but theT
NP PNP’PO‘ImmHZZX 107 s PNP*POsimmH additional dlsta_m(_:e b_et_ween the 9—d¢azahypo>_<ar_1thme leaving
24x103 ¢! group and the iminoribitol oxacarbenium ion mimic decreases

binding affinity by a factor of 5000 relative to ImmH and

/
N

210 nM
" 94 uM 54 000 relative to DADMe-ImmH. As shown below, this loss
PNP-ImmH of binding is proposed to result from misalignment of
H-bonds to 9-deazahypoxanthine and/or the iminoribitol

PNP-PO, group without compensation by a strengthened ionic interac-

300 uM 1.3 M tion between the bound phosphate anion and the cationic

nitrogen.
PNP PNP-PO4-DADMe—ImmH9'9X10-3 S_1PNP*.po4.DADMe,mmH Molecular Electrostatic Potential Surfaces for Inosine,
33x10% s ImmH, DADMe-ImmH, and’B-Me-ImmH Binding affinity

for transition state analogues correlates closely with the
similarity of geometry and molecular electrostatic potential
PNP-DADMe-ImmH surfaces to that of the actual transition stdt@) (Molecular
?The constant for phosphate is from &4, and all other constants  g|ectrostatic potential surfaces can be compared for inosine,
are determined as indicated in the text. the transition state, and the analogues described here. The

rate studies (Table 2) establish that phosphate tightens thegeometry of substrgte, transition .states, and transition state
initial complex to 6.6 nM (Scheme 2). A similar pattern is analogues were fixed to that imposed by MtPNP for
seen with DADMe-ImmH, except that incubation with calculation of the electrostatic potentials, and the bond orders
DADMe-ImmH in the absence of PGsequesters slightly ~ for the transition state were taken from bovine PNP (the only
more of the enzyme in the MtPNBPADMe-ImmH complex PNP transition state available; réB). The partial positive

for a dissociation constant of 80 nM, tightened by phosphate charge of the transition state for PNP is centered near C-1
in the ternary MtPNFPQOueDADMe-ImmH complex Kq of on the ribosyl group, and the partial loss of CN-9 bonding

1.3 nM). This complex does not completely dissociate during €lectrons to the leaving group increases ti& pt N-7

the 40 min assay period even in the presence of excesgCompare inosine with inosine at the transition state in Figure
inosine. These estimates of dissociation constants for binary3a,b). Inmucillin-H resembles the transition state more than
and ternary MtPNP complexes permit construction of substrate, but the cationic charge is centered on tie 4
thermodynamic equilibria for the rapidly reversible formation group rather than at C-lits location in the actual transition

of the ternary complexes. The rate constakgsand ks state (ref32, Figure 3c). The C-1to C-9 bond distance in
complete the description for formation and equilibrium of ImmH is fixed at 1.5 A because of the covalent bond, but it
the tightly bound forms following slow-onset inhibition is 1.8 A in the transition state. ImmH is a N-gation when

80 nM 9.7 uM

/
N

(Scheme 2). bound to MtPNP 3) giving the carbocation mimic but offset
Guanosine nucleosides are substrates for trimeric PNPsby one bond from the transition state cation. As a transition
and have similak.q but slightly lowerK,, values 81). We state analogue, ImmH has excess cation character but in bond

synthesized DADMe-ImmG to compare its affinity with geometry is more like substrate (1.44 A) than transition state
DADMe-ImmH. DADMe-ImmG is also a slow-onset inhibi- (1.8 A) or the product separation (3.7 A) for the Ctd. C-9
tor with K; andK;* values of 540 and 24 pM, respectively distance. The '19-Me-ImmH has increased separation be-
(Table 2). Conversion of the five-membered ring of the tween the purine and the ribosyl mimics, making the'C-1
purine analogue to a pyrazolo group gives PZ-DADMe- to C-9 bond distance approximately 2.4 A. The cation
ImmH with a decreasedqa at N-7 (8.6 vs 10) and tautomeric  remains at the'4ather than the'Jposition (Figure 3d). When
equilibrium with 77% protonation N-7 (re31; Figure 1). cationic transition state analogues are bound, close contacts
Pyrazolo substitution is unfavorable for MtPNP sincekthe  between the oxacarbenium mimic and phosphate odd&,r (
increases to 2.1 nM with this substitution, and no slow onset 16). The 9-deaza purine of ,9-Me-ImmH will be forced
inhibition is observed. An even greatér value of 7 nM is too far into the leaving group pocket, destroying the H-bond
found for N4,9-Me-ImmH, and no slow-onset is observed network to N-7, O-6, and N-1. These interactions are known
(Figure 1, Table 2). to be worth 710 kcal/mol in binding energy3d). The
Insertion of a methylene bridge between the 9-deazahy- oxacarbenium ion mimic on the molecular electrostatic
poxanthine and the iminoribitol groups of ImmH gives surface for DADMe-ImmH is located close to that of the
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Ficure 3: Molecular electrostatic potential surfaces for inosine (a), transition state for inosine (b), ImmH 9dy)etimmH (d), and
DADMe-ImmH (e). Surfaces depict the force a point charge experiences at a surface electron density of 8 mb (slightly inside the van der
Waals interaction surface). Red, blue, and green represent electron-rich, electron-deficient, and neutral regions of the molecule, respectively
Structures on the right provide orientation for those on the left.

C-1' anomeric carbon of transition state, and the elevated A from the position of the anomeric carbon and 3.1 A from
pKa at N-7 is maintained to establish N-7 protonation the N-4. NMR studies have established that theN4of
(compare Figure 3b,e). The increased distance between thémmH is protonated when bound to MtPNP; thus, an ion
ribosyl and the purine analogues is 1.0 A in DADMe-ImmH pair is formed in the complex with 3.1 A ionic separation
relative to ImmH, similar to 19-Me-ImmH, and it was (33). Moving the nitrogen from the'4postion of ImmH to
surprising that high affinity binding persisted. The interaction the I-position of DADMe-ImmH moves the cation to the
of DADMe-ImmH with MtPNP was examined by crystal- same position as the location of the partial positive charge
lography to explain the differences between ImmH and at the actual transition state. Computational analysis of
DADMe-ImmH binding. ribooxacarbenium ions have established that theing
Crystal Structure of MtPNP with DADMe-ImmH:he oxygen retains a partial negative charge while'Gyas a
complex with DADMe-ImmH and phosphate was solved by Partial positive charge3@). This permits a 2.7 A ion-pair to
molecular replacement using the previous structure of MtPNP form and is proposed to be responsible for the tight binding
with ImmH as the search model®). The trimeric subunit ~ of the DADMe analogues. The presence of the methylene
structure and monomer protein folds are unchanged by thebridge provides a geometric change by moving deazapurine
substitution of DADMe-ImmH for ImmH (Figure 4), and and pyrrolidine groups apart by approximately 1.0 A relative
the backbonet-carbon atoms overlap with an RMS-deviation to ImmH, forcing a closer contact between the repositioned
of 0.18 A. The 9-deazahypoxanthine base and phosphate iorfation and the bound phosphate. Oxygen-4 of bound
are bound in similar H-bond networks and in the same Phosphate is 2.7 A from N-bf DADMe-ImmH, strengthen-
positions in the protein as is ImmH. However, thenitrogen ing the ion-pair.
atom of the oxacarbenium ion mimic in DADMe-ImmH is Application of Coulomb’s law predicts-15.8 kcal/mol
moved closer to bound phosphate (Figure 5). The nucleo-increased binding energy for this distance (point charge
philic phosphate oxygen in the complex with ImmH is 3.3 interactions in a vacuum, dielectre 1), although a medium



Mycobacterium tuberculosiBurine Nucleoside Phosphorylase Biochemistry, Vol. 42, No. 20, 20035063

FiGurRE 4: Stereoview structures of the trimer (a), monomer (b), Bne F. of DADMe-ImmH (c) from the complex oM. tuberculosis
PNRDADMe-ImmHePO,. DADMe-ImmH is in red, and phosphate is in green in each panel.

M-“’"P'm':&"s';m"*"« M. ﬂ""""ﬂﬁ"t interaction bet\_/veen the phosphate and the imino group. For
\_NH: s \_NH: v the complex with DADMe-ImmH, the same analysis reveals
(} s 265027 e g, 5526927 e the loss of three of these H-bonds (Figure 5). However, the
mon 70 ¥ i.;,x' 1{ D zr°7°f more favorable ionic interaction with DADMe-ImmH com-
awar iz L) oione2s 1268 )i pensates for the loss of H-bonds at thédgdroxyl of ImmH
N W B, g and provides additional binding energy to alter Kgefrom
> / 28, -naor 650 to 42 pM. Assuming the dielectric constant of the closed
ot ;Ez, 20 s I‘?,.;_g 25, 05208 catal_ytic site to be near 2, the enhance_d_ionic interaction still
vez0 22;8‘%‘:}2{"2.'7'0-\'\‘:{5‘”0-"'90 . :S‘H?Z"'-‘g-lgo\.;;f'g-mﬂeu provides—7.9 kcal/mol, more than sufficient to compensate
ss0-""" o;"’“*oa\-\.;%a;_‘_:f”“ sa0-="" oﬂhc”{; o for the loss of the H-bonds.
30/ 27 N TUANTI A second difference in comparing MtPNP structures with
R e R e ImmH and DADMe-ImmH is the 3.1 A distance from 0-5

FiGURE 5: Catalytic site distances favl. tuberculosisPNP with to C-4 in the complex with DADMe-ImmH. PNP has been
ImmH or DADMe-ImmH and PQ in the catalytic sites. The  proposed to initiate ribooxacarbenium ion formation by
structure with ImmH is from Shi et al1€) and is included to permit  pejghboring group interactions from the ©&7 A above
comparison with DADMe-ImmH. and the O-4 of phosphate 3.1 A below theGt (ref 15;

of increased dielectric constant reduces the energy propor-Figure 5). Immucillin-H in the crystal is bound as the N-4
tionally. DADMe-ImmH lacks the 20H of ImmH and cation, attracting O-533). DADMe-ImmH has a carbon at
therefore has fewer hydrogen-bond interactions to MtPNP. this position, and the'Ehydroxyl relaxes to 3.1 A from this
Contacts in the complex of MtPNPnmHePO, include 13 site, within experimental error of the 3.0 A distance found
hydrogen bonds of 2.9 A or less, excluding the ionic in the product complex of hypoxanthine and ribose 1PO
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(15, 39). Despite the altered position of thel8/droxymethyl Table 3: Catalytic Site Distances Comparing PNP from Bovine and
group, the hydrogen bonds between théydroxyls of both Mycobacterium tuberculosis

ImmH and DADMe-ImmH and His243 and Tyr188 remain

ligand contacts

within crystallographic error. (MtPNP) bovine PNRIMMHePQ,  MtPNPImmHsPQ,
Transition State Mimics and the Reaction Coordinate of atom 1 to atom 2 A A
PNPs. Each of the tight-binding Immucillins have the g1891t0N1 2.9 2.7
cationic electrostatic potential that characterizes the transition E189 to Q, 2.6 2.7
state and the reacting atoms after they pass the transitionOw to O6 2.8 2.8
; . & A2342t0 O, 3.0 3.0
state barrier.N-Ribosyltransferases catalyze nucleophilic N231 t0 O6 51 30
displacements by electrophile migratiate]. At the transi- N231 to N7 28 2.8
tion state for PNPs, only a fraction of the ribooxacarbenium Y188 to O3 2.8
ion charge is formed because of residual bond order to the H243 to O3 2.9 2.5
leaving group 13). After passing the barrier, full oxacarbe- 8952?0'\8"3 %; %;
nium character develops on the energetically favorable path o3 1o 04 (Pq) 27 26
to bound products. Here, we compare the distances betweenss6 to 04 (PQ) 2.6 25
attacking nucleophile, anomeric carbon of the substrate or N4' to O4 (PQ) 2.8 3.1
i e C1 to 04 (PQ) 3.2 33

substrate analogue, transition state, and transition state

| through  th i dinate of PNP. This a0 02 e e
analogues  throug e reaction coordinate o . This pm207 t0 02 o8 28
comparison requires a composite of information from the s208to 02 (PQ) 2.9 2.9
homotrimeric PNPs. Substrate and product analogue com- O to O2 (PQ) 2.8 2.8
plexes use structures of the bovine PNP from the Ealick lab Xigg Eg 8'Nv g? gg
since these are the highest resolution structures available for ;56 1, 03 (PQ) 28 28
these complexes3b). The only experimental transition state 36 to 03 (PG) 3.0 2.9
information based on kinetic isotope effects is also from the H90 to O1 (PQ) 2.8 2.6
bovine enzyme, so these three structures are directly com-R8810 O1 (PQ) 3.0 3.0

parable. The only PNP with crystal structures of both ImmH 2 MtPNP has one water intervening between O6 and A234; bovine
and DADMe-ImmH is MtPNP. Thus, these two structures PNP has two waters.
are also directly comparable, and tK¢ values reported

here are from these same complexes. Both bovine and i

MtPNPs have been solved with ImmH and Aound and € NJ”

permit direct comparison of the catalytic site architecture. o F }1,3 A

The structures have been solved to 1.5 and 1.9 A, respec- ° ash

tively, and estimated coordinate errors are less tharR W b [ 20R

A. For covalent bonds, there is no significant error in bond P, N

length on our present scale of comparisons. PP transition state JH
Comparison of the distances between ImmH and &@ i

catalytic site contacts in MtPNP and bovine PNP have been
reported 16). Of the 24 contacts that characterize these
interactions, 20 are within th&0.2 A limit as shown in Table

DADMe-ImmH  OPO;

3. Exceptions include His243 to'-®, 0.4 A shorter in Kt =42 pht
MtPNPs; phosphate oxygens@ N-4, 0.3 A longer in D G v P
MtPNP; Ser208 to phosphate oxygen, ©.3 A longer in (N_f;j‘” gl/:}“"
MtPNP; and the Tyr188 to'50 is a 2.8 A interaction in 15“3 N
MtPNP that is not present in bovine PNP. Thus, the catalytic " S N PO
site contacts are closely related and permit the distance — w ' 41k O’Q 15 A
comparisons within the indicated error limits. 50, HO on OPOs

Our structural mimic of the Michaelis complex is bovine E-substrate E-products
PNRinosineSQ; in which the nucleophilic oxygen is 4.1 158 N9-C1* bond length () 288
A from the C-1, to give approximately 5.6 0.2 A in the 41A ~————C1-Obondlength — 154
reaction coordinate (the distance from O of the nucleophile Ficure 6: Reaction coordinate diagram for PNP based on the
to N9 of the leaving group purine, Figure 6; refé and transition state structure. The distances for substrate and product

35). Reaction coordinate motion in the PNP reaction involves complexes are from crystal structures of bovine PISE).(The

: . - . transition state structure was established from kinetic isotope effect
migration of C-1 from the purine toward the phosphate while analysis using the bovine enzyni(13). The structure with ImmH

the purine and phosphate remain stationaf).(The product s for MtPNP @4), and the structure with DADMe-ImmH is from
complex with hypoxanthine and ribose 1-phosphate indicatesthis paper.

3.8 A between the'iC and N-9 of the hypoxanthine, with

an additional 1.5 A to the'dphosphoryl bridge oxygen for  C-1' to N-9 bond at the transition state is 1.8 A, with the
the reaction coordinate distance of 53 0.2 A, within nucleophile 3.0 A below to give a reaction coordinate
experimental error of the reaction coordinate distance in the distance of 4.8+ 0.1 A, significantly compressed relative

Michaelis complex. Bond lengths in the transition state are to substrate or product Michaelis complexes.

established directly from kinetic isotope effects, and these We now analyze catalytic site interactions for ImmH and
limits of uncertainty are approximatelt0.1 A (13). The DADMe-ImmH to determine if these are substrate-like or
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product-like transition state mimics. ImmH bound to PNP knowledge is that relatives of both early and late transition
is substrate-like in the 1.5 A covalent bond between' C-1 state analogues can now be explored in attempts to ascend
and C-9 because of the phosphate anionic oxygen 3.2 A fromhigher on the slopes toward the transition state. The over-
C-1'. Its transition state character comes from the cation at the-barrier transition state analogues described here are the

the 4-N (33). The reaction coordinate distance (phosphate-O most powerful inhibitors described for MtPNP.

to C-9) is 4.7+ 0.2 A, within experimental error of the

distance for the actual transition state. However, the short REFERENCES

bond to the leaving group and the long bond to the
nucleophile clearly places this structure on the substrate side
of the transition state barrier in geometry, with the charge
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bi-product complexes, known to inhibit some enzymes.
However, the lack of phosphate in these inhibitors and the
presence of cationic charge distinguish them from true bi-
product analogues.

The methylene bridge of DADMe-ImmH increases the
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ConclusionsThis report establishes that different chem-
istries can be used to access both early and late features of
an enzymatic transition state. Either side of the transition
state barrier can be targeted and are both useful in the design
of transition state analogues. The significance of this
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