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Abstract: The transition state structure has been determined for the pH-independent solvolytic hydrolysisfof NAD
The structure is based on kinetic isotope effects (KIEs) measured for'féABbeled in various positions of the

ribose ring and in the leaving group nitrogen. The KIEs for reactions performed &CLB050 mM NaOAc (pH

4.0) were as follows: 22N, 1.020+ 0.007; 1-1C, 1.016+ 0.002; [14°N,1'-1“C], 1.0344 0.002; 1-°H, 1.194+

0.005; 2-%H, 1.1144 0.004; 4-*H, 0.997+ 0.001; 3-3H, 1.000+ 0.003; 4-180, 0.988+ 0.007. The transition

state structure was determined using bond energy/bond order vibrational analysis to predict KIEs for trial transition
state models. The structure that most closely matches the experimental KIEs defines the transition state. A structure
interpolation method was developed to generate trial transition state structures and thereby systematically search
reaction coordinate space. Structures are generated by interpolation between reference structures, reactant NAD
and a hypotheticaf ribo-oxocarbenium ion plus nicotinamigetructure. The point in reaction coordinate space
where all the predicted KIEs matched the measured ones was considered to locate the transition state structure. This
occurred when the residual bond order to the leaving group nicotinamiges, was 0.02 (bond lengti 2.65 A)

and the bond order to the approaching nucleophilg,rs, was 0.005 (3.00 A). Thus, bond-breaking and bond-
making in this AjDy reaction are asynchronous, and the transition state has a highly oxocarbenium ion-like character.

Introduction formly demonstrated that these reactions proceed through
transition states that are on the borderline betwegbyAand
Dn + An mechanisms for both nonenzymafic®® and en-
zymatié’~34 reactions, as have studies of nonenzymatit>40
and enzymatic NAD hydrolysisl?:18.35-37,41-43
Intrinsic KIEs report directly on events at the transition state
of the reaction. Specifically, KIEs reflect the change in the
vibrational environment of the labeled atom between the reactant
and the irreversible transition state(s) of the reaction. A
vibrationally less restrained environment, resulting from de-
tThis work was supported by NIH Research Grant Al34342 and a creased bond orders or changes in bond angles, will lead to
postdoctoral fellowship from the Natural Sciences and Engineering Researchnormal KIEs (i_e_, the |ight atom reacts more quickly than the

Council (Canada) to P.J.B. lightje/heavy, > i i i
* Corresponding author: phone, (718) 430-2813; fax, (718) 430-8565; heavy atom,S™k/™*=% > 1). A vibrationally more restrained

As the chemical benchmark for studies of the reactions
catalyzed by the ADP-ribosylating bacterial toxins, choleta,
pertussis;* and diphtheria toxif,the transition state structure
for the pH-independent solvolytic hydrolysis of NADias been
determined. Nucleophilic substitutions on glycosides (including
hydrolysis) have been studied by a variety of kinetic methods,
including the extensive use of kinetic isotope effééfs1®
(KIES™) to elucidate mechanism. Mechanistic studies have uni-

e-mail, vern@aecom.yu.edu. (16) Romero, R.; Stein, R.; Bull, H. G.; Cordes, E. H.Am. Chem.
® Abstract published irAdvance ACS Abstractdyovember 15, 1997. So0c.1978 100, 7620-7624.
(1) Rising, K. A.; Schramm, V. LJ. Am. Chem. S04994 116, 6531 (17) Bull, H. G.; Ferraz, J. P.; Cordes, E. H.; Ribbi, A.; Apitz-Castro,
6536. R. J. Biol. Chem1978 253 5186-5192.
(2) Rising, K. A.; Schramm, V. LJ. Am. Chem. S0d.997, 119, 27— (18) Ferraz, J. P.; Bull, H. G.; Cordes, E. Arch. Biochem. Biophys.
37. 1978 191, 431—-436.
(3) Scheuring, J.; Schramm, V. I. Am. Chem. So&995 117, 12653~ (19) Abbreviations: Cl, confidence interval; EIE, equilibrium isotope
12654. effect; KIE, kinetic isotope effect; LFER, linear free energy relationship;
(4) Scheuring, J.; Schramm, V. Biochemistryl997, 36, 4526-4534. NAD™, nicotinamide adenine dinucleotid&;s andny,, bond orders to the
(5) Berti, P. J.; Blanke, S. R.; Schramm, V.L.Am. Chem. S0d997, leaving group and to the incipient nucleophilg;-v, bond order between
119 12079-12088. atoms X and Yrx-y, bond length between atoms X and Y; TS, transition
(6) Craze, G.-A.; Kirby, A. J.; Osborne, B. Chem. Soc., Perkin Trans. state.

21978 357-368. (20) Sinnott, M. L.; Jencks, W. B. Am. Chem. Sod.98Q 102, 2026~
(7) Mentch, F.; Parkin, D. W.; Schramm, V. Biochemistryl1987, 26, 2032.

921-930. (21) Kneir, B. L.; Jencks, W. R1. Am. Chem. S0d.98Q 102, 6789~
(8) Withers, S. G.; Jullien, M.; Sinnott, M. L.; Viratelle, O. M.; Yon, J.  6798.

M. Eur. J. Biochem1978 87, 249-256. (22) Amyes, T. L.; Jencks, W. B. Am. Chem. S0d.989 111, 7888-
(9) Burton, J.; Sinnott, M. LJ. Chem. Soc., Perkin Trans1883 359~ 7900.

364. (23) Banait, N. S.; Jencks, W. B. Am. Chem. S0d.991 113 7951-
(10) Ashwell, M.; Guo, X.; Sinnott, M. LJ. Am. Chem. So4992 114, 7958.

10158-10166. (24) Banait, N. S.; Jencks, W. B. Am. Chem. S0d.991, 113 7958~
(11) Bennet, A. J.; Sinnott, M. L1. Am. Chem. Sod.986 108 7287 7963.

7294. (25) Cherian, X. M.; Van Arman, S. A.; Czarnick, A. W. Am. Chem.
(12) Guo, X.; Laver, W. G.; Vimr, E.; Sinnott, M. L1. Am. Chem. Soc. S0c.199Q 112 4490-4498.

1994 116, 5572-5578. (26) Huang, X.; Surry, C.; Hiebert, T.; Bennet, A.JJAm. Chem. Soc.
(13) Horenstein, B. A.; Bruner, Ml. Am. Chem. So02996 118 10371~ 1995 117, 10614-10621.

10379. (27) Sinnott, M. L.Chem. Re. 199Q 90, 1171-1202.
(14) Goitein, R. K.; Chelsky, D.; Parsons, S. M.Biol. Chem.1978 (28) Padmaperuma, B.; Sinnott, M. Carbohydr. Res1993 250, 79—

253 2963-2971. 86

(15) Horenstein, B. A.; Parkin, D. W.; Estupinan, B.; Schramm, V. L. k29) Legler, G.Carbohydr. Res1993 250, vii —xx.
Biochemistry1991, 30, 10788-10795. (30) Tull, D.; Withers, S. GBiochemistryl994 33, 6363-6370.

S0002-7863(97)01316-4 CCC: $14.00 © 1997 American Chemical Society



12070 J. Am. Chem. Soc., Vol. 119, No. 50, 1997 Berti and Schramm

environment will lead to inverse KIEhk/eank < 1. A family Scheme 1
of KIEs for substrates labeled at different positions provides  app-o -
sufficient information to make specific, quantitative statements \cs'HSI \ 0
about transition state structures. W oa tiZ N7,
Transition state structures for nonenzymaticand enzy- H4'M T T~
maticx% 7154550 N-ribosidic hydrolyses have been determined OH OH HeO  H
by analysis of families of KIEs using the bond energy/bond ADP-0O
order vibrational analysis meth&#>? The KIE at each labeled N _HS
position is predicted from the partition functions of the normal HCH oq H2' MY @\(o
vibrational modes derived from the reactant and the trial tran- Ha' “on* N1 7
sition state structures. The transition state structure is varied OH OH NH

until the predicted KIEs match the experimental ones. Analysis

synthesis of potent corr;ggt;tive inhibitors of nucleoside hydro- jnterpolation method of transition state prediction. The quality
lases, withKi’s to 2 nM: of the method can be judged on its ability to predict KIEs at
Transition state modeling from bond-vibrational methods has each labeled position that match the measured KIEs and to
previously been done on an ad hoc basis, that is, geometricalpredict a transition state structure in agreement with the literature
parameters that are expected to affect the KIEs are varieddata on NAD™ hydrolysis. A robust algorithm should ac-
individually in chemically reasonable models of the transition complish these goals with a minimum of arbitrary or ad hoc
state until the predicted KIEs match the measured ones. In thiSadjustments.
study, we have developed a method of transition state analysis The transition state structure for solvolytic NADydrolysis
based on structure interpolation between reference structures(scheme 1) has been solved using this approach. Comparison
An algorithm is used that predicts the structure of the substrate of this transition state structure with those for the enzymatic
molecule throughout reaction coordinate space. Trial transition yeactions will show how these enzymes modify the intrinsic
state structures are generated systematically, and the predicte@eaction energetics of the substrates to lower the transition state
transition state structure is the one that most closely matchesenergy. These results will also be relevant to other enzymatic
the experimental KIEs. ADP-ribosylation reactions such as poly(ADP-ribd8eand
cyclic ADP-ribosé&® synthases and other ADP-ribosyl trans-
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Figure 1. Reaction coordinate diagram. Positions in reaction coordinate
space are illustrated by plotting the leaving group bond ondley) En
the ordinate and nucleophile bond order on the abscisgq (Thus,
the reaction proceeds from the substrates in the lower left corner to
products in the upper right. A classicalyD+ An (Sv1) reaction
mechanism involves formation of an oxocarbenium ion intermediate,
with complete loss of the leaving group, before the nucleophile bond
order starts to increase. A concerted, synchronowdnA (Sn2)
mechanism follows the dotted diagonal line, where the increasg,in
at each point matches exactly the loss\af. Each point on the graph
represents one of 85 trial transition state structures for which KIEs
were predicted.

to calculate the individual bond orders from bond lengths and,
from those, the force constants associated with each individual
bond.

Structure Interpolation Method . Bond-vibrational model-

J. Am. Chem. Soc., Vol. 119, No. 50, 1992071

Trial transition state structures were interpolated between the
reactant NAD and the{oxocarbenium iont+ nicotinamidé
structures as a function of a wide rangenp§ andny, values;

85 structures with bond orders in the range 0-60B were
used. In the initial model, each internal coordinate (bond length,
bond angle, or dihedral angle) of the ribose ring was the linear
combination of the first and second reference structures. For
example, for a bond length in the ribosyl ringiygsy; t9

r

+ OC(r r

ribosyl,reac)

1)

where TS, react, and oxocarbenium stand for transition state,
reactant, and oxocarbenium ion, respectively.

The final method used a nonlinear combination of the
reference structures in the ribose ring. To match the KIEs of
nucleophilic substitutions on NADhaving highem,g s and
nwu,Ts than observed here, it was necessary to take transition
state imbalance effe®&%into account. A common manifesta-
tion of transition state imbalance is that resonance stabilization
of transition states occurs late in the reaction coordinate. In
the case of NAD, resonance stabilization of the oxocarbenium
ion by electron donation from O4nd by hyperconjugation with
the C2—H2' bond occurs late in oxocarbenium ion formation,
with ncr—o4, andncy—c2> becoming approximately exponential
functions of OC. The results of ab initio calculations on model
N-ribosides showed thatcy—o4, Which is diagnostic of the
ribose ring in general, varied as a function of “© rather

ribosyl, TS = rribo:syl,re.au:t ribosyl,oxocarbenium

ing of transition states is usually accomplished by adjusting than “OC” in eq 1. This is close to the value of the exponent,
individual geometrical parameters until they match measured “OC?’, predicted by Kresge (see refs 63 and 64). This will be
KIEs. This approach may not find the best or only solution fully described elsewhere. The hydrolysis reactions in this and
and may include a solution that is chemically unreasonable. the accompanying report had very high values of OC, so
Enzyme-produced effects may be unrecognized since it is nottransition state imbalance effects were small, and the KIE data
clear what the expected KIEs are. Also, the modeling processcould be fit adequately using a linear treatment of internal

is extremely time-consuming.
To address these difficulties, the structure interpolation

approach was developed in which an algorithm describes the

variation in molecular structure as a function of its position in
reaction coordinate space (Figure 1) and generates trial transitio

state structures. In this way, all the geometrical parameters are

varied at once in a systematic way. Predicted KIEs are
calculated for each structure using BEBOVIB, and the one that
most closely matches the experimental KIEs is selected.

In this approach, the structure of the ribosyl moiety of the

n

coordinates. The nonlinear treatment was used, however, for
the sake of consistency with future applications.

The internal coordinates within the nicotinamide ring were a
function ofn.g ts only. For example, for a bond length in the
nicotinamide ring Knic,t9)

Mic,Ts = rnic,react+ (1- nLG,TS/nLG,reac)(rnic,nic - rnic,reac)

wherernic nic is the corresponding bond length in the crystal

transition state was assumed to vary between the first and secondtructure of nicotinamidé®

reference structures only as a function ofat®carbenium ion
character(OC). By definition, OC= 0 in the first reference
structure, the reactant NADmolecule, and OG= 1 in the

second reference structure, the hypothetical oxocarbenium ion

that would be the intermediate in ayB- Ay mechanism. The
second reference structure also included the nicotinamide
molecule. OC was a function only of the bond orders to the
leaving group ffi.g ts) and nucleophiler(y, ts) in the transition
state model and to the leaving group in the reactary £aq):

OC=1- (nNu,TS+ r‘ILG,TS)/I"lLG,react

For example, to create a transition state model witkrs =

0.1 andnnyts = 0.1, if Nigreact = 0.8, then OC= 0.75.
According to this model, in a concerted, synchronoya
reaction where the loss of leaving group bond order equaled
the increase in nucleophile bond order, the structure of the
ribosyl moiety would not change at all in the course of the
reaction, except at H1

The geometry of Hlwas not a function of OC only, since
the bond angl&IN1-C1' —H1' would be affected by the relative
bond orders of the nucleophile and the leaving group. An
equation was used that takes into account the bond angles in
the reactant, oxocarbenium ion, and product structures, as well
as the higher tendency to planarity of the moréIsybridized
carbon of structures with high oxocarbenium ion character. The
bond anglen, ON1-C1'—H1', was adjusted according to the
following equations:

if nLG,TS = nNu,TS' then o= Qoxocarbenium

if N1s = M Ts then o= Qoxocarbenium
(aoxocarbenium_ arSP)[(nNu - nLG)/anP](l —0C)

(63) Bernasconi, C. FAdv. Phys. Org. Cheml992 27, 119-238.

(64) Richard, J. PTetrahedron1995 51, 1535-1573.

(65) Wright, W. B.; King, G. S. DActa Crystallogr.1954 7, 283—
288.
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if nLG,TS = nNu,TS! then a = aoxocarbenium+
(areact_ aoxocarbeniur}[(nLG - nNu)/nreac](l — 0C)

where nisp is the C1-01 bond order of the ADP-ribose
molecule found in the X-ray crystallographic structure of liver
alcohol dehydrogenase (PBfstructure: 5ADH). The angle
oyspis the “ON1—-C1'—H1' bond angle®” = 38.1°, optimized
for the structure of thei-ribose-5-phosphate moiety of ADP-
ribose from the 5ADH structure at the RHF/3-21G level of
theory using the program Gaussian®94.

CTBi. A computer program, CTBiGartesian coordinates
to Transition state structures BEBOVIB input usinginternal
coordinates) was written to generate trial transition state models.

It reads in structures in Cartesian coordinates, parses the

structures to find leaving group and nucleophile atoms and to
identify ring closures, converts the reference structures to an
internal coordinate system, then generates a series of transitio
state structures based on a listp§ ts and ny, 1s values, and
writes out the structures in polar coordinates for input into
BEBOVIB.

First Reference Structure: The Reactant State The
reactant state model of NADwas from the X-ray crystal-
lographic structure of the lithium salt of NADP® truncated to
nicotinamide mononucleotide with a monoanionic phosphate.
Hydrogens were added and optimized at the RHF/6-31G** level.
Unlike other (e.g., adenylyl) nucleotidés’*the conformation
of the ribose ring attached to the nicotinamide has a significan
effect on bond orders. Since KIEs are a function of the
differencesin vibrational modes between the reactant and

t
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endoand 2-endoreactants (ribosyl rings, in general, have weak
conformation preference in solution and would be expected to
exist in a combination of statéy. Only the 3-endoreactant
gave calculated KIEs that matched the measured KIEs. NMR
spectra of NAD and nicotinamide mononucleotide in solution
indicate an unusual distribution of conformers skewed toward
the 3-exoand 2-exoconformationg? with a predominance of
the 3-exo conformer’” These conformers have not been
observed for pyridine nucleotides in the solid state but may be
favored in solution because of electrostatic interactions between
the anionic phosphate and the cationic aglycone. Like the 3
endoconformer, the lone pair orbital of the ring oxygen is nearly
antiperiplanar to the C+N1 bond in the 3exoand 2-exo
conformations. The bond lengths in the ribosyl ring of these
conformers, and therefore the resulting KIEs, are expected to
be closer to those produced using theBdoconformer as the
eactant model. In locating appropriate transition state struc-
ures, a model based on theehdoconformer was required to
match the measured KIEs, while theéhdoconformer as the
reactant model did not provide agreement for any combination
of g 1s andnyy,ts

The 3-exoand 2-exoconformations would be expected to
be more reactive than thé-@ndoconformer. Jones and Kirfs/
showed a correlation between-© bond length and reactivity
and estimated that the free energy of activation for unimolecular
heterolysis decreased with increasing reactant bond length by
250 kcatmol-A-1, Assuming that the same effects obtain
for C—N bonds and that the energies of activation are of the
same magnitude, then given an average differencref—n1

transition state structures, the reactant model is as important in= 0-05 A, the free energy of activation fof-8ndoconformers
determining the predicted KIEs as the transition state. In a Would be 12.5 kcamol™* lower than for 2-endoconformations.

comparison of five X-ray crystallographic structures of NAD

in the 3-endoconformatior? versus 4 structures in thé-2ndo
conformation’3 the 3-endostructures had lower bond orders
by 0.17 for C4—04 and C1-C2, 0.15 for C1—-N1, and higher

by 0.03 for C1-0O4. These differences may arise partly from
the anomeric effect in the-8ndoconformation, where interac-
tion of the lone-pair electrons of the ring oxygen antiperiplanar
to the C1—N1 bond would lead to a lengthening of the'€1
N1 and C4—04 bonds and shortening of the G104 bond.

In the 2-endoconformation, the angle between the'€l1
bond and the lone pair electrons is wider, leading to a weaker

However, when the different conformers are in rapid equilibrium
in solution, the difference in reactivity will have no effect on
the KIEs.

Second Reference State Structure: The Oxocarbenium
lon + Nicotinamide. The starting point to establish the
structure of the oxocarbenium ion model was the X-ray
crystallographic structure of ribonolactoffe. The carbonyl
oxygen was changed to hydrogen, a phosphate group derived
from the NAD' structure was added, and all atoms were
minimized at the RHF/6-31G** level, with minimal bond bend
and torsional constraints added to prevent the anionic phosphate

anomeric effect. Similar effects have been observed betweenfrom forming a covalent bond with C1 The nicotinamide

axial and equatorial acetals af@dglucosides

In attempting to locate the transition state, no combination
of n_g ts andnyy s could be found that matched the measured
KIEs when using a "2endoreactant or a combination of-3

(66) Bernstein, F. C.; Koetzle, T. F.; Williams, G. J. B.; Meyer, E. F.,
Jr.; Brice, M. D.; Rodgers, J. R.; Kennard, O.; Shimanouchi, T.; Tasumi,
M. J. Mol. Biol. 1977, 112, 535-542.

(67) The angle between the CIH1' bond and the normal to the plane
defined by the atoms OACY, and C2

(68) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.; Stewart, J. P.; Head-
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94, Résion C.2 Gaussian,
Inc.: Pittsburgh, PA, 1995.

(69) Reddy, B. S.; Saenger, W.; Muhlegger, K.; WeimannJGAm.
Chem. Soc1981, 103 907-914.

(70) Moodie, S. L.; Thornton, J. MMucleic Acids Redl993 21, 1369-
1380.

(71) Gelbin, A.; Schneider, B.; Clowney, L.; Hsieh, S. H.; Olson, W.
K.; Berman, H. M.J. Am. Chem. Sod.996 118 519-529.

(72) Reference 69 and PDBstructures: 1GEU and 2NAD (two
independent NAD molecules per structure).

(73) PDB structures: 1HLD (two NADmolecules), 20HX, and 1LDM.

molecule was the X-ray crystallographic structffrewith
hydrogens added and optimized at the same level of theory.
Hyperconjugation at H2'. The Hartree-Fock method used
for structure optimization is inherently unable to reflect the
electron correlation effects necessary to model the hypercon-
jugation that is observed in thg-secondary (2°H) KIE.
Hyperconjugation arises from the interaction of the occupied
m-symmetry orbital of theg-carbon, C2 with the developing
vacant p-orbital of the anomeric carbon as the leaving group
depart& (Figure 2). This leads to a lengthening of the' €2

(74) Briggs, A. J.; Glenn, R.; Jones, P. G.; Kirby, A. J.; Ramaswamy,
P.J. Am. Chem. S0d.984 106 6200-6206.

(75) Altona, C.; Sundaralingam, M. Am. Chem. Sod973 95, 2333~
2344,

(76) Oppenheimer, N. J. [fihe pyridine nucleotide coenzymé&wverse,

J., Anderson, B., You, K.-S., Eds.; Academic Press: New York, 1982; pp
51-89.

(77) Oppenheimer, N. J. IRyridine nucleotide coenzymd3olphin, D.,
Poulson, R., Avramovic, O., Eds.; Wiley-Interscience: New York, 1987;
pp 185-230.

(78) Jones, P. G.; Kirby, A. J1. Am. Chem. Sod 984 106, 6207
6212.

(79) Kinoshita, Y.; Ruble, J. R.; Jeffrey, G. Rarbohydr. Res1981
92, 1-7.

(80) Hehre, W. JAcc. Chem. Red975 8, 369-376.
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Table 1. Kinetic Isotope Effects on Hydrolytic Solvolysis of
NAD™ at 373 K

H2' — = predicted
Q\ . O KIE at
G2 label of exptl KIE transition
\ interest KIE type (£95%CIp nP staté
02 1-15Nd primary, leaving  1.0204+0.007 8  1.020
Figure 2. Hyperconjugation at H2Interaction of the vacant p-orbital group
of C1' of the oxocarbenium ion with the occupieesymmetry orbital 1'-14ce primary, anomeric 1.0164+0.002 8  1.019
of C2 leads to C1-C2 sz-bonding. Concomitant with increasagh-c> carbon
are decreases imz_n> andncr—os. This interaction leads to a large, ~ 1-°N.1-**C"  double primary 1.0340.002 6
normal 2-3H KIE. 13 a-secondary 11940005 5 1.198
2'-3H9 B-secondary 1.1140.004 7 1.11#
13 —
H2' bond, which in turn causes the large®® KIE. As would g’-SEE g_zgggﬂggg g:ggi 8:88; 13

be expected, the'2H KIEs predicted from the Hartreg=ock 41180y a-secondary 0988 0.007 3 6.986

optimized structure were much lower (approximately 1.02) than = Exoormental KIEs determined bv PJ.B. and Kathieen A Risi
P i xperimenta s determined by P.J.B. and Kathleen A. Rising.
the measgred KlES for.oxocarbenlum lon .Ilke.transmon states. The KIEs reported for this reaction in Rising and Schr&mmare based
Hyperconjugation was incorporated by adjusting the oxocarbe- on ‘most of the same data but were “normalized” to 310 K for
nium ion structure. Decreasimg>—n2, With an equal increase  comparison with cholera toxin-catalyzed hydrolysis. The KIEs reported
in ncr—c2, and decrease incr—os conserved the total bond  here are the experimental KIEs as measured for the reaction at 373 K.

_ | - b . . > ~
rder 1an n for h rcon ion. Decr in Number of independent, quadruplicate determinatiéngg rs = 0.02

orde tq Ctha d accobu t.ed ° %peocg)ssjaugato %C f;?zg andny, ts= 0.005.9 Labeled substrate: [BN,5-“C]NAD*. Remotely

Ncz-Hz IN e oxocarbenium ion by U. gave a predic labeled substrate: 4H]- or [5'-*H]NAD *. ¢ Remotely labeled sub-

®H KIE that matched the measured KIE. These changes hadstrate: [4-*H]- or [5'-*H]NAD®.Labeled substrate: [1N,1'-
no effect on the predicted-1*C and 11°N KIEs since the total 14CINAD*. Remotely labeled substrate: '#H]- or [5'-3H]NAD™.
bond order to C'ldid not change. The predicted-#0 KIE ¢ Remotely labeled substrate:'{3CJ- or [8-CA]NAD*, in the adenine

: i ring. " Hyperconjugation was modeled by making the predictetH2
became less inverse due to the decreasgiinos, more closely KIE match the experimental KIE exactlyMeasured by positive-ion

matching the measured KIE. The-2 KIE for diphtheria whole-molecule mass spectrometry. Labeled substrate*QdNAD .

toxin-catalyzed hydrolysis was successfully predicted using the

same extent of hyperconjugatidn. _ determined by mass spectrometric analysis as described in the
BEBOVIB Calculations. KIEs were calculated with BE-  fo|iowing pape® At 100°C and pH 4.0, NAD is hydrolyzed

BOVIB, using a cutoff model of the reference structures that exclysively to ADP-ribose and nicotinamide with a rate constant

included all atoms within two bonds of the isotopic labels, giving of k = 5.3 (- 0.7) x 104 s™L. The rate was unaffected by

a *highly proper"* cutoff model. KIEs were calculated for \arying [NaOAc] from 0.01 to 1.0 M (not shown), showing

all isotopic labels using the same cutoff model. The cutoff nat there is neither a salt effect nor general base catalysis.

models were the input for the program CTBi. The intemal  The measured'£H KIE = 1.194- 0.005 is somewhat larger
coordinates used in the BEBOVIB calculations were similar to than the previously reported-1H KIEs for pH-independent

those used by Horenstein et #but with bond stretching and hydrolysis of NADF,17 NMN*,17 and nicotinamide ribosidé

bond angle bending force constants taken from the AMBER 4t 25°C when the SwainSchaad relationship is used to convert
force field of Kollman’s group* after conversion to appropriate 24 to 34 KIEs® and a temperature correction applféd.

units. Torsional force constants were from Vasko é¥al. Previous reports gavii-equivalent isotope effects of 1.12, 1.16,
The reaction coordinate for a bimoleculary@y) reaction  anq 1.17, respectively. Both the SwaiBichaad and temper-
was generated by coupling the ‘€N1 and C1-O bond ature corrections are approximate, and significantly lower

stretches with an interaction force constant of 1.1, such that measured KIEs are observed without full correction of the KIEs
the asymmetric N*C1'—O stretch had a negative force 5 09 reactior$® Thus, the measured-3H KIE is in reasonable
constant. This creates the reaction coordinate, a normal mode agreement with previous measurements.

with an imaginary frequency. Inversion of the anomeric carbon  The error range for the measured KIEs is reported as the 95%
was effected by coupling the CIN1 and C1-0O bond stretches  gnfidence interval (CI). Isotope effects 8iH or 14C, where

to bond’angle b’endsxc_tl'—Y, where X= N1 or O and Y= the opposite label was used as the remote reporter, gave
cz, 0843' or HI, with interaction force constants of or confidence intervals a£0.001 to+0.005. Despite having eight
—0.05% The reaction coordinate for a\Dt- Ay reaction was  jngependent quadruplicate determinations, the error range for

generated by giving the CN1 bond stretch a small, negative  {he 115N KIE, 0.007, was greater than that of the other KIEs

force constant-0.005 mdyn/A, which gave rise to animaginary  and that of the diphtheria toxin-catalyzed hydrolysis of NAD
frequency that was the reaction coordinate. Inversion of the (1.1s\ KIE = 1.030+ 0.004)585 The reason for this variability

anomeric carbon was as above. For atransition state involvingjn the measured KIE is not known. To confirm the accuracy

nucleophilic attack onto an oxocarbenium ion, the reaction of the value, the double primary BN, 1'-14CINAD™ KIE was
coordinate was created as for @ B Ay reaction, butwiththe 5150 measured. As required, the product of the individtal 1
C1—0 bond stretch having the negative force constant. 14C and 15N KIEs, 1.036, is within experimental error of the
measured double [4C,11°N] KIE, 1.034 + 0.002. This
measurement was made with a good confidence interval and
Primary, a-secondaryj-secondary, and remote KIEs were confirmed the value of 1.020 for the¥N KIE. The 4-180
measured by théH/*“C competitive label method, as described KIE determined by the dual-remote radiolabel technique also
previously (Table 1). The ring oxygen,'480, KIE was had a high variability, 0.984t 0.024 after four independent

Results

(81) Cornell, W. D.; Cieplak, P.; Bayly, C. |.; Gould, I. R.; Merz, K. (83) Markham, G. D.; Parkin, D. W.; Mentch, F.; Schramm, V.JL.
M., Jr.; Ferguson, D. M.; Spellmeyer, D. C.; Fox, T.; Caldwell, J. W.; Biol. Chem.1987 262 5609-5615.
Kollman, P. A.J. Am. Chem. S0d.995 117, 5179-5197. (84)3H-KIE = (?H-KIE)144

(82) Vasko, P. D.; Blackwell, J.; Koenig, J. Carbohydr. Res1972 (85) KIEz7ak = exp[(298/373) In(Klkgs k)]

23, 407-416. (86) Northrop, D. B.Annu. Re. Biochem.1981, 50, 103-131.
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quadruplicate determinations. The similarity of the average KIE,
0.984, to the KIE determined by mass spectrometry, 0888
0.007, must be considered fortuitous in light of the error range
and is not included in Table 1.

Discussion

The KIEs of NAD" hydrolysis clearly indicate an oxocar-
benium ion-like transition state. The primafN KIE indicates
significant, but not complete, CN1 bond cleavage at the
transition state. The small primary-¥*C KIE indicates low

Berti and Schramm

of water and methanol rather than their nucleophilicitieEnere
is no experimental evidence on the stereochemistry of hydroly-
sis, but methanolysis gives a ratio of inversion:retention of the
anomeric carbon of 22{ 2):1% in the pH-independent range,
implying that the oxocarbenium ion does not diffuse away before
the nucleophilic attack. The 330-fold decrease in the rate of
hydrolysis of a riboside analogue with a bulky substituent that
prevents “backside” solvati@hargues for preassociation of the
nucleophile and against a\D+ Ay mechanism.

The chemical evidence favors the preassociation of the water

bond order to the approaching nucleophile, and the large, normalnucleophile with NAD (keeorg), followed by a concerted, asyn-

secondary t*H and 2-°H KIEs, along with the inverse
secondary 4180 KIE, are consistent with an oxocarbenium ion-
like transition state.

Mechanism and Oxocarbenium lon Lifetime The kinetic
scheme in eq 2 shows possible routes for NARydrolysis,

Nic HO
k
NAD* L Rib*eNic . Rib* SN RibOH
ko dissoc KHzo
H0
t Kroorg @
3
H,0:*NAD* H,0:*Rib*eNic RibOH + Nic

concert

where Rily is the ribo-oxocarbenium ion of ADP-ribose, RibOH
is the product ADP-ribose, and Nic is product nicotinamide.
The upper pathway is for ap+ An mechanism, while the
bottom pathway is for an #Dy mechanism. Whether a neutral/
ion/neutral “sandwich” (HO-Rib™-Nic) occurs on the RADy
pathway cannot be determined by chemical or KIE evidence.
Nucleophilic association and attack on the ion/neutral complex
(Rib*-Nic) was not considered since the rate of nucleophile
association is lower thakyisso38788.

Nucleophilic substitution reactions of glycosides and related
compounds have been consistef#i#-278%bserved to proceed
through transition states with substantial oxocarbenium ion
character in the glycone. These reactions exist on the borderlin
between @ + An (Sy1) and A\Dn (Sv2) mechanisms. The
experimentally determined Brgnsted coefficiepig;, of —1.1
for enzymatié>*2and—0.9 for nonenzymatf€ NAD* hydroly-
ses indicate a dissociative, oxocarbenium ion-like transition state
that could arise from either a\D+ Ay or an asynchronous
AnDn mechanism.

In the analysis of Jenck8,°1the rate-determining step, and

[S)

chronous nucleophilic displacement of nicotinamiétgcen,
giving an A\Dny mechanism. In this case, the reaction will have
low selectivity between nucleophiles, and it will go with
inversion of configuration at the anomeric carbon (eNAD*
to a-ADP-ribose). Even though NADis surrounded by water,
a significant amount of entropy must be lost from bulk water
to reorganize and preassociate with NADThis is reflected
by the inclusion okweorg The chemical evidence against @ D
+ An mechanism (cited above) are all consistent with an
asynchronous 4Dy mechanism.

Transition State Structure. Transition State Structure
and Mechanism In the BEBOVIB analysis of KIEs, three
reaction coordinate motions are possible: (1) cleavage of the
C1'—N1 bond without nucleophile participation (unimolecular
dissociation), (2) attack of the nucleophile on’'@land (3)
concerted approach of the nucleophile and departure of the
leaving group. In the latter case, the reaction is concerted.

The chemical evidence against & B- Ay mechanism was
supported by the difficulty in matching the KIEs for a unimo-
lecular dissociation reaction coordinate. First, if an oxocarbe-
nium ion intermediate existed, then the primap} KIE for
complete cleavage of the CIN1 bond would have to be at
the equilibrium limit of 1.0273-% greater than the measured
KIE of 1.020% The experimental 32N and 1-14C KIEs could
be reproduced fon_ g s ~ 0.2, with a solvating water (not in
the reaction coordinate) in the place of the nucleophile, with
bond order to C1~ 0.15. This combination of bond orders
reduces the oxocarbenium ion character of the predicted
transition state and makes it impossible to match any of the
1'-3H (calculated KIE= 1.010), 2-3H (1.065), or 4180 (0.995)
secondary KIEs. Also, this would be inconsistent with such
chemical evidence as the highg of hydrolysis.

An excellent match of predicted and measured KIEs for an

therefore the structure of the transition state, depends on theANDn mechanism was found, with.g,rs = 0.02 andnuts =

stability of the oxocarbenium ion, whether it has a real existence
in solution. If the oxocarbenium ion is stable enough for it to
separate diffusionally from nicotinamide (approximately %0

s), then the reaction becomes stepwise,\a1bDAy reaction.
Chemical evidence in the literature rules this out in the case of
NAD™ hydrolysis. For this mechanism, product partitioning
would show high selectivity between nucleophiles and give a
mixture of inversion and retention of configuration at the
anomeric carbon since the nucleophile could approach the
solvent-equilibrated oxocarbenium ion from either direction.
Experimentally, nucleophilic substitutions of pyridine nucleo-
tides are highly or completely insensitive to the nature of the
nucleophile; for example, for nucleophilic substitutions on
NAD™, the products partition as a function of the molar ratios

(87) Amyes, T. L.; Jencks, W. B. Am. Chem. S0d.989 111, 7900-
7909.

(88) Richard, J. PJ. Org. Chem1992 57, 625-629.

(89) Jones, C. C.; Sinnott, M. L.; Souchard, I. JJLChem. Soc., Perkins
21977, 1191-1198.

(90) Jencks, W. PAcc. Chem. Re<98Q 13, 161-169.

(91) Jencks, W. PChem. Soc. Re 1981, 10, 345-375.

0.005 (Figure 3, Table 1, Table S1 (Supporting Information)).

(92) This is not chemically reasonable since it would require (unreason-
ably) that the leaving group be present, but not in the reaction coordinate.
If the leaving group has diffused away, then the irreversible step has occurred
and the correct reaction coordinate motion is unimolecular dissociation
(above). For this reason, this mechanism will not be considered further.

(93) The semiclassical limit for al¥N KIE for loss of a full bond order
is 1.035 at 100°C%* but given the low leaving group bond order in the
reactantn ¢ = 0.77, and the increase in the ring-C bond orders in the
product nicotinamide compensating for loss of thé-&@\1 bond, the limit
for this reaction is smaller. The equilibrium isotope effect (EIE) oftN.-
for protonation of 3-acetylpyridine was 1.039The prediction that EIEs
for methyl transfer would be 0.6% higher gives a predicted EIE of 1.025
for methylation of 3-acetylpyridine. This is very similar to thé>N EIE
= 1.027 predicted here.

(94) Huskey, W. P. IrEnzyme mechanism from isotope effe€sok,

P. F., Ed.; CRC Press Inc.: Boca Raton, FL, 1991; pp &7.

(95) Kurz, J. L.; Pantano, J. E.; Wright, D. R.; Nasr, M. M.Phys.
Chem.1986 90, 5360-5363.

(96) Although it could risk becoming circular logic to judge possible
transition state models on the basis of the measured KIEs when one of the
stated purposes of the study is to test the methods of modeling transition
structures from KIEs, the magnitudes of the effects invoked here and in
the next paragraph are large enough that the details of the model will not
affect these arguments.
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conformation, the N+C1' —C2—H2' dihedral angle is-59.8,
versus 0.1 in the 3-exo conformation. Given the angular
dependence of hyperconjugati®®a 2-3H KIE as large as
observed here can only occur with ‘agkoconformer; that is,
the conformation of the oxocarbenium ion is constrained by
the magnitude of the'22H KIE to be 3-exa The 4-180 KIE

= 0.988 is similar to that measured for the ring oxygen, 0.991,
during hydrolysis of methyB-glucosidel! It is inverse because
the environment of the ring oxygen becomes more vibrationally
restricted by the increase mcr—os from 0.96 in the reactant
to 1.73 in the transition state.

The structure of the ribosyl moiety in the transition state
changes in response to the loss of bond order toadd its
rehybridization toward planar 3gFigure 4a). The ring atoms
C4—04—-C1—C2 become coplanar because of the increased
double-bond character in the G4C1 and C1-C2 bonds. The
bond ordemcy—o4 increases by 0.77, due largely to resonance
stabilization of the increased positive charge ori; @¢1—c2
increases by 0.23 due to inductive effects and hyperconjugation;
Ncz-n2 decreases by 0.032 due to hyperconjugation. The bond
isotopic label, the colored area represents the match of the predictedordemCl"Hl' Increases t_)y 0.023, but_the tendency of the higher
with the experimental KIEs as a function ofe and ny, in the type bond order to give an inverse KIE is off_set by the decreased
reaction coordinate diagram. The light shading represents the 95% 0ut-of-plane bending force constants to give the large measured
confidence interval of each measured KIE, with dark shading represent- 1'-*H KIE = 1.194. Bond orders within the nicotinamide ring

0.04

(50.08
—

0.20 - -
0.00 0.04 0.08 0.12 0.16 0.20

NNy

Figure 3. Match of predicted versus experimental KIEs. For each

ing the exact measured KIE (approximatety0.001): blue, 1N;

red, 1-%C; gray, 1-°H; green, 2°H; orange, #'%0. The predicted
transition state structure is indicated by *. Only the top left (dissociative)
corner of reaction coordinate space is shown.

also change as it proceeds from a formally positive nitrogen in
the reactant to being neutral in the nicotinamide product. The
Nn1—c2 andnyi—ce bond orders of the nicotinamide increase by
a total of 0.065.

The electrostatic potential surface reflects changes in the

The shaded bands in Figure 3 show the structures in reactionelectron distribution of the molecule (Figure 4b). With the loss
coordinate space where the KIEs predicted by the programof the CI—N1 bond, the nicotinamide ring becomes neutral
BEBOVIB match the experimental KIEs. Because of the shapes gnd the positive charge is localized in the ribosyl ring at the
of the areas where the predicted and experimental KIEs match transition state. The formal positive charge in the reactant (left
the location of the best match in reaction coordinate space iSStructure) appears as regions of positi\/e (red) electrostatic
unambiguous. The predicted"IN KIE matches the experi-  potential delocalized throughout the nicotinamide ring and into
mental KIE exactly. So does thé-2H KIE, because the extent  the ribosyl ring. In the transition state, that charge is localized
of hyperconjugation was selected to match the experimental into the ribosyl ring, as is visible in the structure of the transition
KIE. The predicted 4'%0 and 1-°*H KIEs are within the 95%  state without the water nucleophile (mid-left). The protons of
Cl of the experimental ones. Only the predictédC KIE = the water nucleophile in the transition state (mid-right) appear
1.019 falls outside the experimental range 1.0£60.002. more electropositive than isolated water (right), reflecting
Considering that this is a primary KIE, with large changes in polarization of the oxygen during nucleophilic attack.
bond orders and angles occurring at this center, such a small other Chemical Evidence The concerted asynchronous
discrepancy is quite acceptable. transition state is consistent with all of the chemical evidence

The experimental KIEs are qualitatively consistent with an cited above. It is also consistent with other observations: (1)
oxocarbenium ion-like transition state and are similar to those The rate of NAD" hydrolysis is pH-independent at pK 6.538
determined previously for other nucleophilic substitutions of Wwith such a low bond order to the electrophile at the transition
glycosides. The '#H KIE is close to that observed for other  state, the nucleophile will have a lower energy as a neutral water

N-riboside hydrolyses'>444547.4%nd indicates a highly dis-  molecule, than as a hydroxide ion. (2) The entropy of activation
sociative transition state structure. A more concerted reaction of NAD* hydrolysis is low; with reported values ofSF = —3.5

would be expected to have a more sterically crowded environ- + 2.5 cal/(moiK)®® and —0.54 cal/(moiK),4! traditionally
ment at the °H, and therefore a lower KIE. The size of the considered a sign of a unimolecular dissociation or a “loose”
2'-%H KIE clearly indicates hyperconjugation of the '€H2 transition state structuf®. (3) A semiempirical study of the
bond with C1 (Figure 2) and is close to KIEs observed for gas phase transition state of nicotinamide riboside hydrolysis
other N-riboside hydrolyses'>4>4#49 and for hydrolyses of  suggested a highly oxocarbenium ion-like transition state
gluco+! and sialylglycoside$? The magnitude of hypercon-  structurel® As discussed by the authors of that study, hydrogen
jugation, as distinct from inductive effects, depends strongly bonding is observed between the nucleophilic water and 2
on the angle between the GH2' bond and the p-orbital on  OH, which contributes to the higher predictag, rsin that study
CZ, being maximal when they are eclipsed or anti and zero than determined here. (4) Studies of nucleophilic substitutions
when the angle is 9¢°":% In the oxocarbenium ion, resonance  with numerousN- and O-pyranosyl and furanosy! glycosides
stabilization within the ribose ring results in atoms'€@4' — have constantly indicated reaction mechanisms near the border
C1'—C2 being coplanar. As a result, the only available ring between ADy and Dy + Ay.232427.89 Again, NAD* hydrolysis
conformations are C3ndo and C3-exa In the 3-endo is consistent with this rule.

(97) Sunko, D. E.; Szele, I.; Hehre, W.Jl.Am. Chem. Sod.977, 99,
5000-5004.

(98) Schramm, V. L. IrEnzyme mechanism from isotope effeCizok,
P. F., Ed.; CRC Press Inc.: Boca Raton, FL, 1991; pp-388.

(99) Jencks, W. PCatalysis in chemistry and enzymolodyicGraw-
Hill: New York, 1969.

(100) Schroder, S.; Buckley, N.; Oppenheimer, N. J.; Kollman, RL.A.
Am. Chem. Sod992 114, 8232-8238.
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Transition state, Transition state, Nicotinamide.
Rsaciant no nucleophile water nucleophile ““W“':E't::-_““ ion.
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Figure 4. Structures of reactant, transition state with and without the water nucleophile, and the hypothetical oxocarbenium ion, with independent,
noninteracting nicotinamide and water molecul@s.Atoms present in the cutoff models used in BEBOVIB calculations are colored by element;

all others are colored gray. Changes in bond order between the reactant and the transition state are indicated. All atoms within two bonds of the
isotopically labeled positions were included in KIE predictions, yielding “highly proper” cutoff mSééts.Electrostatic potentials projected onto

the molecular surfaces of the full molecules in the same orientation as in part areditbpresentingoositive electrostatic potential andlue
representingiegatie potential. Calculations were done at the RHF/6-31G** level. Molecular surfaces are at an electron density efd@682

and the electrostatic potential spectrum is frerd.1 (blue) to 0.1 hartree/red).

Transition State Structure and Sncy. The total bond order  Becke’s exchange functiortét and Perdew and Wang's cor-
to CI in the transition state structurgncr ts = 3.92, is higher relation functional®® with the 6-31-G** basis set, where
than in the reactanty ncy react = 3.62. This stems from the  Yncrr1s = 3.82.
fact that the structure of the transition state was interpolated The increasein Yncy in a dissociatve transition state
between the reactant and the ab initio optimized oxocarben- structure is explained by consideration of the molecular orbitals

ium ion, which hady nc1 oxcarbenium= 3.98. This counterintui- involved (Figure 5) and by inductive effects. In reactant NAD
tive result was also observed in the transition state structuresthe region of the anomeric carbon, 'Cls electron deficient
of NAD™ hydrolysis catalyzed by cholefapertussis, and relative to the ring oxygen, O4 This can be compensated for

diphtheri& toxins. The cholera and pertussis toxin transition only by forming a stronges-bond since the $phybridization
states were modeled using the “ad hoc” method, without using of C1' is maintained by the C+N1 bond. There are (evidently)
guantum chemically derived reference structures for guidance.limits to how much shorter the CXO4 bond can be made. In
In those cases, it was possible to match the predicted to thethe oxocarbenium ion, however, Checomes sphybridized
measured KIEs only by havingncy ts higher thany ncy react and the empty p-orbital can formabond with O4, which
The same effect is seen for the oxocarbenium ion optimized ™ (101) Becke, A. DPhys. Re. A 1988 38, 3098-3100.

using an hybrid density functional theory minimization using (102) Perdew, J. P.; Wang, Phys. Re. B 1992 45, 13244,
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and transition state. Although both the reactant and transition
state are surrounded by solvating water molecules, they are not
included explicitly in the model because their position would

N not be able to reequilibrate during the reaction. The exception
QSV SQ is the water molecule that enters the reaction coordinate and
b8 i becomes the nucleophile. The estimatggrs = 0.005 at the
& % - </ transition state represents threreasein interaction between
Cc2' the nucleophilic water and NADbetween the reactant and the

transition state. To illustrate the point, if the nucleophilic water
is present with an unreasonably high bond order of 0.1 to C1
of the reactant structure (and thereforg ts ~ 0.105 in the
transition state), only small changes in the transition state
structure occur. Even thougly, tsis small, it was not possible
to match the experimental KIEs without including the water
nucleophile.

Transition State Determination from KIEs by Structure
Interpolation. Reliability of the Transition State Structure .
also has increased %pharacter due to the increasegh—oq. The reliability of transition state structures derived from KIEs
Hyperconjugation of the C2H2' bond with the C1p-orbital are difficult to assess since KIEs provide information that is
also contributesz-bonding. Second, the positive charge that, not readily available from other methods (e.g., linear free energy
in the reactant, is delocalized into the nicotinamide ring becomes relationships, enzyme inhibition constants for transition state
localized onto the ribosyl ring of the oxocarbenium ion. This analogues). One source of confidence is when the KIEs force

Figure 5. Rearrangement of molecular orbitals going from reactant
NAD™ to an oxocarbenium ionz-Bonds are shown in red; all other
molecular orbitals are in blue. The anomeric carbon, Gtes from

SpP’ to s hybridization. In the oxocarbenium ion, rehybridization of
the ring oxygen, O4 allows formation of ar-bond. Hyperconjuga-
tion of the C2—H2' bond with the C1 p-orbital allows C1-C2
m-bonding.

leads to a further increase Fincy s from inductive effects.
Even though the result thgincy ts > Y Ncr react WAS COUN-
terintuitive, it was required to the match the measured KIEs in
four hydrolytic reactions of NAD and was further confirmed

in this study with the ab initio optimized structure of the

the use of structures that can be shown by other means to be
chemically reasonable. This was observed in two aspects of
modeling the transition state structure of NADGolvolytic
hydrolysis. As discussed above, it was necessary to use the
3'-endo conformer in the reactant instead of théehdo

oxocarbenium ion and the transition state structure derived from conformer in order to match the predicted and measured KIEs.

that reference structure.
Nucleophile Bond Order. The selection of a transition state

In the second case, the previously counterintuitive result that
> ncy increases from the reactant to a dissociative transition state,

with a concerted, asynchronous reaction coordinate was based conclusion enforced by the KIEs, was supported by ab initio

on (a) chemical evidence for anyBy and strongly against a

Dy + An mechanism, (b) KIE evidence, where the experimental
KIEs could not be fit to a unimolecular dissociation mechanism,
but did fit well to a concerted reaction coordinate. Although

the nucleophile bond order is small at the transition state, 0.005,
its presence is necessary to match the experimental KIEs.

Because KIEs are roughly an exponential function of bond order,
a bond order of 0.005 is significantly different from 0.000. For
example, withn g s = 0.02 and the nucleophile removed, the
predicted KIEs are 13N = 1.026 and 1“C = 1.026, compared
with the experimental KIEs of 1.020, and 1.016, respectively,
and 1.020 and 1.019 for they®y transition state.

Calculated KIEs are a function not only of the structure of
the transition state, but also of the reaction coordinate motion.

methods.

The Structure Interpolation Method. One of the goals of
this study was to develop a systematic method of transition state
determination. Using this method, we have determined transi-
tion state structures for NAD solvolytic hydrolysis and for
NAD™ hydrolysis by diphtheria toxif. Transition state struc-
tures have also been determined for cholera and pertussis-toxin
catalyzed hydrolyses and ADP-ribosylation reactions (unpub-
lished results and ref 46).

The method is conceptually simple, using only the following
inputs: (a) The first reference structure: the X-ray crystal-
lographic structure of NAD with hydrogens added and
optimized. (b) The second reference structure: the optimized
structure of the hypothetical oxocarbenium ion intermediate, plus

If the concerted reaction coordinate is changed to a unimolecularthe X-ray crystallographic structure of nicotinamide with

dissociation while maintainingcts = 0.02 andnyyts =
0.0051%3 the calculated KIEs change significantly to!SN =
1.026 and +'4C = 1.015. As stated above, the best fit to the
1-15N and 1-“C KIEs for a unimolecular dissociation occurred
at nig1s ~ 0.2 and bond order to a solvating water0.15,
where the secondary KIEs could not be matched.

This is not to say, however, that all the bond orders are
determined to within+0.005. Another consequence of the
roughly exponential relationship between bond order and KIE
is that KIEs are more sensitive to tipeoportional change in
bond order rather than trebsolutevalue of the change. For
example, withn.c = 0.02, increasingy, from 0.005 to 0.01
gives an increase of 0.004 in thefC KIE, while a change
from n_g = 0.8 to 0.805 gives a negligible change of 0.000 08.

As to the physical meaning of such a low nucleophile bond
order, it is worth noting that KIEs are causeddiangesn the
forces experienced by an atom between two states, the reacta

(103) If the water nucleophile is removed from the reaction coordinate,
it becomes a solvating water.

hydrogens added. (c) Hyperconjugation effects were modeled
by decreasingnicz—12 in the second reference structure, with a
concomitant decrease itr—o4 and increase imcy—cz, until

the predicted 2°H KIEs matched the measured KIE.

Trial transition state structures are interpolated between the
reference structures as a function of only the oxocarbenium ion
character, OC, for the ribosyl moiety; the leaving group bond
order,n g, for bonds within the leaving group; and a simple
equation to describe the bond angl&1-C1'—H1'. Judged
on the basis of consistency and simplicity, the structure
interpolation approach to transition state determination is
preferred over previous methods.

Conclusion

KIEs measured for the solvolytic hydrolysis of NADn the
H-independent region were used to determine the transition
tate structure. The mechanism is concerted and asynchronous,

AnDy, with a highly dissociative, oxocarbenium ion-like transi-
tion state structure. The remaining bond order to the leaving
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group nicotinamiden, g Ts, is 0.02, and the bond order to the philic substitution reactions df-ribosides can be placed. Itis
approaching nucleophileéywy, s is 0.005. hoped that the details of this model will shed light on the

The increase in total bond order to the anomeric carbon reaction mechanism and on how enzymes use binding energy
between the reactant and the dissociative transition state structuréo promote catalysis. A better understanding of how these
was supported by ab initio optimizations of the hypothetical enzymes work will improve our ability to harness this binding
oxocarbenium ion. Increased bond order td Bds now been energy to promote other reactions or to inhibit them.
observed in four NAD hydrolytic reactions. )
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