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ABSTRACT. Primary and secondary kinetic and equilibrium isotope effects are calculated with density-
functional methods for the in-line dianionic methanolysis of the native (unsubstituted) and thio-substituted
cyclic phosphates. These reactions represent reverse reaction models for RNA transesterification under
alkaline conditions. The effect of solvent is treated with explicit (single and double) water molecules and
self-consistently with an implicit (continuum) solvation model. Singly substituted reactions at the
nonbridging @1 position and bridging @, Oz, and G positions and a doubly substituted reaction at the

Op1 and G, positions were considered. Aqueous free energy barriers are calculated, and the structures
and bond orders of the rate-controlling transition states are characterized. The results are consistent with
available experimental data and provide useful information for the interpretation of measured isotope and
thio effects used to probe mechanism in phosphoryl transfer reactions catalyzed by enzymes and ribozymes.

The most prominent mechanism for cell signaling, energy that results from thio substitution is termed a “thio effect”.
conversion, and the synthesis and breakdown of nucleic aciddsotope effects are sensitive probes for specific changes in
involves the transfer of phosphoryl groups. Consequently, bonding in the rate-controlling transition state. Thio effects
phosphoryl transfer reactions have been the focus of con-provide information about protonation state and the catalytic
siderable research effort with both experimental and theoreti-role of certain metal ions through the measurement of
cal methods 1—4). The characterization of nonenzymatic associated “rescue effects” created by replacement of native
mechanisms of phosphoryl transfer is the first step in hard ions, such as Mg(ll) in the case of the hammerhead
understanding the key factors that influence reactivity and ribozyme {, 8), with a more thiophilic ion such as Mn(ll)
regulation of the biologically catalyzed reactions. Toward or Cd(ll). Measurements of isotope and thio effects have
this end, a synergy between experiment and theory may offerbeen used to study both enzymatic and nonenzymatic
potentially the deepest new insights into these problems. phosphoryl transfer reaction&-4, 9) and, taken together,

A common experimenta| Strategy for probing mechanism prOVide twofold InS|ght into the nature of the transition states
is to introduce site-specific chemical modifications into the and reaction mechanisms. The interpretation of the experi-
native system and study the effect of these modifications on mental data, however, may not always be made unambigu-
the reaction pathway and rate. Typically, these modifications OUsly as multiple mechanistic pathways are often able to fit
should be sufficiently subtle that the reaction mechanism is the observed kinetics equally well®. _
only perturbed, and the resulting experimental data provide = Computational quantum models1-14) provide a useful
information that can be used to make inferences abouttOOl in the elucidation of |mp0rtant details of blOIOglcaI
mechanism. In the case of phosphoryl transfer reactions, twoPhosphoryl transfer reactions%—31) and may assist in the
of the most common chemical modifications involve isotope Mechanistic interpretation of experimental datd), (32).

(4, 5) and thio @, 6) substitutions at the key phosphoryl Relatively few electronic structure studies, however, have

oxygen positions_ A Change in the reaction rate constant oraddressed the issue of the effect of sulfur substitution on

equilibrium constant that results from isotope substitution biological phosphate system8%-38). Experimental data

is known as a kinetic or equilibrium isotope effect (Kl&r are crucial in validating existing theoretical methods and

EIE, respectively). A change in the reaction rate constant influence the design of new-generation models, and it is
important for the continued development of improved models

R _ _ to provide benchmark comparisons with the experimental
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Scheme 1: RNA Transesterification
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Scheme 2: Phosphorane Transition State Showing
Phosphoryl Oxygen Positions for Thio Modifications a{@
and3S Isotope SubstitutioAs

endocyclic bond

QO . O: primary
bridging 3 N ,’02 O: secondary
positions: P..,
2', 3 5 A\ 02

CH305. non-bridging

P2
OPC? }positions: P11, P2

exocyclic bond

a An isotope effect is termed primary if a bond to the labeled atom
is formed or cleaved during the reaction and secondary otherwise.

enzymes such as the hammerhead3@), and hairpin 40,
41) and hepatitis delta virus4®, 43) ribozymes. Much

information about the nature of the rate-controlling transition

state can be gleaned from measurement of KWs The

calculation of KIEs from quantum chemical models is a topic

of considerable effort and importanc&4( 44—51). An

Liu et al.

equilibrium isotope effects4( 5) on the in-line dianionic
reaction mechanism for methanolysis of ethylene phosphate
(Scheme 3), a reverse reaction model for RNA phosphate
transesterification under alkaline conditiori3. (The effect

of solvent is treated with explicit (single and double) water
molecules and self-consistently with an implicit (continuum)
solvation model. In addition, a series of five thio substitutions
(52) at the key phosphoryl oxygen positions are considered.
Two primary and three secondar{?@ and **S) isotope
effects are considered for each of the in-line dianionic
reactions: the native (unsubstituted) reaction, singly substi-
tuted reactions at the nonbridging{osition and bridging
Oz, Oz, and G positions, and a doubly substituted reaction
at the @; and G positions (Scheme 2).

METHODS

Density-functional calculations were performed using the
B3LYP exchange-correlation functionab3, 54) with the
6-31++G(d,p) basis set for geometry and frequency calcula-
tions followed by single-point energy refinement and natural
bond order (NBO) analysig) with the 6-31H+G(3df,-
2p) basis set in a manner analogous to recent studies of
biological phosphate8, 56—58). Solvent was treated using
the PCM solvation model5Q, 60) with UAKS radii (61).

For all calculations that did not include explicit water
molecules (with the exception of the “nat*” reaction; see
below), solvent-relaxed geometries were optimized self-
consistently with the PCM solvation modé&9; 60). In the
remaining calculations that considered the native reaction
in the presence of zero, one, and two explicit water
molecules, implicit (PCM) solvation corrections were based

isotope effect is termed primary if a bond to the labeled atom 0N gas phase-optimized geometries as in prior wesk{6—

is formed or cleaved during the reaction and secondary 58). Energy minimum and transition state geometry optimi-
otherwise. To date, experimental KIE measurements havezations were carried out in redundant internal coordinates
concentrated on acyclic phosphate monoester systemswith default convergence criteri&6%), while the stability
However, advances in isotope ratio mass spectrometers mayonditions of the restricted closed shell Keh8ham deter-

soon allow one to measure tH©:180 ratio for other volatile

minant for each final structure were verifie®3 64).

compounds bearing oxygen atoms such as the cyclic Frequency calculations were performed to establish the nature
phosphate diesters (the more relevant model for ribozyme of all stationary points. Thermodynamic properties at 298.15
catalysis). The ring structure may, however, further com- K were obtained from the density-functional calculations
plicate the mechanistic interpretation of such measurements(unscaled frequencies) using standard statistical mechanical
making theoretical work that could aid in this interpretation expressions for separable vibrational, rotational, and trans-

immediately interesting and significant.

lational contributions within the harmonic oscillator, rigid

This work applies density-functional electronic structure rotor, ideal gas/particle-in-a-box models in the canonical
methods to the study of primary and secondary kinetic and ensemble &5) and have been described in detail elsewhere

Scheme 3: In-Line Dianionic Mechanism of Ethylene Phosphate Methanolysis (a reverse reaction model for RNA phosphate
transesterificatior)
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a Although intermediate | for the native (unsubstituted) reaction is either nonexistent or only meta-stable in solution, this is not necessarily the
case for certain thio substitutions. Hence, this general scheme is meant to encompass and illustrate all the possible stationary points along the
reaction path for the dianionic in-line mechanism with and without thio substitutions that are discussed in this work.
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(56). All electronic structure calculations were performed T, 5e 1: Relative Free Energy ValuesGag for Stationary Points

with the GAUSSIANO3 suite of program$6). of Dianionic Ethylene Phosphate Methanolysis Reactions Optimized
The native (unsubstituted) reaction (Scheme 3) was in Solutior?

modeled using both implicit and explicit solvation models.  reaction Tss | TSyor P Rev

The first model, designated “native”, was based on solvent- ", 11 —283 - —  _ — 128 283

relaxed geometries optimized self-consistently with the PCM natm0* 411 -276 - - - - 135 27.6

in the absence of explicit waters. Three additional models nat2H0* 384 -244 - - - - 140 244

based on gas phase-optimized geometries with PCM postop-native 404 -99 305 -03 302 -186 116 288

iz ati i i i ; S:Op1 413 —13.0 283 86 369 -242 127 286
timization solvation corrections were considered in the S OMOm 424 —161 263 113 376 —243 133 291
presence of zero, one, and two water molecules. The s.q, 360 -89 271 81 352 —232 120 24.0
reactions are designated “nat*’, “nat®*”, and “nat: S:0y - - - - 524 —-205 319 205
2H,0*", respectively, the asterisk emphasizing that PCM S 8.7 —478 - - —89 476
solvation was treated as a postoptimization correction based 2Aqueous free energy values for stationary points along the reaction
on the “gas phase”-optimized geometries (i.e. geometriescoordi”ate for in-line dianionic methanolysis for the native and thio-

optimized i the absence impliit PCM solvation). The = mocel s Shown asos e e e epery b
remainder of the reactions were based on implicit solvent- their structures were based on gas phase-optimized geometries and the
relaxed geometries optimized self-consistently with PCM in free energies were post-corrected with PCM model. All other structures
the absence of explicit water molecules, analogous to thewere optimized's'elf-consistently with the PCM solvation model._Rate-
native reaction. A series of four single thio substitutions at ]‘30”“0"'”9 "a”T't'O”iStates are showrbidfacetype, ah”d.thﬁ relative

the brldglng Q’, 03', a.nd Q;’ positions and nonbridging;@ ree energy values etween statlonary pomts are showtalios.

position, as well as a doubly substituted reaction at the O
and G positions were considered. These reactions are Table 2: Bond Lengths, Bond Ordgrs, and NBO Charge Values for
designated S:Q S:0y, S:0y, S:Oby, and S:@y,Op,, respec- _*Fg’n;zgﬁpgg%g 8"%?522 d(siﬁ”é‘glsat:g;he Rate-Controlling

tively. For each of these reactions, two primary and three P

secondary O and 34S) kinetic and equilibrium isotope Reaction Mxs Mx2 Mg MXps MXp2
effects (Scheme 2) were calculated at 298.15 K from the na:*Hzo 223753 11-;33% 117733 11-5588 113113

; i : : nat: * . . . . .
;‘g‘l‘_’\e(gtf_lf‘gl transltlongs?faice ;he%'%?\?; Kggemegte%n nat:2HO* 2431 1865 1688 1511 1514
Wiical version 9.5. _Q ). ot reads the native 2.364 1.764 1.687 1.524 1.525
analytical Cartesian Hessian matrix from GAUSSIANO3  s. g, 2494 1.740 1.681 2.039 1.519
[calculated at the B3LYP/6-31+G(d,p) level in this work] S: G1,0p2 2.619 1.732 1.683 2.028 2.022
and, after mass weighting and projection of the six transla- S & 2.314 1.762 2.185 1.527 1.529
tional and rotational modes, returns the normal-mode vibra- S % 2.303 2.281 1875 1.528 1.521
' S: O 2.427 2.356 1.667 1.519 1.517

tional frequencies [which satisfy the Redlicheller product

erp Reacti BOxs  BOxx  BOw B B
rule (69)] and calculates the full (unscaled) vibrational and ———o" " O O O O Oxe2

h e . s . : nat* 0.148 0.491 0.607 1.130 1.124
r_ot_auonal partition fungtlons within the. harmonic osu_llator/ nat:HO* 0.108 0.528 0.632 1115 1103
rigid rotor approximations. The reaction rates and isotope nat:2H0* 0.152 0.470 0.633 1121 1.104
effects are_calculqted fror_n co_nventional tran_sition state “hative 0.170 0.531 0.625 1.085 1.089
theory consistent with the BigeleiseMayer formalism 45, S: Op1 0.153 0.553 0.631 1.200 1.105
70) and, in this work, neglect tunneling effects and changes S @10p2  0.138  0.555 0.609 1.257 1.276
. o = S: Oy 0.189 0.528 0.798 1.062 1.066
in the transmission coeﬁ|C|er_1t. A more complgte_ treatment g g, 0.647 0.216 0.638 1.059 1076
of kinetic isotope effects that include a fully explicit solvated  s: & 0.154 0.615 0.636 1.101 1.110
environr_nent could be made _With a combined quantum  Reaction Qs Q Qs Qr1 Qp2
mechanical/molecular mechanical (QM/MM) potentia®,( nat* 0997 -0889 -0859 -1210 —1.212
71—73) and using variational transition state theoty,(74). nat:HO* —-1.000 -0.883 —0.853 —1.209 —1.213
This work represents an important first step in this direction. nat2H0* ~ —0.961 —0.902 —0.850 —1.208 —1.204
native -1.009 —-0.892 —0.868 —1.238 —1.237
RESULTS AND DISCUSSION S: Opy —-1.003 —-0.889 —-0.871 —0.872 —1.205
, ) . . S: 00,z —0999 -0.891 -0875 —0.793 —0.773
Scheme 3 illustrates the general mechanism for dianionic s: o, -0.985 —0.896 —0.175 —1.238 —1.235
in-line methanolysis of ethylene phosphate with phosphoryl S: O -0329 -0979 0888 -1234 —1.230

oxygen positions labeled in accord with their RNA coun- ~1016 ~0348 -0878 ~1213 ~1209
terparts involved in RNA transesterification (Scheme 1).  ®Shown are the PX bond lengths i) in A, NBO® P—X original
Figure 2 illustrates the free energy profiles for in-line Pond orders, and the NB&charge valuesqy) in au, whereX idicates

. . . . either an oxygen or sulfur atom bonded to P. The molecules with *
methanolysis of native and thio-substituted ethyle_ne phos'indicate that their structures were based on gas phase-optimized
phate. The aqueous free energy,q) values for stationary  geometries and the free energies were post-corrected with PCM model.
points of the native and thio-substituted reactions are listed The others were optimized self-consistently with the PCM solvation
in Table 1. Bond lengths, bond orders, and NBO charge model.
values for key phosphoryl oxygens in the rate-controlling
transition states are listed in Table 2. Kinetic isotope effects .
for p-nitrophenyl phosphate (used as a benchmark) are listed®d EIE values, Table S lists the bond orders from phos-
in Table 3, and calculated KIE and EIE values for the Phorus tothe primary and secondary positions in the reactant,
ethylene phosphate methanolysis reaction models are listedate-controlling transition state, and product structures for
in Table 4. To aid in the interpretation of the calculated KIE each reaction.




10046 Biochemistry, Vol. 45, No. 33, 2006

Liu et al.

Table 3: Comparison of the Kinetic Isotope Effects for Reactions
of p-Nitrophenyl Phosphate

model 5% 18kbridge 18knonbridge T (K)
Dianionic
experiment 1.0028 1.0189 0.9994 368
POLYRATE 1.0016 1.0137 1.0054 368
POLYRATE 1.0018 1.0162 1.0056 298
Monoanionic
experiment 1.0005 1.0094 1.0199 308
POLYRATE 1.0020 1.0139 1.0031 308
POLYRATE 1.0020 1.0147 1.0030 298

a AKIE value is defined a&/k', wherek andk' are the rate constants
for the light and heavy isotopes, respectively. Both dianionic and
monoanionic models that represent the reaction in solution under
alkaline and acidic conditions, respectively, were considered. Both the
dianionic and monoanioni@-nitrophenyl phosphate systems were
optimized in the presence of one explicit water molecule.

Table 4: Primary and Secondary Kinetic (KIE) and Equilibrium
(EIE) Isotope Effects for the Native and Thio-Substituted In-Line
Dianionic Mechanism of Ethylene Phosphate Methandlysis

primary secondary
reaction % Xz Xz Xp1 Xpo
KIE Values (POLYRATE) in Solution
nat* 1.0216 1.0056 1.0025 0.9962 0.9979
nat:HO* 1.0230 1.0060 1.0046 1.0016 1.0042
nat:2H0* 1.0154 1.0122 1.0005 1.0039 0.9994
native 1.0175 1.0070 1.0014 1.0011 1.0036
SN 1.0230 1.0046 1.0015 1.0022 1.0051
S:0p1,0p; 1.0214 1.0035 1.0013 1.0002 1.0003
S:Oy 1.0142 1.0066 1.0019 1.0064 1.0081
S:Oy 0.9936 1.0549 1.0045 1.0043 1.0041
S:Oy 1.0147 1.0056 1.0000 0.9997 1.0025
EIE Values (POLYRATE) in Solution
nat* 0.9636 1.0327 0.9965 0.9951 0.9958
nat:HO* 0.9612 1.0392 0.9980 1.0001 1.0023
nat:2H0O* 0.9608 1.0356 1.0023 1.0003 0.9986
native 0.9587 1.0361 1.0073 1.0047 1.0028
SN 0.9592 1.0302 1.0077 1.0052 1.0063
S:0p1,0p; 0.9595 1.0261 1.0055 0.9956 0.9954
S:0y 0.9615 1.0314 1.0057 1.0126 1.0077
S: Oy 0.9916 1.0316 1.0085 0.9980 1.0001
S:Oy 0.9582 1.0126 1.0077 0.9934 1.0016

a A KIE value is defined a&/k', wherek andk’ are the rate constants
for the light and heavy isotopes, respectively. EIE values are similarly

Table 5: Comparison of Bond Orders in the Reactants,
Rate-Controlling Transition States, and Products of Dianionic
Ethylene Phosphate Methanolysis Reactions Optimized in Sofution

sState BQS BO)(Z, BC))(3v BO)(Pl BOXF,2
nat* Reaction
reactant - 0.608 0.608 1.161 1.161
TS 0.148 0.491 0.607 1.130 1.124
product 0.606 — 0.662 1.129 1.117
nat:HO* Reaction
reactant - 0.624 0.624 1.137 1.137
TS 0.108 0.528 0.632 1.115 1.103
product 0.624 0.003 0.682 1.105 1.090
nat:2H0O* Reaction
reactant - 0.628 0.639 1.154 1.088
TS 0.152 0.470 0.633 1.121 1.104
product 0.622 0.003 0.685 1.096 1.081
native Reaction
reactant - 0.633 0.633 1.136 1.136
TS 0.170 0.531 0.625 1.085 1.089
product 0.636 - 0.659 1.110 1.108
S:Os; Reaction
reactant - 0.635 0.631 1.298 1.140
TS 0.153 0.553 0.631 1.200 1.105
product 0.630 — 0.675 1.258 1.112
S:01,0p; Reaction
reactant - 0.615 0.615 1.340 1.340
TS 0.138 0.555 0.609 1.257 1.276
product 0.615 — 0.661 1.302 1.293
S:0y Reaction
reactant - 0.630 0.795 1.124 1.125
TS 0.189 0.528 0.798 1.062 1.066
product 0.631 - 0.845 1.105 1.095
S:Gy Reaction
reactant - 0.633 0.633 1.136 1.136
TS 0.647 0.216 0.638 1.059 1.076
product 0.812 - 0.652 1.094 1.109
S:Oy Reaction
reactant - 0.795 0.630 1.125 1.124
TS 0.154 0.615 0.636 1.101 1.110
product 0.637 — 0.656 1.107 1.114

aShown are the NBO55) P—X original bond orders. Asterisks
indicate that these structures were based on gas phase-optimized
geometries and the free energies were postcorrected with the PCM
model. The others were optimized self-consistently with the PCM
solvation model.

defined using the corresponding equilibrium constants. Isotope substitu-

tions include'®O for oxygen and*S for sulfur and are calculated at
298.15 K within the quantum harmonic oscillator approximation,

neglecting changes in the transmission coefficient. Asterisks indicate
that these structures were based on gas phase-optimized geometrieS

A notable feature of the native reaction optimized self-
consistently with the PCM solvation model is the appearance
f a shallow metastable phosphorane intermediate with a

and the free energies were postcorrected with the PCM model. The negligible barrier to the late TStransition state (which is

others were optimized self-consistently with the PCM solvation model.

Mechanism and Free Energy Barriers for the Nati

Reaction
The native reaction models with zero, one, or two explicit

water molecules optimized in the absence of implicit
solvation (nat*, nat:kO*, and nat:2HO*, respectively) all
proceed through a single early transition states {Rgure

1), with an elongated POs bond (2.453, 2.572, and 2.431
A, respectively) and considerably distorted trigonal bipyra-
midal structure . = 163.2, 162.3, and 163 3respectively)
and result in an acyclic phosphodiester with thelRoxide
leaving group extendedt5 A from the phosphorus and
forming a right angle £90°) with the 3-nucleophile. The
—0O—CH,—CH,—0,~ chain of the product structure is in a
trans conformation around the<C single bond.

not rate-limiting) and collapse to the product state. The very
small, negative “barrier"{0.3 kcal/mol) reported in Table
1 to the TS transition state arises from the fact that the
geometries were optimized with a 6-8+G(d,p) basis set
and then the energy values were refined with a 6431 G-
(3df,2p) basis set. In this case, kinetically insignificant
intermediate “I” for the native reaction at the B3LYP/6-
31++G(d,p) level optimized with PCM disappears (ceases
to be a stationary point) at the B3LYP/6-3t+G(3df,2p)
level. Intermediate | and TSare slightly more in-line in
terms of thedc angles (167.8 and 168)ahan TS (166.5).
The calculated results suggest the rate-controlling transition
state corresponds to the formation of the® bond.
Inclusion of implicit solvation in the geometry optimization
procedure leads to a more associative rate-controlling TS
transition state, as indicated by the native reaction model
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Ficure 1. Rate-controlling transition state structures for in-line 3 2
methanolysis of ethylene phosphate based on reaction models with Structure
different implicit and explicit solvation. FIGURE 2: Free energy profiles for dianionic native and thio-

substituted ethylene phosphate methanolysis reactions optimized
having the shortest-POs bond (2.364 A). This arises from  self-consistently with the PCM solvation model (plots have been

the effect of solvent in screening Coulomb repulsions and smoothed for clarity; only stationary points designated on the
favoring a more compact cavity for the dianionic transition Nerizontal axis were computed).

state. The models without implicit solvent relaxation are less . T
associative and have slightly greater metaphosphate charactenowever’ a necessary first step in th|s_d|rect|on IS to deve[op
as measured by the sum of the bond orders to the nucleophilid"‘ccurate quantum methods that, unlike '.[h.e costly density-
and leaving group positions. This is particularly so in the funcfuona'l models appl'led h?‘re’ are sufficiently fast to be
nat:2HO* model where a water molecule bridging the,0 ~ @PPlied in QM/MM simulations. The quantum results
and Q positions stabilizes the accumulating charge at the presente(_j her_e_ln, therefore, may also aid in the design of
0. leaving group, causing the bond length to increase to new gemlemplrlcal quantum models for phosphoryl transfer
1.865 A and the bond order to decrease to 0.470 (Table 2).éactions and RNA catalysis.

The forward and reverse native reaction barriers (Table
1) are similar for the native reaction models optimized with
explicit and implicit water. The forward barriers span a 2.7
kcal/mol range from 38.4 kcal/mol (nhat:268*) to 41.1 kcal/ Substitutions at the Nucleophilic and Léag Group
mol (nat* and nat:HO*), and reverse barriers span a 4.4 Positions (52'). Sulfur substitution at the nucleophilic 5
kcal/mol range from 24.4 kcal/mol (nat:28*) to 28.8 kcal/ position (S:@) for the methanolysis reactions in solution
mol (native). It is notable that the barriers in the presence of (i.e., changing the methoxide nucleophile to methanethiolate)
two explicit waters (nat:2kD*) are the lowest, suggesting has a dramatic effect on the mechanism and leads to a single
that specific hydrogen bonds are important for transition state TS, transition state with an almost fully formed+s bond
stabilization. The absolute values of the barriers, however, (2.303 A) that is only 0.142 A longer than that of the product
are likely considerably too high on the basis of estimated structure and an elongated-BP, bond (2.287 A). The shift
rates of hydrolysis of dimethyl phosphate and the relative of the rate-controlling transition state to that of a;Tigpe
rates of hydrolysis of dimethyl and ethylene phosphaf. ( is accompanied by a large increase in the free energy of
The main sources of the probable elevated rates calculatechctivation (52.4 kcal/mol) and reaction free energy (31.9 kcal/
with the PCM model employed here are likely the lack of mol) relative to those of the native reaction. This is largely
explicit hydrogen bonding, proper treatment of charge due to the increased stability of the thiolate nucleophile in
penetration and dielectric saturation, and the neglect of solution [methanethiol has &g value 5 units lower than
appropriate changes in cavity size with charge state. Inthat of methanol {5)] that leads to a dramatic decrease in
principle, simulations with hybrid QM/MM models with  the reverse activation barrier of 8.3 kcal/mol. This is
explicit solvent offer a more robust method for calculating qualitatively consistent with the experimentally observed
mechanisms and barriers for these types of reactions;transesterification of 'sphosphorothioates/g, 77) that is

Thio Effects at the Bridging and Nonbridging Phosphoryl
Positions
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Ficure 3: Electrostatic potential mapped onto the molecular van
der Waals surface for rate-controlling transition state structures in
the gas phase for dianionic native and thio-substituted reactions:
(top) native, S:@,, and S:@,,0p, from left to right and (bottom)
S:0;, S:0y, and S:Q from left to right.

Liu et al.

sharpened angles. Hence, the relief of the strain energy in
the five-membered ring2( 79, 80) also stabilizes the cyclic
transition state.

Due to the origin of the moderate reaction rate acceleration
that is produced, the effects of sulfur substitution at the 3
position have been the focus of several experimental studies
(2, 3). It is observed that the base-catalyzed cleavage of the
thio-modified RNA is 206-2000-fold faster than the native
reaction 80), corresponding to an aqueous free energy barrier
relaxation of 3-4.5 kcal/mol. The calculated barrier relax-
ation of 4.8 kcal/mol for S:@ transesterification is in
reasonable agreement with this estimated experimental result.

Substitution at the Nonbridging Positions{Gand Q).
Sulfur substitution at the nonbridging phosphoryl oxygen
positions (@; and Q) results in an earlier TSwith less
associative character: the-®s bond length increases from
2.364 A in the native reaction to 2.494 and 2.619 A in the
singly (S:@;) and doubly (S:6,,0r,) substituted reactions,
respectively. Tg becomes a later transition state with longer
P—0O, bonds with an increased level of sulfur substitution
at the nonbridging positions, analogous to the lengthening
of the P-Os bonds with an increased level of sulfur
substitution in TS.

4-5 orders of magnitude faster than the corresponding native  Single and double sulfur substitution at the nonbridging

reaction at alkaline pH.

As opposed to that of the Ss@eaction, sulfur substitution
at the leaving group '2position (S:Q) results in a single
early TS transition state with an elongated-Bs bond
(2.427 R). The S:@reaction has a forward activation barrier
that is 1.7 kcal/mol lower and a reaction free energy that is
20.5 kcal/mol lower than those of the native reaction. The

positions have both electronic and solvation effects on the
reaction. Since the nonbridging-Cand Q. positions carry

the majority of the negative charge and increase in anionic
character when one moves from the reactant to the transition
state, the softer, more polarizable sulfur in the nonbridging
position can facilitate redistribution of the charge and
stabilization of the dianionic transition state. However, the

dramatically decreased reaction free energy increases thesulfur atoms are larger and less well solvated, and thio
reverse transesterification activation barrier by 18.8 kcal/ substitution tends to produce less pronounced solvent-induced
mol. In these cases, the reaction rate of transesterification islowering of the reaction barriers. Hence, the electronic and
considerably slower than that of the native reaction at alkaline solvation effects that occur upon sulfur substitution have the
pH. Therefore, transesterification dfthio-substituted phos-  tendency to cancel one another, and the single and double
phates has been observed only in the presence of stronglysulfur substitution at the nonbridging positions thus have only
electronegative leaving group®)(As reported by Dantzman  a small effect on the activation barrier and the reaction free
et al. (78), the rate of the attack of the thiolate on the adjacent energy compared with the native reaction. In the case of the
phosphodiester bond is %fbld slower than that of the forward methanolysis reaction, barrier increases of 0.9 and
corresponding alkoxide for the transesterification reaction 2.0 kcal/mol are observed for single ($Pand double (S:
of 2'-deoxy-2-thiouridine 3-(p-nitrophenyl phosphate), cor-  Op1,0py) thio substitutions, respectively. In the case of the
responding to a roughly 10 kcal/mol difference in free reverse transesterification reaction, the barrier changes are
energy. The large increase in the barrier (18.8 kcal/mol) for less pronounced with values ef0.2 and 0.3 kcal/mol for
the dianionic reaction upon ghio substitution is in qualita-  single and double thio substitutions, respectively.
tive agreement with this experimental observation. Experimental studies of thio effects at the nonbridging
Substitution at the '3Position. Sulfur substitution at the  phosphoryl oxygen positions provide a useful mechanistic
3 position (S:Q) has some minor effects on the mechanism. probe into enzymatic and nonenzymatic RNA hydrolysis and
TSs exhibits slightly more associative character with-a® the role of metal binding. Single thio substitution at the
bond length of 2.314 A. The'3ulfur in the equatorial  nonbridging positions shows almost no effect on the alkaline
position strengthens the effective repulsions with the axial cleavage rate for various dinucleotidés§1—86). Oivanen
ligands around phosphorus and leads to a distortion of theet al. 87) found a negligible kinetic thio effect for the
trigonal bipyramidal structure of E§0.«= 162.9) by 3.6’ alkaline hydrolysis of 35-UpU. Almer et al. 82, 83
relative to the native reaction. reported rate constak{phosphateithiophosphate) ratios
Substitution at the bridging 4position leads to a decrease of 1.3 and 0.78 at th& and Ss positions, respectively, for
in the activation barrier of 4.4 and 4.8 kcal/mol for the 3,5-Up(s)U. The calculated moderate thio effects for the
forward methanolysis and reverse transesterification reac-alkaline transesterification-0.2 kcal/mol) and methanolysis
tions, respectively. Sulfur substitution at thep®sition has (0.9 kcal/mol) for the S:@ reaction strongly agree with the
a stabilizing electronic effect in the dianionic transition state experimental results described above. Compared with that
and weakens the effective repulsions in the exocyclic bond of single thio substitution, the effect of double thio substitu-
formation step. Also, '3substitution can lead to geometric tion at the nonbridging positions is more controversial.
changes in the backbone due to the elongated bonds andNielsen et al. 88, 89) observed a higher chemical and
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enzymatic stability for the phosphorodithioate linkage in under basic conditions (pH 10.5) was interpreted to be
RNA than in natural RNA. However, more recently, Ora et consistent with a concerted mechanism with the departure
al. (86) have determined that replacement of the remaining of an almost fully charged leaving groupQ). Cassano et
nonbridging oxygen of phosphoromonothioates with sulfur al. also reported the nucleophile KIE of 1.027 for the attack
has a surprisingly small effect on the kinetics of hydrolysis of hydroxide on thymidine 'sp-nitrophenyl phosphate@().
and transesterification at alkaline pH. These calculations on The calculated primary KIE values at thegosition for the
dianionic S:@,,0p, show very moderate elevation of the native reaction models range from 1.0154 to 1.0230, in
methanolysis and transesterification aqueous free energyreasonable agreement with the KIE measurements for the
barriers (2.0 and 0.3 kcal/mol, respectively) and support the related systems. Taken together with the data in Table 2 for
latter experimental data. the rate-limiting transition states of the native reaction
models, including the range offOs bond lengths (from
Primary and Secondary Equilibrium and Kinetic Isotope  2.364 to 2.572 A), bond orders (from 0.108 to 0.170), and
Effects NBO charges of the'soxygen (from—0.961 to—1.009¢),

. N ) these data are consistent with the experimental results and
Testing and Validation of KIE Values for p-Nitrophenyl interpretation 91).

PhosphateBefore we examine the KIE and EIE values of 414 primary KIE values at the’ Josition (nucleophile
the transesterification models for which there are currently KIEs) arise from two contrasting contributions: (1)-B

no available experimental values, it is important to provide poo4" formation. which is always inverse, and (2) the

ager?eral assessment of the overall relif’:\bility_ of the denSitY'imaginary frequency factor (sometimes termed reaction
functional method to a relate_d system in which the EXPerl- coordinate motion) which, since the imaginary frequency is
menta_ll KIE has been established. Table 3 summarizes thelarger for the lighter isotope, is always norm@l{-93). Early
experimental4) and calculated KIE values for the dissocia-  yansition states give rise to the largest normal nucleophile
tive reaction path of both dianionic and monoanionic g since the imaginary frequency factor is dominant, as
p-nitrophenyl phosphate at 368 and 308 K, respectively. The i, i (ransition states for all the reactions with the exception
models that represent the reaction in solution under alkaline ¢ the 5 thio substitution. As transition states become later
(dianionic) and acidic (monoanionic) conditions were con- b more hond formation, the nucleophile KIE becomes
S|d§red, respectively. Both the dianionic and. monoanionic gmajer and finally inverse, as in the Si@ansition state.
p-nitrophenyl phosphate systems were optimized in the e v/ajyes for Natie Reaction Modelsn the four native
presence of one explicit water _molecule at the B3LYP/6- | o4ction models (nat*, nat#@*, nat:2H0*, and native), the
31++G(d,p) level as described in Methods. The calculated (o, ction optimized in the presence of two explicit water
K_IE yalges were obtained fror_n POLYRATB®). For the molecules (nat:2b0*) has the smallest primary sXKIE
dianionic system at the experimental temperature, the KIE (1.0154) but an elevatedXKIE (1.0122). The large X
values correlate reasonably with the experimental values KIE value suggests that the nat:g])f.‘ reacti.on has a looser
(1.0016 compargd with 1.0028 fék and 1.0137 compared o0 jimiting transition state with relatively extensive bond
with 1.0189 for®koragd With the exception that a normal  fisqion 1o leaving group4). As shown in Tables 2 and 5,
KIE for ®kaonbriage (1.0054) is calculated in contrast to the ¢ nat:2HO* reaction has the smallest sum of bond orders
§I|ght inverse experimental KIE (0.9994))(The d|fference_ .. to the nucleophilic and leaving group positions (0.622) and
is likely due to the two hyd_rogen bonds betyveen the t_expllmt the water molecule bridging thes@and Q- positions can
water and the two nonbridging oxygens in the optimized i vii-a the accumulating charge at the Baving group,

dianionic system. For the monoanionic reaction, the calcu- causing the PO, bond length to increase to 1.865 A and

lated _results are also in reasonable agreement Wi.th .thethe bond order to decrease to 0.470. The inverse KIE at the
experimental _values (see Table 3). Overa_II, the qualitative Xp; position also suggests that the transition state has
agreement with the calculated and experimental KIEs for increased metaphosphate-like character

p-nitrophenyl phosphate is encouraging but not impressive. It is noteworthy that the inverse nonbridging KIEssX

These results underscore the _need to determine more, 4 X») in the native reaction optimized in the absence of
thoroughly the sources of error in the calculated KIEs in

lution th i ble the desi i d models with implicit solvation (nat*) change to normal in the presence
solution that will enable the design of Improved models with ¢ implicit solvation (native). As discussed in Mechanism
increased accuracy and predictive capability.

and Free Energy Barriers for the Native Reaction, due to
Predicted KIE Values for Transphosphorylation Reaction the solvent screening of the Coulomb repulsions, the dian-
Models.Table 4 lists the KIE and EIE values for native and jonic transition state optimized self-consistently with solva-
thio-substituted in-line dianionic methan0|y5is reactions. tion (native) favors a more Compact Cavity and gives rise to
Table 5 compares the bond orders for the reactants, ratea more associative transition state. The transition state
controlling transition states, and products for each reaction wjthout implicit solvent relaxation (nat*) shows less associa-
and allows facile comparison to the changes in bond order tive and greater metaphosphate character as measured by the
that correlate Strongly with the isotope effects shown in Table sum of the bond orders to the nuc|e0phi|e and |ea\/ing group

4. (0.639 for nat* and 0.701 for native).
With the exception of the'Jhio substitution (S:@), the KIE Values for Thio-Substituted Reaction Modélhe
primary KIEs are most prominent at thé fosition for all primary Xs KIE for the native reaction, 1.0175, increases

the reactions. The experimental KIE values are available for to 1.0230 upon sulfur substitution of one of the nonbridging
the cyclization of uridine 3m-nitrobenzyl phosphate at positions. This is intriguing in that a similar change was
different pH values 90), the reverse reaction of which is observed between the hydrolysis of fraitrophenyl phos-
similar to that of this work. A normal primary KIE (1.027) phate dianion andp-nitrophenyl phosphorothioate (the
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primary bridging*®O KIE increases from 1.0189 to 1.0237)
(94), despite the similarity of these reactions as indicated
by other measurement85, 96).

The primary X% KIE for the S:Q reaction (1.0142

Liu et al.

CONCLUSION

This work presents results of density-functional study of
thio effects and isotope effects on the in-line mechanism of
methanolysis of ethylene phosphate, a reverse reaction model

compared with 1.0175 for the native reaction) suggests thatg,. RNA transesterification. The effect of solvent is treated

this transition state is slightly later and more associative with
respect to the nucleophile than that of the native reaction.
This is consistent with the slightly contracted ©s distances

in the rate-controlling transition state (Table 2). The $:0
reaction exhibits a prominent normal primary KIE at tHe 2
position for 0 substitution (1.0549) and an inverse KIE
(0.9936) for3*S substitution at the'5position. The rate-
controlling transition state for this reaction is shifted to that
of a late TS with significant accumulated PSs bonding

with explicit (single and double) water molecules and self-
consistently with an implicit (continuum) solvation model.
Singly substituted reactions at the nonbridging Qosition
and bridging @, Oz, and @ positions and a doubly
substituted reaction at thep@and G, positions were
considered. Aqueous free energy barriers are calculated, and
the structures and bond orders of the rate-controlling transi-
tion states are characterized.

The results of this work help to connect mechanism with

(bond order of 0.647) and increased associative charactefinetic isotope effects for a series of reactions of cyclic

with respect to the nucleophile.

Most of the reactions show normat 1) secondary KIE
values at the X, Xp1, and X positions. This suggests that
the transition states have phosphorane-like charadder (

phosphates. To date, the study of isotope effects has focused
on acyclic phosphate monoester systems. However, advances
in isotope ratio mass spectrometers may soon afford the
measurement dfO and®®O isotope effects for other volatile

Another measure of the degree__of phosphorane VersUscompounds bearing oxygen atoms such as the cyclic
metaphophate character of a transition state involves the SUMhhosphate diesters (the more relevant model for ribozyme
of the bond orders of the phosphorus bonds to the ”UC|e°'cataIysis). The ring structure may, however, further com-

philic and leaving group positions. On the basis of this index, pjicate the mechanistic interpretation of such measurements,
the data in Table 5 would suggest that the transition statesmaking the theoretical work that could aid in this interpreta-
for the native reactions with one and two explicit waters have 4o, considerably important.

the most metaphosphate-like character, and the transition Modeling these highly charged reactions in the complex

states for the S:© and S:Q reactions have the most g ytion, enzyme, and ribozyme environments remains a
phosphorane-like character. Examination of the bond Orderschallenging task for computational quantum chemistry.

suggests the Sgand S:Q transition states would be better e it is important to provide benchmark calculations and
described as tetraphosphate with a very weakly forme8 P ol assessment of existing theoretical methods, including

bond. It should b_e pointed out that the numerical vall_Jes_of comparison with experiment where possible, to determine
the bond orders in Tables 2 and 5 are somewhat subjective e jimits of reliability, and to identify directions for future

especially when different types of bonds are being compared. o de| improvement. The results provided here are generally

EIE Values for Natie and Thio-Substituted Reaction ¢onsistent with available experimental data and provide
Models.The primary EIEs are all inverse at thesition insight into the nature of isotope effects and thio effects in
and normal at the "Zposition. This is as expected. EIES  hhogphoryl transfer reactions that are important for the
should always be inverse at the nucleophilic position becausémechanistic characterization of enzymes and ribozymes.
there is no imaginary frequency factor, and the formation of \yo\ever, the fact that the aqueous free energy barriers of
the addlthnall bond will always favor_the heavier isotope. ethylene phosphate methanolysis are considerably too high
The situation is reversed when these isotopes occupy' the 2 g|aive to experiment and the reasonable, but not perfect,
position and _|nd|cates a_preference for the heawergllsotopeagreement of kinetic and equilibrium isotope effects com-
to occupy a tighter bonding arrangement. Thé®® or *4S pared with experiments for an acyclic system show some
isotopes proceed from a more stiff bond with carbon in the |imitations of the theoretical methods employed here. The
reactant alkoxide/thiolate to a more [oose bonding arrange- main sources of the error in this work are likely due to the
ment in the phosphate/phosphorothloat_e prOdUC_t- _The S€Cyack of explicit hydrogen bonding, the proper treatment of
ondary EIEs are overall considerably variable. This is some- oharge penetration and dielectric saturation, and the neglect
what in contrast to the previous EIE results based on gasof appropriate changes in cavity size with charge state. Areas
phase-optimized geometries (and frequencies) and calculateqentified as being most in need of improvement include a
within GAUSSIANO3 €6) that indicate, with the exception - mqre sophisticated treatment of explicit solvent combined
of the native and S:@reaction, a slight loosening occurs  yjth extensive conformational sampling with, for example,
when the product state is reached in the gas pteeThis accurate hybrid QM/MM methods. We are hopeful that
is likely a result of a loosening of the nucleophilig €0s further interplay between theory and experiment may lead
bond that becomes elongated upon solvation (see Table 5)q the design of new-generation quantum methods capable

_ AIthou_gh measurements of isotope effects provide ve}ll_JabIe of modeling phosphory! transfer reactions with improved
information about mechanism, they do not always decisively gccyracy and reliability.

distinguish between associative and dissociative pathways
(10, 32). Consequently, the continued evaluation and im- REFERENCES
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