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Abstract: Multiple kinetic isotope effects (KIEs) on deoxyadenosine monophosphate (dAMP) hydrolysis in
0.1 M HCI were used to determine the transition state (TS) structure and probe its intrinsic reactivity. The
experimental KIEs revealed a stepwise (Sy1) mechanism, with a discrete oxacarbenium ion intermediate.
This is the first direct evidence for the deoxyribosyl oxacarbenium ion in solution. In 50% methanol/0.1 M
HCI the products were deoxyribose 5-phosphate (dRMP) and o- and -methyl dRMP. The a-Me-dRMP/
p-Me-dRMP ratio was 8.5:1. Assuming that a free oxacarbenium ion is equally susceptible to nucleophilic
attack on either face, this indicated that ~20% proceeded through a solvent-separated ion pair complex,
or free oxacarbenium ion, a Dy + Ay mechanism, while ~80% of the reaction proceeded through a contact
ion pair complex. The oxacarbenium ion lifetime was estimated at 10~1'—101° s, Computational transition
states were found for AyDy, Dy*An, Dy*Anf, and Dy + Ay mechanisms using hybrid density functional
theory calculations. After taking into account 20% of Dy + An, there was an excellent match of calculated
to experimental KIEs for 80% of the reaction having a Dy*Ax* mechanism. That is, C—N bond cleavage is
reversible, with dAMP and the {oxacarbenium ioneadenine} complex in equilibrium. The first irreversible
step is water attack on the oxacarbenium ion. The calculated 1'-*C KIE for a stepwise mechanism with
irreversible C—N bond cleavage (Dn**Ay) was 1.052, in the range previously associated only with AyDy
transition states, and close to the calculated AyDy value, 1.059. The 1'-14C KIE was strongly dependent on
the adenine protonation state.

Enzymatic mechanisms reflect an interplay between the helps identify potentially effective catalytic strategies- 2
substrates’ intrinsic reactivities and catalytic strategies to lower Deoxynucleoside reactivity is relevant to DNA base excision
activation energies. Transition state {J@nalyses of nonen-  repair, nucleoside metabolism, and spontaneous DNA depuri-
zymatic 2-hydroxynucleoside hydrolysis have demonstrated nhation!17:18
their intrinsic reactivitieg, while TS analyses of enzymatic10 “TS analysis” is the use of multiple kinetic isotope effects
reactions have revealed the catalytic strategies used to promotéKIEs) to determine TS structuré%2°KIEs report on changes
those reactions. For-2leoxynucleosides, three enzymatic TS in bond stretching and bending forces between the reactant and
analyses have been reporfted* but no nonenzymatic reactions
until now. As noted recentl£16 this deficiency impedes
understanding the enzymatic transition states. TS analysis of
nonenzymatic reactions reveals the catalytic imperative and
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transition state. Weaker bonds at the transition state give normalion intermediate. Acid-catalyzed hydrolyses of 2-hydroxy- and

KIEs, with the lighter atom reacting fasteightk/neavk > 1.
Stronger bonding gives inverse KIEghk/Meawk < 1. The

2-deoxyglycopyranosides have stepwise mechanisms with in-
termediate lifetimes on the order of 16—10710s27-29 showing

reaction coordinate motion, i.e., leaving group departure and/ that oxacarbenium ion intermediates in water are possible.
or nucleophile approach, also contributes to the KIE. This makes TS analyses show that enzymatic reactions with ribosides

it possible to distinguish between concertedyPN?* or $\2)
and stepwise (R*An or Sy1) mechanisms and to determine
TS structures at subangstrom resolution in the best ¢ases.

generally have dissociativeny®y transition state$8-2 though
several stepwise reactions have been obsé¥%&tilo date, TS
analyses of enzymatic reactions with deoxyribosides have tended

the reaction is stepwise, it is also possible to distinguish reactionsto the mechanistic extremes; thymidine phosphorylase formed
where the first step, leaving group departure, is irreversible an almost synchronous, noncationig@y transition staté#

(Dn*A )22 from those where the €N bond repeatedly breaks
and reforms, followed by irreversible nucleophile attack*@®y®).

while uracil DNA glycosylase (UDG} and ricin'? catalyzed
stepwise mechanisms.

Glycoside hydrolysis treads the borderline between stepwise We have used multiple KIE measurements on acid-catalyzed
and highly dissociative concerted transition states. TS analysesdAMP hydrolysis (Scheme 1) to determine the TS structure, in

of uncatalyzed NAD hydrolysig¢ and acid-catalyzed AMP
hydrolysis-48indicated highly dissociative 4Dy mechanisms,

though stepwise mechanisms could not be completely ruled out.

A later QM/MM computational study of acid-catalyzed AMP
hydrolysis yielded KIEs that were similar to the experimental

values?® Leaving group departure is advanced over the nucleo-

phile approach, resulting in a cationic, oxacarbenium ion-like
ribosyl ring at the transition state. However, thiehgdroxy

combination with determination of the anomeric product
distribution.

Materials and Methods

General. ®H- and*“C-labeled glucoses were from American Radio-
labeled Chemicalsi®N-labeled compounds were from Cambridge
Isotope Laboratories or Sigma-Aldrich. All other reagents and com-
mercially available enzymes were from Sigma-Aldrich or Bioshop

oxacarbenium ion is too unstable to form a discrete intermediate. €@nada (Burlington, ON). Liquiscint scintillation fluid (National

The similara-secondaryH KIEs for acid-catalyzed dAMP and
AMP hydrolyses, 1.259 vs 1.2334argued that dAMP would
also proceed through any®y transition state. Studies on
nonenzymatic hydrolyses of thymididegdeoxyuridine?®> deoxy-
adenosine (dAdo¥® and dAMP indicate oxacarbenium ion-

Diagnostics) was used, except as noted>fg-, [7-'°N]-, and [9+°N]-
adenines were synthesized by modification of literature procedures (see
Supporting Information for detail$.Bacterial strains overexpressing
three of the enzymes for dATP synthesis were gifts and were purified
or partially purified and assayed using modifications of literature
procedures (see Supporting Information for details). They were phos-

like transition states but not necessarily a discrete oxacarbeniumphoribosyl pyrophosphate synthetase (PRPPase) from Bjarne Hove-

(21) Mechanisms are described with IUPAC nomenclaturey”“fepresents
nucleophilic association, and \D represents nucleofugic dissociation. A
concerted, bimolecular () reaction is represented agBy. Dy*A y and
Dy + An mechanisms are stepwisen(S, with a discrete intermediate

formed between leaving group departure and nucleophile approach. The

signs “*” and “+” denote, respectively, an intermediate too short-lived for
the leaving group to diffuse into solution and one that is diffusionally
equilibrated with solvent. “P” indicates diffusional separation of the
intermediate complex and is not normally written, unless it becomes
kinetically significant. For stepwise mechanisnisitidicates the kinetically
significant transition state, if known. Guthrie, R. D.; Jencks, WAEC.
Chem. Res1989 22, 343-349.

(22) For KIEs measured by the competitive method, as in this study, the
kinetically significant step is thérst irre versible stepather than the rate-
limiting step (see refs 12, 19, and Berti, P.Methods Enzymol1999
308 355-397). The degree of irreversibility of a given step is determined
by the partitioning of the product of that step. Thus, in Scheme 3, the
reversibility of oxacarbenium ion formation is given kyk, (see eq 2).

(23) Barnes, J. A.; Williams, I. HChem. Commuril996 193—-194.

(24)
as those used in this study. Other isotopes were converted using the-Swain
Schaad relationship4C-KIE = 13C-KIE89 and 3H-KIE = 2H-KIE44
Other temperatureg,, were converted to 30C using KlEosk = exp[In-
(KIET)x(T/303)]. (a) Swain, C. G.; Stivers, E. C.; Reuwer, J. F., Jr.; Schaad,
L. J.J. Am. Chem. S0d.958 80, 5885-5893. (b) Hirschi, J.; Singleton,

D. A. J. Am. Chem. So@005 127, 3294-3295. (c) Stern, M. J.; Spindel,
W.; Monse, E. UJ. Chem. Phys1968 48, 2908-2919.

(25) Shapiro, R.; Danzig, MBiochemistryl972 11, 23—29. Shapiro, R.; Kang,
S. Biochemistry1969 8, 1806-1810.

(26) Zoltewicz, J. A.; Clark, D. F.; Sharpless, T. W.; Grahe JGAm. Chem.
S0c.197Q 92, 1741-1749.
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KIEs from other studies were converted to the same isotope and temperature

Jensen (University of Copenhagéh)ydenine phosphoribosyl trans-
ferase (APRTase) from Vern Schramm (Albert Einstein College of
Medicine)?? and ribonucleoside triphosphate reductase (RTRase) from
JoAnne Stubbe (Massachusetts Institute of Technol&gy).

General dATP Synthesis.Labeled dAMPs were synthesized via
ATP and dATP. The ATP synthesis method was modified from Parkin
et al# A solution containing 50 mM potassium phosphate, pH 7.6, 10
mM MgClz, 5 mM DTT, <1.1 mM labeled glucose, 0.1 mM ATP, 3.2
mM adenine, 20 mM PEP, and 5 mM NADP was prepared, and the
pH was adjusted te-7.6 with 1 M KOH. MK (20 U/mL), 7 U/mL

(27) Amyes, T. L.; Jencks, W. B. Am. Chem. Sod.989 111, 7888-7900.
Zhu, J.; Bennet, A. JJ. Am. Chem. S0d.998 120, 3887-3893. Lee, J.
K.; Bain, A. D.; Berti, P. J.J. Am. Chem. SoQ004 126, 3769-3776.
Huang, X.; Surry, C.; Hiebert, T.; Bennet, A.J.Am. Chem. S0d.995
117,10614-10621. Bennet, A. J.; Kitos, T. . Chem. Soc., Perkin Trans.
22002 1207-1222. Indurugalla, D.; Bennet, A.J. Am. Chem. So2001,
123 10889-10898.

(28) Horenstein, B. A.; Bruner, Ml. Am. Chem. S0d.998 120, 1357-1362.

(29) zhu, J.; Bennet, A. Jl. Org. Chem200Q 65, 4423-4430.

(30) Pagano, A. R.; Lajewski, W. M.; Jones, R. A.Am. Chem. Sod.995
117, 11669-11672. Orji, C. C.; Kelly, J.; Ashburn, D. A.; Silks, L. A,
Il. J. Chem. Soc., Perkin Trans.1P96 595-597.

(31) Hove-Jensen, B.; Harlow, K. W.; King, C. J.; Switzer, RJLBiol. Chem.
1986 261, 6765-6771.

(32) Shi, W. X.; Tanaka, K. S. E.; Crother, T. R.; Taylor, M. W.; Almo, S. C,;
Schramm, V. L.Biochemistry2001, 40, 10800-10809.

(33) Booker, S.; Stubbe, Proc. Natl. Acad. Sci. U.S.A993 90, 8352-8356.
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glucose-6-phosphate dehydrogenase, 1 U/mL 6-phosphogluconate deScheme 2

hydrogenase;-5 U/mL phosphoriboisomerase, 25 U/mL PK, 1 U/mL H+
PRPPase, 0.75 U/mL APRTase, and 2 U/mL hexokinase were added, = NH,
and the reaction was incubated at°g7for 2 h.*H syntheses contained PO o \Z/_\<NH+
25uCi in 22 uL, while 4C syntheses contained LCi in 182uL. No /\S_j N="
carrier (unlabeled) glucose was added.

Except for the 2%H labels, the ATP reaction mixtures were taken k
directly to dATP. DTT (25 mM), 2Q«M coenzyme B12, and 0.9 mg/ 4
mL RTRase were added after 2 h, and then the mixture was degassed H NH
with three cycles of vacuum for 30 s and flushing with §&s. The { N 2
reaction was incubated in the dark at°&7for 2 h. Protein was removed Pi-O O, \Z/—_\< NH*
by centrifugal ultrafiltration (Microcon YM10, Millipore) at 14 008 /\Sj N=/

gand 4°C. dATP was purified from the filtrate by C18 reversed phase

HPLC (Waters, 4.6 mnx 250 mm, 15:m particle) with 97% 50 mM k k k
triethylammonium acetate (TEAA, pH 6.0) and 3% MeOH at 2 mL/ 5H29/ l 50 \ 5,8

min. Fractions containing dATP were lyophilized repeatedly to remove

residual salts and stored &80 °C. Pi-O e} O Pi-O Pi-O 0. OCHs
[2'-§2H,5-1C]- and [2'R-?H,5-“C]dATP. [2'S?H 5-4C]dATP /\§_7M /\SJOCHs . /\p/
was synthesized by a modification of the method of Werner and

Stiverst' Reagents were prepared in 99.9%CD with repeated

lyophilization. The pD was adjusted t67.6 with 10 M of 99.5% \\\’{MdRMP Q1L koo Ko '3///k
NaOD. The enzymes were combined with 50 mM potassium phosphate, k6 -dRM 6.+p
pD 7.6, in DO, and the buffer was exchanged by ultrafiltratiori Sf2

2H,5-1“C]ATP was purified as described above for dATP. It was then Pi-O O+

reduced in HO to dATP as described above and purifiedRf2H,5-

1C]dATP was made from [S*“C]ATP which had been synthesized HO

and purified as above. Reduction to dATP in gave 2R-’H

incorporation. The dADP peak in negative ion mass spen#adc.i= Ke armp = k6,+dRMP / k6,-dRMP

410.0, unlabeled) was10-fold stronger than that of dATPN(Zcaica = Kéo = ke +a!ke-o

490.0, unlabeled) and was used to determine isotopic enrichment. MS K6,B = ké,JrB / ké’_[3

(ESI-) m/z (intensity): [2S-2H,5-C]dADP: MVZeaica = 413.0;MZobsd

= 411.1 (35%), 412.1 (13%), and 413.1 (100%). ‘&E-containing
dATP, 96% was [5-2H,5-1C]dATP 34[2'R-2H,5'-14C]dADP: mM/Zaicq
= 413.0;m/zopsg= 411.1 (58%), 412.1, (13%), and 413.1 (100%). Of

*“C-containing dATP, 95% was-*H,5-“CIdATP. The experimental o4 ation, Rates measured usingfJdAMP and scintillation counting
KIEs were corrected for the extent of labeling. gave identical results.

General dAMP Synthesis.Reaction mixtures containingl mM dRMP and o-/-Me-dRMP. [5'-“CJdRMP was synthesized by
of *H- or “C-labeled dATPs (1.4 10° counts per min, cpm), 2mM  incybating 1.25 mM [5*CJdAMP (1 cpm) in 0.1 M HCI for 24 h
unlabeled ATP, 6.25 mM glucose, 10 mM Mg(25 U/mL hexokinase,  at 30°C and was used without purification. Anomerically puré-[5
200 U/mL myokinase, and 50 mM potassium phosphate, pH 7.6 were 1Clo-Me-dRMP and [54C]3-Me-dRMP were synthesized by incubat-
incubated at 37°C for 2 h. dAMP was purified similarly to the ing 1.25 mM [3-1C]JdAMP (10° cpm) in MeOH/0.1 M HCI at 30C
purification for the dATP synthesis, except using 98.5% 50 mM TEAA, ' for 48 h, followed by purification by C18 reversed-phase HPLC (Waters
pH 6.0, and 1.5% MeOH. The chemical concentrationt€JdAMPs Delta Pak C18, 7.8 mnx 300 mm, 15um particles) using 50 mM
was determined usingzs = 15.1 mM?* cm 13 The chemical TEAA, pH 6.0, at 4 mL/min.o- and f-Me-dRMP eluted at 6.7 and
concentration ofH-labeled dAMP was negligible given its high specific g g min, respectively, and were lyophilized repeatedly. Their identities

reasonable dAMP peak sizes. The rate constants for dAMP breakdown
were determined by nonlinear least-squares fits to the first-order rate

activity and was not measured. were confirmed by comparison with unlabeled and 8-Me-dRMP
dAMP Solvolysis Kinetics.dAMP hydrolysis rates were measured  (see Supporting Information).
with 1.25 mM dAMP in 0.1 M HCI at 30°C. Reaction aliquots (10 dRMP and o-/-Me-dRMP Kinetics. Solvolysis reactions were

100uL) were neutralized with a 40L 1 M potassium phosphate, pH  followed by adding 50% MeOH/0.1 M HCI to'8‘C-labeled dRMP,
6.0, diluted to 20Q.L with water, and analyzed by C18 reversed phase -Me-dRMP, or3-Me-dRMP and analyzing 30 000 cpm aliquots by

HPLC chromatography (25 cm 4.6 mm, Supelcosil LC-18-T, bm HPLC as in the case for JAMP solvolysis, except with solvents 25:75
particles) at 1 mL/min using 40:60 A/B (solvent # 20% MeOH, A/B and inline flow scintillation analysis to detetC, with 4 mL/min
80% 100 mM potassium phosphate, pH 7.2, 4 mM TBAS; solvent B yltima-Flo M scintillation fluid (Packard) mixed with the eluate.

= 100 mM potassium phosphate, pH 6.0, 4 mM TBAS) whxo Rate constantss+,, and equilibrium constantss,, were deter-

detection. Fractional extents of reaction were determined from the mined by numerical simulation of the kinetic mechanism (Scheme 2)
dAMP peak area at each time point relative to the initial JAMP area. ysing KinTekSinté an implementation of FitSif and KinSim3 The
Aliquot volumes were increased as the reaction progressed to maintaink ., rate constants were on the order of 4@ 102 s and were

well determined by the experimental data. The valueksof are on

(34) miz= 411 corresponds to [&°H]dATP. This arises because tHe-labeled the order of 18! s~ and cannot be determined from the experimental
glucose contains an unlabeled carrier. It is not radioactive and, therefore, d b d . hat th hi h
not visible by scintillation countingmvz = 412 corresponds to [84C]- ata beyond stating that they are much larger tkan. Because the
dADP, plus natural abundance isotopes (mo&ity) adding 1 to thewz numerical simulation software could not handle thé*f6ld range

= 411 peak. The relative intensities in unlabeled dATP Wagls, =
1:0.21. Subtracting the contribution from natural abundance isotopes to
them/z = 412 peak, the ratiby; /1413 was 4:96. Thus, 96% dfC-labeled
dATP containedH, i.e., was [25?H, 5-1“C]dATP. (36) Dang, Q.; Frieden, Clrends Biochem. Scl997, 22, 317.

(35) Short Protocols in Molecular BiologyAusubel, F. M., Smith, J. A., Moore, (37) Zimmerle, C. T.; Frieden, Biochem. J1989 258 381—-387.
D. D, Brent, R., Seidman, J. G., Struhl, K., Kingston, R. E., Eds.; Wiley: (38) Barshop, B. A.; Wrenn, R. F.; Frieden, Ahal. Biochem1983 130, 134—
New York, 1999. 145.

betweerks +» andks —n, initial values ofks —n were set to an arbitrarily

J. AM. CHEM. SOC. = VOL. 129, NO. 22, 2007 7057



ARTICLES McCann and Berti
Table 1. Kinetic Constants and Equilibrium Percentages for dRMP, o-Me-dRMP, and -Me-dRMP Solvolysis in 50% MeOH/0.1 M HCI at
30 °Ca
drRMP a-Me-dRMP B-Me-dRMP

Ko+ 1.7 *0.8)x 10 3s? 2.23 &0.002)x 10 4st 2.7*0.3)x 104st

Ke n(relativey 3.3+03 1 1.2+0.1

equilibrium 14+1 47+ 1 39+ 1

percentagé’s

aTwo independent replicates were run with each starting material: dRMRdfidMe-dRMP. The means of constants from all three starting materials
are reported® Ks 1 is Ke+drvp, Ko+, OF Ke+p. © Ken(relative) = Ke /Ks o, andKen = Ks+n/ks—n. ¢ Final product concentrations after 300 min.

large number, 10s ™1, and then optimized. The absolute value&®f,
(see Table S3) had no significance beyond beitkg . Their relative
values were well-determined, though, and used to calcuftate
(relative) (see Table 1).

dAMP Solvolysis in 50% MeOH. [5'-1“C]JdAMP (1.25 mM, 16
cpm) was incubated in 50% MeOH/0.1 M HCI for 3 min at 30.
Aliquots were neutralized and analyzed by HPLC as in the case for
dAMP hydrolysis, except with solvents 25:75 A/B, with 1 mL fractions
collected, mixed with 10 mL of scintillation fluid, and counted for 5
x 10 min. Rate and equilibrium constants were fitted to the kinetic
mechanism (Scheme 2) by numerical simulation.

Kinetic Isotope Effect Measurements.Competitive KIEs were
measured by making a mixture of the isotopic label of interest and a
remote label (e.g.,’£H and 3-1“C, respectively) and measuring the
3H/*4C ratio in the products of partial reactions compared with reactions
taken to completio? For N KIEs, 5-1“C was used as a reporter on
15N, and 5,5-*H, was the remote label. dAMP (1.25 mM, 180 000
cpm each ofH and*C, in 300uL) was incubated in 0.1 M HCI at 30
°C for 90 min ¢~ty2). A 200 uL aliquot was diluted with 130@L of
elution buffer (100 mM potassium phosphate, pH 6.0, 100 mM ribose,
and 10% EtOH), from which 1006L were used to determine the extent
of reaction (see below). The remaining 100 of reaction mixture
were reacted for 19 h (>13 x tip), and 1400uL of elution buffer

were added. Adenine and residual dAMP were separated from dRMP

using charcoal columrié.Acid-washed activated charc64L90 mg/
mL) was suspended in elution buffer; 525 were applied to Qiagen

or Sigma mini-prep spin columns, packed by centrifugation at 400

g for 1 min in a swinging bucket rotor, and then washed witk 300

uL of elution buffer. Three 50@L aliquots of the reaction mixtures
were purified on individual charcoal columns using centrifugation as
above, with dRMP eluted in & 500uL of elution buffer. The eluate,

3 mL total, was collected directly into a 24 mL plastic scintillation
vial, and the liquid weight in each scintillation vial was equalized with
elution buffer before adding 19 mL of scintillation fluid. TREl/*C

ratios were measured by counting samples in 10 min cycles using dual

channel scintillation analysis, untd360 000 counts were collected in
the *4C channef® KIEs were calculated using eq*d,

. 1+,
— %Iy 1+ %,
A f (1 + A/A,)
1+ %,
1+,
In|1—f(—=
1+,

where radioactive counts in the complete reactionfai@ the remote
label andA' for the label of interest. In the partial reaction, they Are
for the remote label an¥’ for the label of interest. The fractional extent

A
[
In 1+( A
"

KIE=1+

@)

of reaction f, was determined by separating the reactants and products (44

by reversed phase HPLC as in the case for dAMP kinetics but with

(39) Parkin, D. W. InEnzyme mechanism from isotope effe€sok, P. F.,
Ed.; CRC Press, Inc.: Boca Raton, FL, 1991; pp-2890.
(40) Bigeleisen, J.; Wolfsberg, MAdv. Chem. Phys1958 1, 15-76.
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Scheme 3
ky ks
dAMPNH —= dAMPNIH —
ky kg

ks
{oxac- adenine} —» dRMP + adenineNH]

solvents 60:40 A/B. Fractions (14 1 mL) were mixed with 10 mL of
scintillation fluid, and radioactivity was counted for 10 min to determine
product (fractions 4 and 5) and residual substrate (fractionk3).

Quantum Mechanical Calculations Quantum mechanical calcula-
tions were performed using hybrid density functional theory (DFT) with
Becke’s exchange functiondl,Perdew and Wang’s correlation func-
tional? and a 6-3%G** basis set (B3PW91/6-32G**) with Gaussian
98 Optimized structures had no imaginary frequencies, and transition
states had one. Intrinsic reaction coordinate calculatf@mimwed the
expected nucleophile and/or leaving group motions along the reaction
coordinate.

EIE and KIE Calculation . Quiver*> was used to calculate reduced
isotopic partition functions@) at 303 K. The Cartesian force constants
were scaled by 0.913%8-0.956).4¢ Equilibrium isotope effects (EIES)
were calculated as EIE Qinitiai/ Qfinal-

For transition states, KIE= Quiia/QFf x lohtyx/heavyx —\where
lighty =/ heavyx 5 the Teller—Redlich product ratio in the Quiver output.
Stepwise R*A \ reactions have two transition states, and the observable
KIEs are a function of partitioning of the oxacarbenium ion intermediate

in the forward ks) and reverselg) directions (Scheme 3¥:

0’~10‘3($5

ks
)

a, \a,

ks
Lte

KIE = )

anda, is the intrinsic KIE on stem, i.e., a, = ghtk/Meavk,
Results

Solvolysis StudiesWhen the experimental KIEs indicated
a stepwise mechanism, methanolysis reactions were used to
investigate the products’ anomeric distribution and probe the
oxacarbenium ion’s lifetime.

The pseudo-first-order rate constant for dAMP hydrolysis was
KnydrolysigH 1] = 1.32 @0.01) x 1074 s71in 0.1 M HCI (pH 1).
This gives a second-order rate constanki@rolysis = 1.32 x
103 M~1s1 cf, the literature value, 1.25 103 M1 s 147
The rate wasolvolysis= 5.3 @&0.2) x 107°s71in 50% MeOH/
0.1 M HCI. This modest change implies that the mechanism
does not change in 50% MeOH and that the anomeric product
distribution should accurately reflect the hydrolysis reaction.

(41) Becke, A. DPhys. Re. A 1988 38, 3098-3100.
(42) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244,
(43) Frisch, M. J., et alGaussian 98Gaussian, Inc.: Pittsburgh, PA, 1998.
) Gonzalez, C.; Schlegel, H. B. Chem. Phys1989 90, 2154-2161.
Gonzalez, C.; Schlegel, H. B. Phys. Chem199Q 94, 5523-5527.
(45) Saunders, M.; Laidig, K. E.; Wolfsberg, M. Am. Chem. S0d.989 111,
8989-8994.
) Wong, M. W.Chem. Phys. Lettl996 256, 391—399.
) Hakala, H.; Oivanen, M.; Saloniemi, E.; Gouzaev, A.; Lonnberg,JH.
Phys. Org. Cheml1992 5, 824—-828.
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Figure 1. Time course of reactions in 50% MeOH/0.1 M HCI, 3D, starting from (a) [5'*C]dRMP, (b) [3-1“Cla-Me-dRMP, or (c) [51“C]3-Me-dRMP.
(O) [5'-**C]dRMP, () [5'-**Cla-Me-dRMP, @) [5'-14C]B3-Me-dRMP. The lines are from the fits to the kinetic mechanism to determine the rate constants

ks£n (Scheme 2, Table 1).

Table 2. Products of dAMP Solvolysis in 50% MeOH/0.1 M at
30 °C for 3 min?

species dRMP o-Me-dRMP S-Me-dRMP
% (observed) 50+ 1 36+ 1 6+1
% (corrected) 61 34 4
o/f3 ratio (corrected) 8.5 1

aAverage of two experiment$.Standard error for five cycles of
scintillation counting, 10 min per cyclé.Corrected using Scheme 2 and
the individual estimates dfsdrvp Kso, andKeg determined from each
plot in Figure 1.

Reactions in 50% MeOH/0.1 M HCI produced dRMRMe-
dRMP, and3-Me-dRMP (Scheme 2). These products are more
acid labile than dAMP, so reactions to determine the products’
anomeric distribution were limited to 3 min<(% reaction)

products from the CIPCo(-Me-dRMP only) to the dissociated
oxacarbenium iond- and f-Me-dRMP) would be 7.5:2 or
approximately 80% vs 20%.

Experimental KIEs. KIEs were measured using the com-
petitive method (Table 3). The'-#H KIE was reported
previously at 1.259t 0.006¢ within experimental error of the
value of 1.253+ 0.002 found in this study. Note that the 95%
confidence interval is reported in the present study, rather than
the standard error reported for the literature value.

Computational Structures. Gas-phase structural optimiza-
tions are not necessarily accurate models of solution-phase
reactions. In this study, the agreement of calculated with
experimental IEs lent support to the computational models (see
Discussion). The reactant species, N1H-dAMP, was modeled

and were corrected for interconversion. Interconversion ratesWith N1H-1 and N1H3 (Figure 2). In 0.1 M HCI, dAMP is

were determined by reacting dRMé, andS-Me-dRMP under
the same conditions and fitting the reaction profiles by numerical
simulation (Figure 1, Tables 1, S3). This showed that, in dAMP
reactions at = 3 min, one-third of thgg-Me-dRMP had arisen
from dRMP anda-Me-dRMP solvolysis (Table 2). These rate
constants gave a nucleophile selectiviyeor/ki,o = 1.40+
0.0129:48:49

B-Me-dRMP arising directly from dAMP can only form after
dissociation of the contact ion pair complex (CIPC)sN1H,-
N7H-5}, to a solvent-separated ion pair complex (SSIPC) or
complete dissociation to fre2 (Scheme 4). Methanol will be
occluded from th¢g-face in a CIPC. The ratio af-Me-dRMP/
S-Me-dRMP arising directly from dAMP was 8.5:1. Assuming
that2 is equally susceptible to attack on either face after CIPC
dissociation, the amount ai-Me-dRMP arising after CIPC
dissociation would equ#-Me-dRMP. Acid-catalyzed solvolysis
of CMP-NeuAc in aqueous methanol proceeds through an
oxacarbenium ion intermediate and yields Tn¥/3-methyl
NeuAc?Z850 demonstrating that its oxacarbenium io8) (s
equally susceptible to attack on either face. Thus, the ratio of

(48) nucleophile selectivity= kyeor/kn,o = ([ — Me — dRMP] + [ — Me
— dRMP])[H.QO])/[dRMP][MeOH]. (a) Tashma, R.; Rappoport, Adv.
Phys. Org. Chem1992 27, 239-291.

(49) Knoll, T. L.; Bennet, A. JJ. Phys. Org. Chen004 17, 478-482.

94% monoprotonated at N1, 5% at N7, wit0.5% each of
the unprotonated and diprotonated forfth€orrecting for the
minor forms would change the N KIE by <0.001. Com-
poundsl and3 reflected the dominant solution conformations,
based on X-ray? NMR,>® molecular dynamic&} and ab
initio®5%¢ structures. They wergauche-gauche(g™,g™) about
the C4—C5 and C5—05 bonds, with ananti adenine base
and a 2-endodeoxyribosyl ring conformatiof’. Minor con-
formers will exist, but the small energy differences and small
barriers to interconversion mean that they will have negligible
effects on the IE8%5 The 2-deoxyoxacarbenium ior2)(

(50) Horenstein, B. A.; Bruner, MJ. Am. Chem. Socl996 118 10371
10379

(51) Given Kani = 3.7, a microscopic an7 & 2.4, and a macroscopic
pKaniunzn = —1.3 for diprotonation. (a) Remaud, G.; Zhou, X. X;
Chattopadhyaya, J.; Oivanen, M.; Lonnberg, Fetrahedron1987, 43,
4453-4461. (b) Acharya, P.; Cheruku, P.; Chatterjee, S.; Acharya, S.;
Chattopadhyaya, J. Am. Chem. So@004 126, 2862-2869. (c) Kampf,

G.; Kapinos, L. E.; Griesser, R.; Lippert, B.; Sigel, HChem. Soc., Perkin
Trans. 22002 1320-1327.

(52) Gelbin, A.; Schneider, B.; Clowney, L.; Hsieh, S. H.; Olson, W. K.; Berman,
H. M. J. Am. Chem. S0d.996 118 519-529.

(53) Bandyopadhyay, T.; Wu, J.; Serianni, AJSOrg. Chem1993 58, 5513~
5517. Bandyopadhyay, T.; Wu, J.; Stripe, W. A.; Carmichael, |.; Serianni,
A. S.J. Am. Chem. So&997, 119, 1737-1744. Altona, C.; Sundaralingam,
M. J. Am. Chem. Sod.972 94, 8205-8211. Altona, C.; Sundaralingam,
M. J. Am. Chem. S0d.973 95, 2333-2344. Davies, D. B.; Danyluk, S.

S. Biochemistryl974 13, 4417-4434.

(54) Foloppe, N.; Nilsson, LJ. Phys. Chem. B005 109 9119-9131.

(55) Shishkin, O. V.; Gorb, L.; Zhikol, O. A.; Leszczynski,Jl.Biomol. Struct.
Dyn.2004 22, 227—-243. Foloppe, N.; MacKerell, A. Dl. Phys. Chem. B
1998 102 6669-6678.

(56) Foloppe, N.; Hartmann, B.; Nilsson, L.; MacKerell, A. Biophys. J2002
82, 1554-1569.

(57) Furanosyl ring puckers are indicated witlemdoand nexodesignations,
where all ring atoms except n are in the same plane. Atom n is displaced
toward the 5-substituent in rendoconformers and away in exa (a) Joint
Commission on Biochemical NomenclatuRure Appl. Chem1983 55,
1273-1280.
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Scheme 4
Contact Solvent separated
ion pair complex ion pair complex Free
(CIPC) (SSIPC) oxacarbenium ion
+
NR < RX == RWX' == R°|X* =—= R' + X'
l+Nu l+Nu l+Nu
NuR NuR + RNu NuR + RNu
Table 3. KIEs for Acid-Catalyzed dAMP Hydrolysis to simplify the calculations. This is justified by its2-fold effect
isotope of on hydrolysis ratéd and a small effect on the reactant’s
interest? type of KIE experimental KIE? electrostatic potential surface (see Figure 5). This caused
1-14C primary4C 1.004= 0.002 (3) changes 0f0.009 in the calculated'#H and 2-?H EIEs and
9-12N Pfimarylsfgl 1.022+ 0.003 (4) no changes in the heavy atom EIEs (Table 4). There was a large
?:15“ 222823235“ 8'3321 3'882 Eg; effect on the calculated’ 5'-3H, EIE for oxacarbenium ion
1-3H a-secondaryH 1.253+ 0.002 (3) formation, 1.038 with 5phosphate vs 1.007 without.
2'S2H B-secondaryH 1.1134 0.007 (5) . .
2R-2H p-secondaryH 1.091+ 0.002 (3) Discussion
5,5-3H,¢ o-secondaryH 1.0124 0.002 (3)

KIEs and Mechanism. TS analysis demonstrated a stepwise
a1'-34 and 8,5-3H, KIEs were measured using a mixture of &iand mechanism with reversible €N bond cleavage followed by
[5'-14C]dAMPs. 8-14C was the remote label and was assumed to have a either () irreversible water attack on the oxacarbenium ion in

gfe:)fal:]r&'tz\;e;hi;};geﬂEggﬁig%ﬂﬂ'”ﬁ%v"'}n'fgzqgﬁsérésrivrg?ée the CIPC~80% of the time ori{) irreversible dissociation of
measured by incorporating-5C asa reporter radionuclide (e.9..1,5- the CIPC~20% of the time (Table 4)? Thus, the mechanism

14C]dAMP), with 5,5-3H, as the remote label.Errors are the 95% of dAMP hydrolysis is 80% R*A N20% Dy*P*+Ap. The

confidence intervals. The number of independent KIE measurements is in , 15 15
parentheses. KIEs were corrected for the presence of incomplete Iabelingca,‘lc,uIated heavy atom KIES’ ¥C, 94N, and 74N, V\,I?re
with nonradioactive labels, i.e., 3% [8N,5-14C], 2% [6-4N,5-14C], 4% within 0.002 of the experimental values for tie8a* transition

[2t’ﬁ]1H55'-”Ct], or E% [ZR-lH,t5'|-14C31.39 :[5{1?'-;Hé]|évas doubly La%e][Edth state, with a difference of 0.003 for-1‘C with the a-8b*
a € O positon. EXperimental and calculate S are reportea tor the e . : . e .
doubly labeled material, not péH. *H was used in trace amounts, so the transition State'_ Previously it was only pOS.SIbIe to dIStIInQUISh
molar fraction of*H-labeled dAMP was negligible. between stepwise and concerted mechanisms, but with more
o ' o complete computational models it is now possible to distinguish
optimized as the ‘@exoconformer. Attempts to optimize -3 petween different stepwise mechanisms (see below).
endoconformer resulted in it reverting td-8xa The best match of calculated to experimental hydfehand
Cor’rlputatlonal transition states were four¢1d f‘NDL\‘ (NlH#" 3H) KIEs was with this mechanism, although, as observed
N7H-6%), Dx™*An (NlH,N7H;7*), and QAN" (a-8a, a-8D%)  previously, the match of calculated to experimental KIEs was
mechanlsmsq-8a* and o-8b* had the water nucleophile in ot a5 close as that for the heavy atom KIEs. This trend has
different locations, consistent with the small intrinsic barrier to  peen observed previously, where the calculated hydron KIEs
nucleophilic attack on oxacarbenium idtisand with multiple do not match the experimental values as well as the heavy atom
local saddle points (Figure 3). The bond length and angle of k|gg59.101261The experimental hydron KIEs matched well with
nucleophile approach in-8a" were similar to those of previ-  |a|ated reactions (see below).
ously reported structures using simplfr oxacarbenium ion  ~pservable KIEs. Competitive KIEs report on théirst
12 — i i . . . .
models:* The C1—O bond length in-8b™ was considerably e yersible transition state of the reaction (or more than one
shorter. The reaction coordinate motion (the normal mode with g, if there are partially irreversible steps before the first fully
an imaginary frequency) corresponded largely to a rotation of jeversible one}? There are at least two transition states for a
the water molecule. At long distances, theCH-2 interaction stepwise mechanism: leaving group departure, thst®p, and
is pnmarlly electrost-atlc and jﬂ) approacheQ with the m.ost nucleophile attack, A& The observable KIEs depend on
negative electrostatic potential oriented toward.@otation  paritioning of the oxacarbenium ion intermediate (eq 2, Scheme
of H,O (with the protons moving out of the plane of page in  3)12|f k. > k, then the B step is irreversible and KIEs reflect
Figure 3, toward the reader) allows oxygen to rehybridize and Dn* only. This is a ™Ay mechanism or R + Ay if the
form electron lone pairs and form a covalent bond with. @l intermediates exist long enough for the CIPC to dissociate. The
transition state fof-attack,3-8%, was also found (see Supporting  1:_14c K|E for the D\ step was 1.052, much higher than the
Information). Intermedlate§,¢4, and N1H,N7HS were used experimental value. Iks < ks, then the R step is reversible,
to calculate KIEs for a R*P™+Ay mechanism (see below). - ang 1 is in equilibrium with {2eN1H,N7H5}. The first
Compoundd and N7H7* showed the effect of N1 protonation irreversible step is eitheii)(water attack to forng*, the Ayt

on the transition state. step of a R*A n* mechanism, orii) dissociation of the CIPC,
Calculated KIEs and EIEs. KIEs and EIEs were calculated giving a Dy*P*+Ay mechanism (“P” indicates diffusional

from the computationally optimized models (Figure 2, Table genaration and is not generally written unless it is kinetically
4). The B-phosphate group was removed from the TS models

(60) B-Me-dRMP could arise from either a\®P+Ay or Dy*P*+Ay mecha-

(58) Gabb, H. A.; Harvey, S. Cl. Am. Chem. Sod 993 115 4218-4227. nism. However, assuming a 20% contribution from @P+Ay mecha-
Arora, K.; Schlick, T.Chem. Phys. LetR003 378 1-8. nism gives an observableé-¥C KIE of 1.013-1.017, outside the error
(59) Richard, J. PTetrahedronl995 51, 1535-1573. Richard, J. P.; Williams, range of the experimental value.
K. B.; Amyes, T. L.J. Am. Chem. S0d.999 121, 8403-8404. (61) Singh, V.; Schramm, V. LJ. Am. Chem. So2006 128 14691-14696.
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Figure 2. (a) ReactantX, N1H-1, and N1H3), intermediate Z, 4, and N1H,N7H5), and TS (N1H,N7H6*, N1H,N7H-7*, N7H-7*, 0-8*) models used to

calculate IEs. (b) Sugar ring conformers.

vibrational analysis to interpret the KIE%In this study, the
calculated KIEs did match the experimental KIEs, which
indicates that the calculated structures accurately reflect the
solution-phase reactions.

Primary 1'-1%C KIE. The calculated '#“C KIEs for a

12.32A Dn*An® mechanism were an excellent match when the 20%
. Dn*P*+An mechanism was included. The experimental value,
(:-& 1.004, was in the range observed previously for stepwise
purine nucleoside reactions, 0.998.015%91012Experimental
a-8a* a-8b¥

Figure 3. TS modelso-8a* and o-8b* of water attack org.

significant). KIEs on dissociation should be small, so the
observable KIEs for a PP*+Ay mechanism will equal the
EIEs of C-N bond cleavage. At intermediate values of
ks'ks, the observable KIEs vary monotonically between the
extremes.

Reliability of Calculated KIEs. The accuracy of the

1'-14C KIEs from reactions with ADy transition states range
from 1.020 for highly dissociative* to 1.139 for almost
synchronou transition states. The calculate@By KIE, 1.059,
fits in this range. The calculated\¥A y 1'-14C KIE was higher
than previously expected for a stepwise mechanism (see below).
15N KIEs and Leaving Group Protonation. All the calcu-
lated 915N KIEs were excellent matches for the experimental
9-15N KIE. The 945N KIE indicated significant or complete
CI'—N9 bond cleavage at the transition state but did not

calculated IEs depends on the accuracy of the computationaldistinguish between mechanisms.

models. It was limited in this study by how well the gas-phase

The calculated 7#°N KIE for a Dy*A n* mechanism, 0.987,

calculations reflected the geometries and structures of solution-agreed well with the experimental value, 0.985. Protonation
phase reactions. Gas-phase calculations are often not accuraté'eates a more vibrationally constrained environment for the
models of solution-phase reactions. However, several studiesProtonated atom and therefore an inverse KIE. The KIE
have established that the frequencies calculated by post-indicated that N7 was fully protonated at the transition state.
Hartree-Fock methods, including hybrid DFT, accurately reflect  This agrees with the solvent deuterium KIE, 0.43, for acid-
molecular structuré2 and therefore that calculated IEs also Ccatalyzed dAdo hydrolysi&;®*which indicates that there is no
accurately reflect those structures whether or not those structureroton transfer at the rate-limiting (as distinct from the first
accurately reflect reality. If the calculated KIEs match the irreversible) transition state, which is presumably-IC bond
experimental values, that is good evidence that the calculatedcleavage?

structures match the true structures. If the calculated KIEs do  The minor N3H-dAMP tautomer was examined because
not match the experimental ones, then the calculated structures3-methyl-dAdo is 3600-fold more reactive than dAd@ small

are incorrect and it would be necessary to use bond orderfraction of N3H-dAMP could potentially contribute dispropor-

(62) Glad, S. S.; Jensen, ¥.Phys. Chenil996 100, 16892-16898. Scott, A.
P.; Radom, LJ. Phys. Chem1996 100, 16502-16513.

(63) Berti, P. JMethods Enzymoll999 308 355-397.
(64) York, J. L.J. Org. Chem1981, 46, 2171-2173.
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Table 4. Calculated EIEs and KIEs for dAMP Hydrolysis@

KIEs
80% Dy*Ay*/
EIEs (Dn*P*+Ay)° AnDy Dy AYC DA 20% Dy*PF+A, €
isotopic N1H-3 = NIH-1= N1H-1— N1H-1— N1H-1— N1H-1—
label 4+ N1HN7H-5 2+ N1HN7H-5 N1H,N7H-6% N1H,N7H-7*# o-8a* a-8b* a-8a* o-8b* experimental
1-14C 0.993 0.993 1.059 1.052 1.008 1.003 1.005 1.001 1.004
9-15N 1.023 1.023 1.024 1.024 1.023 1.023 1.023 1.023 1.022
6-1°5N 1.001 1.001 1.010 1.008 1.001 1.001 1.001 1.00% 0.997
75N 0.987 0.987 0.991 0.991 0.987 0.987 0.987 0.987 0.985
1'-°H 1.364 1.355 1.047 1.068 1.390 1.259 1.383 1.278 1.253
2'S?H 1.183 1.181 1.045 1.047 1.179 1.145 1.179 1.152 1.113
2R-2H 1.078 1.073 0.997 1.007 1.081 1.019 1.079 1.030 1.091
5',5-3H,9 1.038 1.014 1.003 0.849 1.016 1.010 1.016 1.011 1.012

aSee Supporting Information for the reduced isotopic partition functi@nand Q*, used to calculate IES.Stepwise mechanism with reversible-8
cleavage (R step) and diffusional separation{fbeing the first irreversible stepks > ks. 9ks < ky. € The expected KIE for a mechanism that proceeds
80% through a R*A n* mechanism (reversible formation of{&N1H,N7H-5} complex followed by irreversible water attack @nand 20% through a
(Dn*P*+An) mechanism (with reversible formation f2eN1H,N7H5}, then diffusional separation). KIE 0.2 x EIE(N1H-1 =2 + N1H,N7H5) + 0.8
x KIEpnan®. f The leaving group is not present in thg ASs; therefore the KIE is equal to the EIE(NIH= 2 + N1H,N7H5). ¢ [5',5-3H;] was doubly
labeled at the Sposition. Experimental and calculated KIEs are reported for the doubly labeled material, Rbt per

tionately to dJAMP reactivity. With N3H-dAdo as the reactive Llf °
form, the calculated 92N and 74°N KIEs, 1.015 and 0.976, | H2'S
did not match the experimental values (see Supporting Informa-
tion). Thus, N3 protonation was not a major contributor to acid- Q=g H"
catalyzed dAMP hydrolysis. " H2R
The calculated 8°N KIE for a Dy*An® mechanism, 1.001, '“;40
was closer to the experimental value, 0.997, than the calculatedrigure 4. Oxacarbenium ion model showing the dihedral angles(Cp-

AnDy and Oy™*A y values, 1.010 and 1.008, respectively. orbital-C1'—C2—H2) in 3-exo2.

1'-*H KIE. 1'-3H KIEs are large and normal for oxacarbenium
ion-like transition states. Rehybridization of'Gfbm sgF toward 2S°H KIE larger than that for R-2H (Figure 4). The
sp? and loss of steric crowding from the adenine ring increases experimental 25-2H KIE was also larger than that forR?H,

the out-of-plane vibrational freedoffi The experimental 13H though the difference was smaller than that with the calculated
KIE was 1253, near the upper end of the range of previous|y KIEs. This shows that the p‘\transition state was a'-8xo
observed thydron KIEs for nonenzymatic reactions, 1216 conformer. Converting the reactant'séndoconformer to 3

1.26% and the middle of the range for enzymatic reactions, 1.15 exorequires only facile rotations about the’'€C2 and 04—

to 1.34 (e.g., see ref 17). The calculate@® KIEs were C4 bonds.

somewhat higher than the experimental value and were sensitive Nonenzymatic ribonucleoside hydrolysis proceeds throtigh 3

to the position of the water nucleophile, being 1.38 ¢e8a* exo conformations;® as do most enzymatic reactioh3® No

and 1.28 for-8b*. This environmental sensitivity is consistent ~conformational preference is evident from the enzymatic deoxy-

with the difficulties encountered previously in providing detailed Nnucleoside transition states: The stereospeclfHKIEs for

interpretations ofr-secondary hydron KIE¥:67 UDG were large and almost equdlindicating a flattened
Stereospecific 22H KIEs. The experimental’®2H and 2R- deoxyribosyl ring withfnzs ~ Onzr, in agreement with the

?H KIEs, 1.113 and 1.091, respectively, were similar to those CTystal structure§In ricin-catalyzed DNA hydrolysis the'R-

observed previously for deoxyribosyl reactants, namely 1.102 2H KIE was larger than that for'8?H,'? indicating a 3-endo

and 1.106 for UDG! and 1.117 and 1.146 for ricin with DN&, ~ conformation, as observed for the RNA reactffhe present

The main contributor tos-secondary?H KIEs in cationic study shows that the deoxyribo-oxacarbenium ion has an

transition states is hyperconjugation, i.e., donation of electron intrinsic preference for the'®xo conformer, like the ribo-

density from the C2-H2 o-bonds into the empty p-orbital at ~0xacarbenium ion.

C1, forming a C2—C1' z-bond and weakening the-bond. 5,5-%H; KIE. The experimental'5-*H; KIE, 1.012, was

Hyperconjugation is strongly angle dependent, varying a3 cos similar to acid-catalyzed AMP hydrolysis, 1.00%he calculated

012, Whereby is the p-orbital-C1'—C2—H2 dihedral anglé8 |E for the 8-phosphate models (N1B-— 4) was 1.038, likely

It is maximal atdy> = 0° and 180, and zero at 90 Compound reflecting an electrostatic interaction in the gas-phase calcula-

3-ex02 had Byzs = 17° and Oprr = 44°, with the calculated  tions between the'$phosphate and the positive charge at.C1
This would be screened in solution, lessening the KIE. The 5

(65) Solvent deuterium KIEs were measured under noncompetitive conditions;

i.e., rates were measured in the presence of pu@®@ bf DO, not a (68) Defrees, D. J.; Taagepera, M.; Levi, B. A.; Pollack, S. K.; Summerhays,

combination of both. Noncompetitive KIEs reflect the rate-limiting step of K. D.; Taft, R. W.; Wolfsberg, M.; Hehre, W. J. Am. Chem. Sod979

a reaction, rather than the first irreversible st&ppriori, the rate-limiting 101, 5532-5536. Sunko, D. E.; Szele, I.; Hehre, W.JJAm. Chem. Soc.

step in dAMP hydrolysis might be expected to be N7 protonation-eNC 1977, 99, 5000-5004.

bond cleavage. The inverse solvent deuterium KIE demonstrates that it is (69) Parikh, S. S.; Mol, C. D.; Slupphaug, G.; Bharati, S.; Krokan, H. E.; Tainer,

the latter. J. A.EMBO J.1998 17, 5214-5226. Parikh, S. S.; Walcher, G.; Jones,
(66) Fujii, T.; Saito, T.; Nakasaka, TThem. Pharm. Bull1989 37, 2601~ G. D.; Slupphaug, G.; Krokan, H. E.; Blackburn, G. M.; Tainer, JPAoc.

2609. Natl. Acad. Sci. U.S.A200Q 97, 5083-5088. Bianchet, M. A.; Seiple, L.
(67) Matsson, O.; Westaway, K. @dv. Phys. Org. Chem1998 31, 143— A.; Jiang, Y. L.; Ichikawa, Y.; Amzel, L. M.; Stivers, J. Biochemistry

248. 2003 42, 12455-12460.
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hydroxy models (N1Ht — o-8a/bf) gave a better match,
1.011-1.016.

Large 1'-1“C KIE for a Stepwise Mechanism.The calcu-
lated 1-1C KIE for a Dy*™*A mechanism (N1HE — N1H,-

iw

| &
N7H-7¥) was 1.052. This was close to the calculated value for L

the AyDn transition state, 1.059, and much higher than - ——
experimental and most calculated values previously reported

for stepwise reactions?-12.70 except one computational study C

of AMP hydrolysis, which indicated that 8-1C KIE of 1.045
was possible in a P*An mechanisn®® In contrast, the

calculated KIE with a neutral reactant and monoprotonated reactant contact ion pair cornplex. An#

7

enzyme-catalyzed reaction at neutral pH.

The difference in 1%C KIEs arose from differences in
adenine protonation. This is most easily explained in terms of
the reverse reaction. N7H-adenine is a good nucleophile; the
barrier to attack on the oxacarbenium ion is overcome almost

as soon as the two molecules make contact, as shown by the7gure 5. Structures of the dAdo reactant (NIB); CIPC @eN1H,N7H5

" + H0), and A TS structure ¢-8a" + N1H,N7H-5). (Top) Electrostatic
o = 71
low CI'—N9 bond order at the transition statey—no = 0.02: potential surfaces. (Inset) N1H-dAMP, showing the minimal effect of the

N1H,N7H-adenine is a weaker nucleophile, and there is 5-phosphate group on the rest of the molecule. (Bottom) Atomic models

electrostatic repulsion with the oxacarbenium ion. Thus, the TS of the model compounds. Molecular surfaces were plotted at an electron

e hi — P ; density of 0.002/b®, with electrostatic potentials from negative (red).08
bond order is highemcy—ne = 0.18. This is reflected in the hartree) to positive (blue, 0.28 hartree). Individual molecules in the CIPC,

imaginary frequencies, 80ersus 15Bcm 1, reSp_eCtiveW’ and i.e., 2, NIH,N7H5, and HO, were optimized separately and brought
contributions from the reaction coordinate motitsty*/heavy,* together in the figure.

= 1.005 and 1.024.

The computational model of ricin-catalyzed DNA hydrolysis order,nc—., and correspondingly large primary carbon KIEs.
had a neutral imidazole leaving groufd0f).!2 This is a The same will hold true for poor nucleophiles. In this
reasonable representation of an N7H-monoprotonated but notcontext, it may be necessary to consider the possibility that
an N1H,N7H-diprotonated leaving group. Similarly, monopro- nonenzymatic AMP and NAD hydrolyses are stepwise rather

—_—
‘

L"-"

transition state, i.el — N7H-7*, was 1.012 (see Supporting a _
Information), in the expected range for a stepwise mechanism. &
These are the protonation states that might be expected for an . . y,
-
!

tonated adenine in the MTAN TS structure gave a IowC than concerted.
KIE.® The influence of N1 protonation on the-#C KIE, five Dn*A F Transition State. The experimental KIEs reflected
bonds away, illustrates the value of using as complete compu-water attack on an oxacarbenium ion (Figure 5)at8a* and
tational models as possible. B-8b* (and3-8%), the nascent C+0O bond is very weak, with
bond lengths of 2.83 and 2.32 A, correspondingié@—o =
H 0.01 and 0.06, respectively. The law1—o's reflect the high
ﬁj oxacarbenium ion reactivity; the transition state is reached
N almost as soon as the bond starts to form. The TS structures
HE are oxacarbenium-ion-like, with only slight decreases in charge
H C/'frH delocalization to the ring oxygen and hyperconjugation, as
2 1 reflected by decreasedcr-os and ncr—cz and increased
10 Ncr—n2s andncr—por. The C1 geometry reflects the beginnings

of rehybridization from spto sp?

dAMP will be hydrolyzed through the N7H monoprotonated
form at physiological pH (by analogy to dAd®).The mech-
anism likely remains R*A n*. N7H-adenine is a better nucleo-
phile than N1H,N7H-adenine, making-glycoside bond re-
formation in the CIPC even more likely that with the diprotonated
form.

Intermediate Lifetime. The time scale for diffusional separa-
tion of an ion pair complex is 13°-10"11s and is 10! s for
solvent reorganization to alloyg-attack?®72 If 20% of the
reaction occurs after CIPC dissociation, its lifetime must be on

More significantly, it will not always be possible to distin-
guish ADy from Dy**A N mechanisms. The calculated KIEs
for ANDy and Dy™Ay transition states (Table 4) are similar
enough that it would not be possible to distinguish between these
transition states. It still appears to be true that very small 1
1C KIEs can arise only from stepwise mechanisms;
however, a 4C KIE > 1.025, previously taken as evidence
for an AyDn mechanism, may occasionally occur in a stepwise
mechanism. Stepwise reactions with unusually stable or
cationic leaving groups can result in a high leaving group bond

(70) Parkin, D. W.; Schramm, V. LI. Biol. Chem1984 259, 9418-9425. the same order. Nucleophile selectivity also probes the inter-
(71) Pauling bond order is defined ag = e ~ 03 where | is the bond mediate lifetime. Unstable intermediates react indiscriminately,
length between atomisandj andr; is the bond length for a single bond e . X X
between atoms of elemen‘tanck'. Single bond lengths were-€C, 1.526 giving kyeorkn,0 = 1. Stable intermediates are selective, e.g.,
A; C—N, 1.475 A; G-0, 1.41 A; and G-H, 1.09 A. (a) Johnston, H. S.

Gas Phase Reaction Rate TheoRonald Press, Co.: New York, 1966.
(b) Sims, L. B.; Lewis, D. E. Iisotope Effects: Recent belopments in (72) Richard, J. P.; Jencks, W. . Am. Chem. S0d.984 106, 1373-1383.
Theory and ExperimenBuncel, E., Lee, C. C., Eds. Elsevier: New York, Eigen, M.Angew. Chem., Int. Ed. Endl964 3, 1-19. Kaatze, UJ. Chem.
1984; Vol. 6, pp 161259. Eng. Datal989 34, 371—374.
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kveor/kn,0 = 20 for a carbocation with a 18 s lifetime 3 The intermediate. The experimental KIEs and anomeric product
dAMP reaction gavéveor/kn,0 = 1.4, comparable with 11 distribution demonstrated that the mechanism&§% Dy*A ¥,
1.6 for the oxacarbenium ions of deoxygluc&sand N- with reversible G-N bond cleavage, followed by irreversible

acetylneuraminatéin 50% MeOH, which have lifetimes of (1 water addition. About 20% proceeds through a*BF+Ay
11 i . . . . . - . .
t0 23) x 10 s. Thus, by two measures, tjge oxalcoarbemum mechanism, with intermediate dissociation being the first
ion !nterr_nedlate lifetime is on the orde_r of 1 _.10 s irreversible step. Methanolysis reactions indicate that the
Biological Relevance.Most enzymatic reactions with'-2 L . L 10
. . . . oxacarbenium ion intermediate has a lifetime of #6-10~
hydroxynucleoside substrates proceed through highly dissocia- Th lculated ori KIES d ded st | th
tive AnDn TSs or, occasionally, through stepwisey*B S: € f:acuae primary . S epen ed strongly on the
mechanisms. Although a variety of catalytic strategies have beenProtonation state of the adenine IeaV|lng group. The '\J:H"\WH'
proposed, including leaving group or nucleophile activation, and dlproton_ated_form gave a calculated*4C K_|E for a_DN An
oxacarbenium ion stabilization (see ref 17), they all appear to Mechanism in the range normally associated with concerted
stabilize similar TS structures. In contrast, enzymatie 2 AnDn mechanisms.
deoxynucleoside reactions have wildly divergent TS structures.
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Acid-catalyzed dAMP hydrolysis proceeded through a step-
wise mechanism, forming a discrétexacarbenium iokadening

(73) Richard, J. P.; Rothenberg, M. E.; Jencks, WJ.PAm. Chem. Sod.984
106, 1361-1372. JA067371L
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