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Ribonuclease A catalyzes the cleavage of RNA in a two-
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ments using the internal competition metd8d! The results
are shown in Figure 12

The internal competition method used in these experiments
measures the isotope effect "y/Kn, for the reaction. If a
chemical step prior to the first irreversible step is rate limiting,
the full intrinsic isotope effect will be observed on that chemical
step. If a nonchemical step is entirely or partially rate limiting,
the intrinsic isotope effect due to the chemical step will be
masked by a commitment factor. A change in the pH of a reac-
tion away from the optimum can serve to reduce such a com-
mitment and increase the magnitude of the observed isotope
effect by slowing down the chemical step and making it more

step process. The phosphodiester bond is cleaved to yield &ate-limiting. In the absence of a commitment, the intrinsic iso-

RNA strand with a free '5OH and another RNA strand with a
2', 3 cyclic monophosphate at the' &nd. This cyclic
intermediate is then hydrolyzed with enzymatic catalysis.
Classically, the first step of cleavage of RNA by ribonuclease

A has been reported to proceed via a concerted mechanism in

which His-12 acts to deprotonate the nucleophilicO™ and
His-119 acts to protonate the leaving grédupChemical
modification studies, pH-rate studie$,and site directed mu-
tagenesis studies of His-12 and His-1Hde consistent with
general aciegtbase catalysis. However, the mechanism has

become the subject of much debate as a result of the proposafl
of a phosphorane intermediate in the catalytic mechanism. Thisye

concept was based on data obtained in model studies utilizing
cyclodextrin-bis(imidazole) compoun8sr imidazole or mor-
pholine buffers as catalystsWe report here a direct study of
the enzymatic reaction catalyzed by ribonuclease A to test for
the presence of a phosphorane intermediate.

We have measured heavy atom isotope effects on the ribonu

tope effect on the chemical step will be observed at the optimum
pH, and the magnitude of this effect will not change with the

pH of the reaction. The constant large primary isotope effect
(Figure 1) observed at the pH optimum (pH 5.0) and well away

(9) N and *N-m-nitrobenzyl alcohols were prepared by nitration of
benzaldehyde with*N or 15N -labeled ammonium nitrate in sulfuric acid,
followed by reduction of the nitrobenzaldeh)éde with sodium borohydride
in methanol. For preparation of the [brid&®, °N]-labeled substrate§O,
15N]- benzyl alcohol was prepared by esterification'#fi- m-nitrobenzyl
alcohol with 80,]-labeled benzoic acid (prepared from benzoy! chloride
nd H!0) under Mitsunobu conditions (Mitsunobu, Synthesid 981, 1)
ollowed by hydrolysis. The double labeled substrate was then prepared by
action of 25'-di-tert-butyldimethylsilyl uridine (Hakimelahi, G. H.; Proba,

Z. A.; Ogilvie, K. K. Can. J. Chem1982,60, 1106) with 2-cyanoethyl
diisopropylchlorophosphoramidite with triethylamine and dimethylamino
pyridine (DMAP) in THF, followed by reaction withfO,'5N] benzyl
alcohol and tetrazole in acetonitrile, and then oxidation weitt-butylhy-
droperoxide. Deblocking was achieved by treatment with 1,8-diazabicyclo-
[5.4.0]undec-7-ene followed by tetrabutylammonium fluoride. The nonbridge
labeled substrate was prepared by the sequence (a) reactigs-afi-2ert-

“butyldimethylsilyl uridine with bis(diisopropylamino)chlorophosphine with

clease A catalyzed cleavage of the alternate substrate uridineriethylamine and DMAP in THF, (b) reaction of this intermediate with

3'-m-nitrobenzyl phosphate. This compound was chosen be-
cause (1) the g, of the m-nitrobenzyl alcohol leaving group
(estimated K, = 14.9¥ is close to that of a natural substrate
nucleotide leaving group (estimate{pp= 14.8)> suggesting
that the chemistry involved in the cleavage events will be
similar; (2) theV/Ky, of substrate cleavage to cyclic UMP and
m-nitrobenzyl alcohol is 1Bless than for cleavage of UpA and
100-fold less than for cleavage of uridiné-@Bnitrophenyl
phosphate(although the pH profile has the same bell shape as
that for UpA) facilitating observation of the chemical rate
limiting step; and (3) the leaving group contains a single nitrogen
atom which can be used as a remote label. The decrease in th

15N- m-itrobenzyl alcohol and tetrazole in acetonitrile, and (c) reaction
with methanolt®O and tetrazole in acetonitrile, followed by oxidation with
iodine/H;'80/collidine. Deblocking was achieved by reaction widrt-
butylamine followed by tetrabutylammonium fluoride.

(10) Cleland, W. WCRC Critical Re. Biochem.1982,13(4), 385.

(11) Reactions were performed at room temperature in succinate (pH
5.0) or Tris (pH 8.0) buffer. Reaction progress was monitored via calibrated
HPLC analysis of a quenched reaction aliquot. Aliquots were quenched
by addition to 45 mM benzyl alcohol (internal standard) in 0.1 M citrate,
pH 2.5, in 10.8% methanol and separated on a Microsorb-MV C18 HPLC
column (5um, 4.6 mm ID x 25 cm) equilibrated with 6 mM sodium
phosphate, pH 7.0, in 27% methanol, followed by detection at 254 nm and
peak integration. Reactions were allowed to proceed to-2508 com-
pletion, titrated to pH 7 (for succinate reactions) or pH 12.5 (for Tris reac-
tions), and immediately extracted with diethyl ether to sepanatérobenzyl

@lcohol from substrate. HPLC analysis of ether and aqueous layers confirmed

measured rate of cleavage of this substrate may be largely duecomplete separation under these conditions. The residual substrate present

to unproductive binding since the nucleotide binding specificity
is lost at the leaving group with this substrate. Unproductive
binding would have no effect on the report¥g/K, isotope
effects.

Substrate was synthesized wifl® at the bridge position or
nonbridge positions of the phosphodiester bond Withat the
nitro group of the benzyl rin§. This was mixed with the
corresponding compound witfO at the bridge position or
nonbridge positions anéN in the nitro group to produce a
mixture having the natural abundance'®f in the nitro group.
The mixture was used for heavy atom isotope effect measure-

T Current address: Dept. of Chemistry and Biochemistry, Utah State
University, Logan, UT 84322

(1) Thompson, J. E.; Venegas, F. D.; Raines, RBibchemistryl994
33, 7408.

(2) Findlay, D.; Herries, D. G.; Mathias, A. P.; Rabin, B. R.; Ross, C.
A. Biochem. J1962 85, 152.

(3) Lennette, E. P.; Plapp, B. \Biochemistryl979 18, 3938.

(4) Eftink, M. R.; Biltonen, R. L.Biochemistry1983 22, 5123.

(5) Thompson, J. E.; Raines, R. J.Am. Chem. S0d.994 116, 5467.

(6) Breslow, R.; Dong, S. D.; Webb, Y.; Xu, B. Am. Chem. So4996
118 6588.

(7) Anslyn, E.; Breslow, RJ. Am. Chem. S0d.989 111, 5972.

(8) The Ka of benzyl alcohol is 15.44, and th&pof m-dinitrobenzyl
alcohol is 14.43. (Fasman, G. D. IHandbook of Biochemistry and
Molecular Biology, Vol. 1CRC Press: Cleveland, OH, 1976; p 315.)

S0002-7863(96)03974-1 CCC: $14.00

in the aqueous layer was then cleaved with excess ribonuclease A to yield
m-nitrobenzyl alcohol.m-Nitrobenzyl alcohol isolated from the partial
reaction or from residual substrate cleavage was purified by sublimation.
Nitrogen gas was liberated from purified product by combustion over copper
oxide in a sealed tube and analyzed by isotope ratio mass spectrometry as
described by Hengge, A. C.; Edens, W. A.; Elsing,JHAm. Chem. Soc.
1994 116 5045. Measurements were made using a Finnegan MAT delta
E dual inlet isotope ratio mass spectrometer. Reactions were performed in
triplicate, and calculations were accomplished using the isotopic ratio in
the m-nitrobenzyl alcohol product at partial reactioRy), in the residual
substrate Rs), and in the starting materiaR{). Equations 1 and 2 were
used for calculation of the observed isotope effect for each trial in which
the fraction of reactionf, was determined by HPLC analysis as described

above.
isotope effect= log(1 — f)/log[1 — f(R/R,)] 1)

isotope effect= log (1 — f)/log[(1 — H(RI/R,)] ()]

Isotopic composition of starting materials was determined by isotope ratio
mass spectrometry or FAB mass spectrometry, and the isotope effect was
corrected for incomplete isotopic incorporation. Isotope effects at the
discriminating position were calculated using the remote label equations
(O’Leary, M. H.; Marlier, J. FJ. Am. Chem. So&979 101, 3300). Control
experiments in which the isotopic ratio of purenitrobenzyl alcohol was
measured before and after isolation procedures ensured that no isotopic
fractionation occurred during product recovery.

(12) The isotope effect of unity measured at the nitrogen atom of the
nitro group of the benzyl ring is expected, since no electron delocalization
can occur into the benzyl ring during phosphodiester bond cleavage to
change the bond characteristics. The remote label therefore has no
contribution to the primary or secondary isotope effects measured.
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Figure 1. Isotope effects observed for the ribonuclease A catalyzed Figure 2. Proposed transition state structure for the ribonuclease A
reaction. catalyzed reaction.

from reaction coordinate motion could exist for deprotonation
of the phosphorane. However, since it is the proton that is large-
ly in motion and not the oxygen atom, the contribution of this
effect would be small in comparison to the inverse isotope effect.
Thus the observed 0.5% normal secondary isotope effect is
most consistent with the ribonuclease catalyzed cleavage of uri-
dine 3-m-nitrobenzyl phosphate proceeding via a concerted
mechanism with a transition state having slightly associative
; . . ~“" character. We propose a transition state of the concerted reac-
bond order is decreased to the leaving group in the transition 4o as shown in Figure 2. Herschlag has come to similar con-

state. However, the primary isotope effect by itself does not ¢,qjons about ribonuclease catalysis based on his analysis of
invalidate a two-step mechanism via a phosphorane intermediate i _effectsl?
If the rate limiting step in such a mechanism were a breakdown Assuming a constant bond order to phosphorus of 5, we have
of the phosphorane intermediate, a normal primary isotope effect . - 1ated that the maximum theoretid4D secondary isotope
would be expected. . hanism involvi hos. Effect for complete conversion of a0 double bond to a single
hHowevgr, ewdzr]ce against gdméacbanlsm Involving a pf ohs- bond is 4%8 while the largest experimental secondary isotope
phorane intermediate Is provided by measurement of the eaq e in solution is 2.5% for hydrolysis@foO-diethyl O-(4-
nonbridge secondary isotope effect. A normal isotope effect carbamoylphenyl) phosphat®. Using these values as limits,
of 0'h5% Waiqgserved as the overall eﬁleqt for both If?beled atﬁmswe calculate that between 0.13 and 0.20 bond order is lost to
in the nonbridge position. A normal isotope effect at the o nonbridge oxygen atoms in the transition state of the
nonbridge position indicates that there is some loss of bond order o nuclease A catalyzed reaction. Therefore, the sum of the

to the nonbridge oxygen atoms in the rate limiting transition aia hond orders is 1.131.20 in the transition state, which is
state compared to the situation in the substrate before react|ons|ight|y associative. Itis likely that Lys-41 acts to stabilize the

This is consistent with a concerted mechanism in which the j,creased negative charge formation on the nonbridge oxygen
transition state is slightly associative. In the case of & 5i3ms20 The present data do not define the transition state for
m?Cha”'Sf." employmg a phosphorane intermediate, _the normale cleavage of the' 3 cyclic phosphate product; however, it
primary bridge isotope effect requires that the transition state ;g likely that ribonuclease A employs a similar mechanism to
under examination would involve the rate limiting breakdown accomplish this step.

of this intermediate. Calculations suggest that a dianionic

phosphorane intermediate is unlikely due to energetic faétors. Acknowledgment. This work was supported by NIH Grants
Nevertheless, if a dianionic phosphorane did form, it is likely GM18938 to W.W.C. and GM47297 to A.C.H. We thank Isabel
that the transition state for breakdown of this unstable inter- Treichel for technical assistance with isotope ratio mass spectrometry
mediate would be early (resembling the intermediate) and would and Jill Holbrook for assistance with high pH isotope effect
reveal a large normal isotope effect (28%, see below) due ~ measurements.

to almost a complete loss of double bond character to the jagg3974T

nonbridge oxygen atoms. Any hydrogen bonding stabilization

would diminish by only a very small amount an observed isotope ~ (13) Lim, C.; Karplus, M.J. Am. Chem. Sod99Q 112,5872.
. . (14) Complete deprotonation results in a 1.54% normal isotope effect.
effect of this magnitude. _ _ (Knight, W. B.. Weiss, P. M.; Cleland, W. Wi. Am. Chem. Sod986
If a monoanionic phosphorane intermediate were formed, 108 2759).

breakdown of this intermediate would have to involve depro-  (15) The isotope effect on phosphorane breakdown is the product of the

: : : : : equilibrium isotope effect for forming the phosphorane and the kinetic
tonation of a nonbridge oxygen in concert with protonation of isotope effect on its breakdown, but the observed effect is a comparison

the leaving group. In this case, this nonbridge oxygen atom between the rate limiting transition state for breakdown of the phosphorane
would be at least partly protonated in the transition state. This and the original ground state of the substrate.

would manifest itself as an inverse secondary isotope effect 19%6)11“7‘9%9991% A. C.; Tobin, A. E.; Cleland, W. W. Am. Chem. Soc.

which would be as large as 1.8%in the case of an early (17) Herschlag, DJ. Am. Chem. S0d.994 116,11631.
transition state and smaller in the case of a late transition’$tate. ~ (18) Calculations were made for HEO using the BEBOVIB-IV

i program of Sims, L. B.; Burton, G.; Lewis, D. E. Program No. 337, Quantum
In any case, a normal isotope effect would not be expected. A Chemistry Exchange Program, Department of Chemistry, Indiana University,

precedent exists for this situation in the observation of an inverse gjoomington, IN 47401 using the force field in footnote 12 of Weiss, P.
nonbridge isotope effect of 1.6% for protonation of the phos- M.; Knight, W. B.; Cleland, W. W.J. Am. Chem. Sod.986 108 2761.

iti - (19) Caldwell, S. R.; Raushel, F. M.; Weiss, P. M.; Cleland, W. W.
phoryl group of the transition state for the snake venom phos Biochemistryl 991, 30, 7444,

phOdiESterase Cata')/zed_ hydro!VSiS of 3,3-dimethy!bu1§’| (20) Messmore, J. M.; Fuchs, D. N.; Raines, RJTAm. Chem. Soc.
nitrophenyl phosphat®®. It is possible that a small contribution 1995 117, 8057.

from the pH optimum (pH 8.0) demonstrates that a commitment
is not present in this system. Thus, we conclude that chemistry
is rate limiting under these conditions. Measurements of the
other isotope effects were performed only at the pH optimum.
A normal primary isotope effect of 1.6% observed at the
bridge oxygen atom indicates that there is considerable loss of
bond order to the bridge oxygen atom in the transition state.
This result is consistent with a concerted mechanism in which




