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Abstract: Transphosphorylation thio effects in solution are studied using hybrid QM/MM calculations with
a d-orbital semiempirical Hamiltonian. Activated dynamics simulations were performed for a 3′ ribose-
phosphate model in an explicit 20 Å sphere of TIP3P water surrounded by a solvent boundary potential,
and free energy analysis was performed using the weighted histogram analysis method. Single thio-
substitutions at all of the phosphoryl oxygen positions and a double thio-substitution at the nonbridging
positions were considered. The reaction free energy profiles are compared with available experimental
data, and the role of solvation on the barrier heights and reaction coordinate is discussed. These results
provide an important step in the characterization of thio effects in reactions of biological phosphates that
may aid in the interpretation of kinetic data and ultimately help to unravel the catalytic mechanisms of
ribozymes.

1. Introduction

RNA catalysis is an area of tremendous current interest and
is the focus of considerable experimental and theoretical
work.1-7 Insight gained from a fundamental understanding of
the mechanism of ribozyme catalysis holds considerable promise
in the design of new medical therapies that target genetic
disorders,8-10 as well as the development of new biotech-
nology.11-16 A variety of experimental methods have been

used to study the cleavage of phosphodiester bonds by
ribozymes17-21 as well as the nonenzymatic pathways for the
transphosphorylation and hydrolysis of RNA and related model
phosphate systems in solution.5-7 One method to probe the
mechanism of ribozymes is to introduce site-specific chemical
modifications,14,22-26 from which mechanistic inferences can be
made from the measured change in reaction rate. A commonly
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applied modification involves the substitution of one or more
oxygens at the reactive phosphate with sulfur.6,22,24,26,27 A
subsequent change in the reaction rate is called a thio effect
and can provide insight into the role these positions play in the
biological reaction. Theoretical methods offer a potentially
powerful tool to aid in the mechanistic interpretation of
experimental kinetic data and provide additional atomic-level
insight into the structural and chemical reaction dynamics.28-31

Quantum electronic structure methods offer a means to study
chemical reactions of biological phosphates. These systems have
been the focus of theoretical studies in the gas phase,32-35 in
solution36-42 (including ab initio studies of the nature of
associative and dissociative paths43-45), and in enzymatic
environments.46-48 Conventional electronic structure methods
alone are limited by the size of the systems that can be routinely
handled and the degree to which configurational space can be
sampled.

The nature of most biochemical reactions is such that only
a small, localized chemically reactive region requires a high-

level quantum mechanical treatment. The environment plays a
critical role in stabilizing the reaction, but this influence does
not require complex electronic structure methods to accurately
model. Consequently, a particularly useful strategy to study
chemical reactions in complex aqueous biological environments
is to perform activated molecular dynamics simulations with
hybrid quantum mechanical/molecular mechanical (QM/MM)
potentials49-52 to derive reaction free energy profiles for different
possible mechanistic pathways. A key factor in these simulations
is to employ quantum methods that are sufficiently accurate
and efficient to derive reliable free energy results. The develop-
ment of new quantum models for QM/MM simulations of
biological reactions is an area of tremendous importance and is
the focus of considerable research effort.

In this work, a hybrid QM/MM approach is used to study
the mechanisms of alkaline transphosphorylation thio effects
of a model biological system in solution (Scheme 1). Single
thio-substitutions in the bridging and nonbridging phosphoryl
oxygen positions are studied in addition to a double nonbridging
thio-substitution. The present paper extends recently com-
municated work53 by reporting new results using a more rigorous
treatment of solvent-solvent electrostatic interactions and
inclusion of a comprehensive characterization of the role of
solvent stabilization on the reaction path and free energy profiles.
These results provide detailed insight into the nature of thio
effects on transphosphorylation reactions of biological phos-
phates.

2. Methods

Activated Dynamics Simulations.A 20 Å sphere of equilibrated
TIP3P waters54 was centered about the center of mass of the sugar-
phosphodiester or thio-substituted analogue (the solute). Water mol-
ecules less than 2.8 Å from the solute were removed. The resulting
system containing 1076 water molecules and 21 solute atoms was
partitioned into multiple zones to perform stochastic boundary molecular
dynamics.55,56No explicit counterions were included, resulting in a-2
charge of the complete system. Molecules in the reaction zone from 0
to 16 Å were surrounded by a buffer zone from 16 to 20 Å. To prevent
excessive drift of the solute due to diffusion over long time scales, a
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Scheme 1. In-Line Dianionic Mechanism of Transphosphorylation
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weak harmonic restraint (Ecm ) 1/2kcm(rcm)2) on the center of mass of
the solute was introduced, wherekcm was chosen to be 21 kcal mol-1

Å-2 (i.e., 1 kcal/mol/atom) andrcm is the location of the solute center-
of-mass relative to the origin. The reaction zone was propagated with
Hamiltonian dynamics, whereas water molecules in the buffer zone
were propagated with Langevin dynamics (τ ) 62.0 ps-1) to serve as
a constant-temperature bath (300 K), and a deformable boundary
potential was used to reproduce the containment effect of bulk solvent
outside the buffer zone.56

Quantum Treatment of Solute.The quantum system consisted of
the sugar-phosphodiester or corresponding thio-substituted phospho-
rothioate depicted in Scheme 1. The entire solute was treated quantum
mechanically, and there was no need for special consideration of a
QM/MM boundary that cut across covalent bonds (because no such
boundary existed). The quantum model employed was the semiempirical
MNDO/d Hamiltonian57 interfaced with CHARMM.58 In this work, no
semiempirical parameter modifications to the MNDO/d method were
introduced. The solute van der Waals parameters were taken from the
CHARMM c27 force field parameters for nucleic acids.59 The van der
Waals radii for the sulfur atoms were taken to be identical to the
parameters for the sulfur atom types of cysteine (ε ) 0.45 kcal/mol,
R0 ) 2.0 Å).

Semiempirical quantum models are frequently used in hybrid QM/
MM simulations of biochemical reactions where dynamic sampling of
a complex environment is essential,60 including transphosphorylation
reactions of biological phosphates.53 The use ofd-orbitals has been
demonstrated to be extremely important to model second-row elements
such as phosphorus and sulfur,57 and in particular for hypervalent species
such as phosphorane and thiophosphorane transition states/intermediates
in the present work.61 Perhaps the most significant limitation of the
MNDO/d method is the inability to accurately model hydrogen-bonding
and proton-transfer reactions; however, for the dianionic systems studied
here, these interactions are not present within the quantum subsystem.
The MNDO/d method has been demonstrated previously61 to be reliable
relative to density-functional calculations of biological phosphates and
phosphoranes62 and considerably superior to other semiempirical
methods that lack ad-orbital description.

Umbrella Sampling. Umbrella sampling63 was used to collect
statistics over the reaction coordinate range (-3.1 Å e r2 - r1 e 3.7
Å, wherer1 andr2 are the P‚‚‚O2′ and P‚‚‚O5′ distances, respectively).
A harmonic restraintEres ) 1/2k(r2 - r1 - rc)2 was added to the total
energy, wherek is a force constant (100 kcal mol-1 Å-2) andrc is the
equilibrium reaction coordinate value for the umbrella potential of a
particular sampling window. A total of 35 windows spaced 0.2 Å apart
were used to collect overlapping statistics. Each window was equili-
brated at 300 K for 10 ps, followed by 50 ps of sampling. A 0.5 fs
integration time step was used to propagate the system. No electrostatic
or van der Waals cutoffs were used in this study for either the water-
water (MM-MM) or the water-solute (MM-QM) nonbonded interac-

tions. The SHAKE algorithm64 was used to constrain the internal water
geometries. Reaction coordinate and energy statistics were saved after
each step, resulting in 100 000 data points per window and 3.5 million
total points to construct each free energy profile.

Free Energy Profiles. Free energy profiles as a function of the
r2 - r1 coordinate were calculated using the weighted histogram analysis
method (WHAM)65 with a 0.02 Å bin spacing. The statistics needed to
generate the free energy profiles were collected using a modified version
of CHARMM c2758 interfaced with MNDO97.66 The CHARMM
program was modified to output the reaction coordinate value and
energy components at each time step.

The value of ther1 ) P-X2′ and r2 ) P-X5′ distances at the
transition state were determined as follows. First, the average reaction
coordinate (rc) value, along with the corresponding averager1 and r2

values, were determined for each of the 31 umbrella windows. The
averager1 andr2 values were then placed on separate cubic splines67

with commonrc values. The value of the reaction coordinate at the
rate limiting transition state was obtained from the free energy profiles
and subsequently used to determine individual interpolated values for
r1 and r2.

Overall, the inclusion ofd-orbitals and a full (no cutoff) electrostatic
description, combined with dense umbrella sampling along the reaction
coordinate and weighted histogram analysis, offers a protocol that is
able to produce stable, converged free energy profiles for the dianionic
reactions studied in the present work.

3. Results

3.1. Reaction Profiles.Figure 1 shows the free energy
profiles for the native (unsubstituted) and sulfur-substituted in-
line dianionic attack mechanism of transphosphorylation. Rela-
tive free energy values for the stationary points on the free
energy surface are compared in Table 1, and their corresponding
average geometrical data are summarized in Table 2.

(57) Thiel, W.; Voityuk, A. A. Extension of MNDO to d orbitals: Parameters
and results for the second-row elements and for the zinc group.J. Phys.
Chem.1996, 100, 616-626.

(58) Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; Swaminathan,
S.; Karplus, M. Charmm: A program for macromolecular energy mini-
mization and dynamics calculations.J. Comput. Chem.1983, 4, 187-217.

(59) Foloppe, N.; Mackerell, A. D., Jr. All-atom empirical force field for nucleic
acids: I. Parameter optimization based on small molecule and condensed
phase macromolecular target data.J. Comput. Chem.2000, 21, 86-104.

(60) Garcia-Viloca, M.; Gao, J.; Karplus, M.; Truhlar, D. G. How enzymes
work: Analysis by modern rate theory and computer simulations.Science
2004, 303, 186-195.
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Figure 1. Free energy profiles for native and thio-substituted transphos-
phorylation reactions.
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The two transition states characteristic of the predominantly
associative in-line nucleophilic attack correspond to the forma-
tion of the endocyclic P-X2′ bond and cleavage of the exocyclic
P-X5′ bond (where “X” is either oxygen or sulfur). These
transition states are designated TSX2′ and TSX5′, respectively.
In the case where both of these transition states are present
(indicative of an AN + DN-type mechanism in IUPAC nomen-
clature68), there exists a stable (or metastable) phosphorane
intermediate along the reaction path that connects the transition
states and is designated I. Substitution at the O5′ or O2′ position
results in an asynchronous concerted reaction (ANDN-type
mechanism) that proceeds through a single transition state. The
degree of association for each of the stationary points is depicted
in Figure 2, which illustrates the various reaction paths as a
function of ther1 ) P-X2′ and r2 ) P-X5′ distances.

Other quantities derivable from the free energy profiles that
are of interest for discussion include the relative heights of the
transition states

(where∆GX2′
q and∆GX5′

q are the free energy barriers for TSX2′
and TSX5′, respectively), the (lowest) barrier to collapse of the
intermediate

(where∆GI is the free energy of the intermediate I), and an
estimated “thio effect”22 given by the ratio of rate constants

derived from the rate-controlling barriers (assuming unit
transmission coefficients and no tunneling) for the unsubstituted
reaction (kO) and the sulfur-substituted reaction (kS),

where ∆GO
q and ∆GS

q are the rate-controlling free energy
barriers for the unsubstituted and sulfur-substituted reactions,
respectively,kB is the Boltzmann constant, andT is the absolute
temperature. The values of these quantities for each reaction
are listed in Table 1.

3.2. Solvent Structure.Solvation has a large stabilization
effect on the transition states for transphosphorylation and
hydrolysis reactions under alkaline conditions that involve
association of anionic reactants.36-45 It has been demonstrated,
for example, that solvation is the dominant influence on the
observed enhanced reactivity toward hydrolysis of cyclic versus
acyclic phosphates.37 For dianionic transphosphorylation reac-
tions, theoretical calculations predict solvation lowers the rate-
limiting activation barrier by around 50 kcal/mol relative to the
reaction in the gas phase.33,69,70

To assess the role of solvation on the reaction coordinate for
in-line dianionic attack, the radial distribution functions of water
oxygens around key atoms of the reactive phosphate have been
calculated separately for the reactant minima, rate-limiting
transition states, and product minima. The radial distribution
functions (rdf’s) are denotedgXY

S (r) where the subscript XY
refers to the distribution of Y atoms around X atoms, and the
superscript S (“structure”) refers to the reactant (R), rate-limiting
transition state (TS), or product (P) states. Key properties
derivable from the radial distribution functions are summarized
for each of the reactions in Table 3. A summary of the statistics
for all of the radial distribution functions of water around the
various phosphoryl positions is provided as Supporting Informa-
tion.
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Table 1. Comparison of Thermodynamic Data for the In-Line
Dianionic Mechanism of Transphosphorylation Reactions in
Solutiona

reaction ∆GX2′
q ∆GI ∆GX5′

q ∆∆Gq ∆GIcol kO/kS

native 11.8 11.6 18.0 6.2 0.2
S: OP1 10.7 7.2 20.2 9.5 3.5 40.2
S: OP2 10.6 6.9 19.9 9.3 3.7 24.3
S: OP1,OP2 12.1 4.8 24.2 12.1 7.3 3.31× 103

S: O3′ 12.1 11.1 17.3 5.2 1.0 0.309
S: O2′ 36.0 1.32× 1013

S: O5′ 7.9 4.34× 10-8

a Relative free energies (kcal/mol) with respect to reactants at 300 K
along the reaction coordinate for the dianionic in-line attack mechanism of
sugar-phosphates and sugar-phosphorothioates in solution. The rate-limiting
TS is indicated in boldface font. Shown also are the relative free energies
of the transition states (∆∆Gq), the free energy barriers for collapse of the
intermediate (∆GIcol), and the estimated thio effects (kO/kS). See text for
further details.

Table 2. Comparison of Geometric Data for the In-Line Dianionic
Mechanism of Transphosphorylation Reactions in Solutiona

TSX2′ I TSX5′

reaction r1 r2 θ r1 r2 θ r1 r2 θ

native 2.19 1.79 165.5 2.01 1.83 165.0 1.80 2.40 164.1
S: OP1 2.38 1.73 165.0 1.91 1.80 165.6 1.77 2.52 162.0
S: OP2 2.40 1.73 164.2 1.91 1.80 165.1 1.77 2.52 162.2
S: OP1,OP2 2.49 1.71 163.5 1.88 1.77 165.0 1.76 2.63 160.4
S: O3′ 2.31 1.77 166.5 1.94 1.85 163.6 1.78 2.47 165.2
S: O2′ 2.27 2.45 165.2
S: O5′ 2.42 2.25 165.1

a Geometric parameters includer1 ) P-X2′ and r2 ) P-X5′ distances
(Å), and θ ) X2′-P-X5′ angle (deg).

∆∆Gq ≡ ∆GX5′
q - ∆GX2′

q (1)

∆GIcol
≡ MIN(∆GX2′

q,∆GX5′
q) - ∆GI (2)

Figure 2. Plot of the average values ofr1 andr2 for each umbrella sampling
window. Stationary points on the free energy profile are markers for: TSX2′
(]), intermediate (O), and TSX5′ (×).

kO/kS ) e(∆GO
q-∆GS

q)/kBT (3)
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All of the dianionic transphosphorylation reactions studied
here involve the association of monoanionic reactants to form
dianionic intermediates and transition states. Solvation plays a
key role in the stabilization of these intermediates. (The solvation
free energy, in the linear-response regime, is expected to vary
in magnitude as the square of the total charge of the system.
This suggests that the dianionic species should be considerably
more solvent stabilized than the separated monoanionic species.)
Figures 3-5 show the radial distribution functions of water
oxygens around the nucleophile O2′

-, phosphorus (P), and

leaving group O5′
- positions, respectively, for the reactant, rate-

limiting transition state, and product species.

Of the radial distribution functions presented, thio-substitu-
tions at the nonbridging phosphoryl positions affect primarily
the solvation around phosphorus in the transition state (Figure
7) and have little effect on the solvation of the O2′ and O5′
positions in the reactant and product states, respectively.
Alternately, thio-substitution at the 2′, 3′, and 5′ positions most
significantly affects the radial distribution functions of the
reactant (Figure 6), transition state (Figure 7), and product
(Figure 8), respectively.

Table 3. Radial Distribution Statistics of Water Oxygens (OW)
around the 2′, P, and 5′ Positions in the Reactant, Rate-Limiting
Transition State, and Product States for In-Line Dianionic
Transphosphorylation Reactions in Solution

reaction rmax1 g(r)max1 rmin1 g(r)min1 CN1 〈r〉1 x〈σr
2〉1

Reactant X2′-OW

native 2.8 3.39 3.6 0.26 4.7 2.95 1.69
S: OP1 2.8 3.34 3.5 0.25 4.5 2.92 1.65
S: OP2 2.8 3.18 3.6 0.26 4.6 2.94 1.68
S: OP1, OP2 2.8 3.27 3.6 0.26 4.7 2.95 1.69
S: O3′ 2.8 3.13 3.7 0.26 4.7 2.99 1.74
S: O2′ 3.2 2.50 4.0 0.42 6.4 3.38 2.18
S: O5′ 2.8 3.28 3.6 0.26 4.4 2.94 1.68

TS P-OW

native 3.9 2.32 4.8 0.46 11.7 4.07 2.92
S: OP1 4.0 1.82 4.9 0.66 11.5 4.25 3.11
S: OP2 4.0 1.74 5.2 0.67 14.0 4.45 3.34
S: OP1, OP2 4.3 1.43 5.4 0.75 15.2 4.85 3.76
S: O3′ 3.9 2.14 4.7 0.53 10.7 4.11 2.97
S: O2′ 3.9 2.19 4.9 0.50 11.6 4.15 3.02
S: O5′ 4.0 2.06 4.9 0.60 11.7 4.17 3.03

Product X5′-OW

native 2.8 3.87 3.4 0.35 5.1 2.90 1.63
S: OP1 2.8 3.86 3.5 0.36 5.5 2.91 1.65
S: OP2 2.8 3.79 3.5 0.36 5.2 2.92 1.65
S: OP1, OP2 2.8 3.65 3.5 0.33 5.3 2.93 1.66
S: O3′ 2.8 3.72 3.6 0.36 5.3 2.95 1.69
S: O2′ 2.8 3.69 3.4 0.39 5.1 2.91 1.64
S: O5′ 3.2 3.10 3.9 0.52 6.9 3.35 2.14

Figure 3. Radial distribution function and running coordination number
(rcn) of water oxygens around 2′-oxygen at the reactant, transition state,
and product for the native reaction.

Figure 4. Radial distribution function and running coordination number
(rcn) of water oxygens around phosphorus at the reactant, transition state,
and product for the native reaction.

Figure 5. Radial distribution function and running coordination number
(rcn) of water oxygens around 5′-oxygen at the reactant, transition state,
and product for the native reaction.
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4. Discussion

4.1. Free Energy Profiles. 4.1.1. Native (Unsubstituted)
Reaction.The native (unsubstituted) reaction proceeds through
two transition states corresponding to the formation of the P-O2′
bond (TSO2′) and departure of the 5′-methoxy group (TSO5′).
The rate-controlling step is the cleavage of the exocyclic P-O5′
bond with a free energy barrier of 18.0 kcal/mol, which is higher
than the endocyclic cleavage barrier by 6.2 kcal/mol. The
transition states are separated by a kinetically insignificant
intermediate with a barrier of only 0.2 kcal/mol to collapse back
to the reactant. The calculated free energy profile under alkaline
conditions is consistent with the experimentally supported
hypothesis5 that a dianionic oxyphosphorane cannot be distin-
guished kinetically from a transition state. The 2′,3′-cyclic

phosphate, in the absence of an enhanced leaving group, can
be readily detected only under alkaline conditions because of
rapid acid-catalyzed hydrolysis to give 2′ or 3′-phosphates.
Moreover, alkaline conditions disfavor isomerization of the 3′,5′
phosphate in RNA to give a 2′,5′ phosphate migration product7

and prevent18O exchange between isotopically labeled water
and ethylene phosphate, both reactions of which proceed via a
pseudorotation mechanism. These experimental observations are
consistent with the argument that a cyclic dianionic phosphorane
is not sufficiently long-lived to undergo pseudorotation.

The rate-controlling transition state is a late transition state
(Figure 2) with the exocyclic P-O5′ bond nearly broken (2.39
Å). There is abundant experimental evidence from kinetic
studies, including studies of primary leaving group kinetic
isotope effects71 and models with and without enhanced leaving
groups,6 in support of exocyclic cleavage as the rate-controlling
step. The values for the axial O2′-P-O5′ angle are considerably
distorted from an ideal value of 180° in a neutral phosphorane.
The values range from 164.1° to 165.5° and indicate a slightly
increased deviation from linearity as the reaction proceeds.

4.1.2. Substitution at the Nonbridging Phosphoryl Posi-
tions. Single substitution in the nonbridging positions raises the
rate-controlling barrier relative to the native reaction by ap-
proximately 2 kcal/mol. The barrier to endocyclic bond forma-
tion is approximately 9.4 kcal/mol lower than the rate-controlling
exocyclic cleavage barrier. A kinetically significant intermediate
exists in a shallow free energy minima with a barrier to collapse
to reactants of approximately 3.6 kcal/mol. These results suggest
that alkaline transphosphorylation reactions show a considerable
thio effect at the nonbridging phosphoryl positions. This result
is in some contrast with experimental results for RNA analogues
with nonbridging thio-substitutions that exhibit only modest thio
effects.7,72The single substitution trends are all roughly linearly

(71) Hengge, A. C. Isotope effects in the study of phosphoryl and sulfuryl transfer
reactions.Acc. Chem. Res.2002, 35, 105-112.

(72) Almer, H.; Stro¨mberg, R. Intramolecular transesterification in thiophos-
phate-analogues of an RNA-dimer.Tetrahedron Lett.1991, 32, 3723-
3726.

Figure 6. Radial distribution functions of water oxygens (OW) around 2′
X (X ) O or S) for the reactant state.

Figure 7. Radial distribution functions of water oxygens (OW) around
phosphorus (P) for the transition state.

Figure 8. Radial distribution functions of water oxygens (OW) around 5′
X (X ) O or S) for the product state.
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propagated upon double sulfur substitution at the nonbridging
phosphoryl positions. The rate-controlling barrier increases
to 24.2 kcal/mol. The barrier to endocyclic bond formation is
12.1 kcal/mol lower than exocyclic cleavage, and the intermedi-
ate resides in a fairly deep kinetic well with a barrier of 7.3
kcal/mol to collapse to reactants. These results are consistent
with experimental observations that phosphorothioates with
double sulfur substitution at the nonbridging positions are
much more resistant to hydrolysis.6 However, the magnitude
of the observed thio effects is again in some contrast with
experimental results for doubly substituted, nonbridging phos-
phoryl positions.73

The existence of a stable dianionic thiophosphorane inter-
mediate has important implications because, especially in the
case of the dithiophosphorane, the lifetime may be sufficient
to undergo protonation by solvent and subsequent pseudorotation
to form migration products.74

Sulfur substitution at the nonbridging positions has both
electronic and solvation effects. The softer sulfur atoms are able
to electronically stabilize the negative charge of the dianionic
thiophosphorane intermediate. However, the sulfur atoms are
also larger and consequently less well solvated. The solvent
effect, as will be seen in greater detail in the following sections,
results in destabilization of the transition state associated with
exocyclic cleavage. This is because the 5′ leaving group is
partially desolvated as it leaves as an oxyanion, and this
desolvation becomes exaggerated in the presence of the large
nonbridging sulfur atoms. The 2′ oxygen also has to undergo
desolvation when it initiates nucleophilic attack; however, this
has much less of an effect on the 2′ secondary alkoxide which
is more electronically stable and less solvent exposed than the
5′ primary methoxide anion.

Examination of the structures of the stationary points along
on the free energy profile (Table 2) indicates that sulfur
substitution at the nonbridging positions is accompanied by a
contraction of the axial bonds of the intermediate and is
consistent with the increased stability and lifetime of the
intermediate. Sulfur substitution at the nonbridging positions
results in reaction paths with increased associative character with
TSO2′ and TSO5′ shifted toward reactants and products, respec-
tively (Figure 2). The rate-limiting transition state TSO5′ becomes
a later transition state with more dissociative character upon
nonbridging sulfur substitution. The TSO2′ and TSO5′ have
increasedr1 ) P-X2′ andr2 ) P-X5′ distances, respectively,
in the sulfur-substituted reactions relative to the native reaction.
The doubly substituted reaction has the largest dissociative
character for TSO5′ of all of the reactions considered here with
r1 and r2 values of 2.49 and 2.63 Å for TSO2′ and TSO5′,
respectively, relative to the corresponding values in the native
reaction of 2.19 and 2.40 Å. The shift of ther1 and r2 values
for TSO2′ and TSO5′ can be explained by the Hammond postulate:
75 sulfur substitutions preferentially stabilize the intermediate

and lead to transition states TSO2′ and TSO5′ that are shifted away
from the intermediate toward reactant and product, respec-
tively.76

4.1.3. Substitution at 3′, 2′, and 5′ Oxygens. Sulfur
substitution at the 3′ oxygen position reduces the activation
energy for the reaction by 0.7 kcal/mol relative to the native
structure and slightly stabilizes the intermediate. This is in
contrast to the calculated results for the thio-substitutions at the
nonbridging phosphoryl positions that resulted in increased rate-
controlling barriers to in-line attack relative to the native
reaction. The increased reaction rate predicted here for sulfur
substitution at the 3′ position is consistent with the experimen-
tally observed rate enhancement for 3′ thio-modified RNA
dinucleotides. However, the calculated 3-fold increase in rate
is smaller than the 200-fold77 and 2000-fold78 increases observed
experimentally.

The slightly lower rate-controlling barrier for 3′ thio-
substitution relative to the native reaction arises mainly from
an electronic effect. Sulfur-substitution stabilizes the dianionic
thiophosphorane intermediate electronically due to the ability
of the softer sulfur to accommodate negative charge. The larger
sulfur radii also reduce the degree of solvent stabilization of
the intermediate. The reduced solvent stabilization for the 3′
thio-substitution is much less pronounced than that for the
thio-substitutions in the nonbridging positions because the 3′
position does not carry a full-1 formal charge. The net result
is that the dianionic 3′ thiophosphorane intermediate is stabilized
relative to the dianionic oxyphosphorane, causing a slight
shift of the r1 and r2 values for TSO2′ and TSO5′ toward
the reactant and product, respectively, in accord with the
Hammond postulate.75 The desolvation of the TSO5′, however,
is not sufficiently increased as to raise this barrier relative
to the native reaction. Overall, the free energy profile for the
3′ thio-substitution is the most similar to the native reaction
profile.

In contrast, thio-substitution at the 2′ or 5′ position, which
represent the nucleophile and leaving groups, respectively, has
a profound effect on the free energy profiles and rate-controlling
activation barriers. The 2′ and 5′ thio-substituted reactions
proceed through a single transition state with greatly increased
and decreased rate-controlling barriers, respectively, relative to
the native reaction. As discussed in the review of Jencks,76

stabilization of the reactant tends to raise the barrier of the
forward reaction and shift the reaction coordinate value of the
transition state toward that of product. For product stabilization,
the converse is true: the barrier of the forward reaction is
reduced, and the reaction coordinate value is shifted toward that
of the reactant. These effects give rise to linear free energy
relationships76 that have been applied by others to study related
systems, including studies of the reactivity of phosphate
monoester dianions in solution,69 the mechanism of hydrolysis
of a metal-complexed phosphate diester,79 enzyme-catalyzed

(73) Ora, M.; Ja¨rvi, J.; Oivanen, M.; Lo¨nnberg, H. Hydrolytic reactions
of the phosphorodithioate analogue of uridylyl(3′,5′)uridine: Kinetics
and mechanisms for the cleavage, desulfurization, and isomerization of
the internucleosidic linkage.J. Org. Chem.2000, 65, 2651-2657.

(74) Lopez, C. S.; Faza, O. N.; Gregersen, B. A.; Lo´pez, X.; De Lera, A. R.;
York, D. M. Pseudorotation of natural and chemically modified biological
phosphoranes: Implications for RNA catalysis.Chem. Phys. Chem.2004,
in press.

(75) Hammond, G. S. A correlation of reaction rates.J. Am. Chem. Soc.1955,
77, 334-338.

(76) Jencks, W. P. A. Primer for the bema hapothle. An empirical approach to
the characterization of changing transition-state structures.Chem. ReV. 1985,
85, 511-527.

(77) Liu, X.; Reese, C. B. 3′-Thiouridylyl-(3′f5′)-uridine. Tetrahedron Lett.
1996, 37, 925-928.

(78) Weinstein, L. B.; Earnshaw, D. J.; Cosstick, R.; Cech, T. R. Synthesis and
characterization of an RNA dinucleotide containing a 3′-S-phosphorothiolate
linkage.J. Am. Chem. Soc.1996, 118, 10341-10350.

(79) Humphry, T.; Forconi, M.; Williams, N. H.; Hengge, A. C. An altered
mechanism of hydrolysis for a metal-complexed phosphate diester.J. Am.
Chem. Soc.2002, 124, 14860-14861.
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phosphoryl transfers involving the hydrolysis of O-aryl phos-
phorothioates,80 and leaving group dependence in intramolecular
alcoholysis of uridine 3′-aryl phosphorothioates.81

In the present work, the 2′ thio-substitution produces a
tremendous reactant stabilization effect that leads to a large
increase in the rate-controlling barrier by a factor of 2 relative
to the native reaction and shifts the single transition state in the
reaction profile to a TSO5′-type transition state near the product.
The transition state is characterized by an almost fully formed
P-S2′ bond of 2.27 Å (Table 2). These results are consistent
with experimental results on a similar 2′ thio ribonucleotide
analogue82 where the rate of thiolate attack on the phosphate
center was observed to be 107 times slower than that of the
corresponding alkoxide. While thiolates are generally more
nucleophilic than alkoxides, these results demonstrate that the
affinity of a 2′ thiolate toward nucleophilic attack to the
phosphate center studied in the present work is significantly
reduced relative to that of the corresponding 2′ alkoxide. These
results are also consistent with experimental and theoretical work
that suggest these reactions proceed through a single transition
state with greatly reduced rate.5,6 Although experimental data
are invaluable, one must bear in mind that kinetic results may
sometimes be consistent with multiple mechanistic interpreta-
tions.83 Moreover, theoretical studies based on phosphate
reaction models in the gas phase6 are likely irrelevant for the
reactions in solution.

In contrast to the 2′ thio-substitution, the 5′ thio-substitution
leads to greatly increased product stabilization that lowers the
rate-controlling barrier by 10.1 kcal/mol relative to the native
reaction. The single transition state is shifted toward the reactant
TSO2′-type corresponding to formation of the endocyclic P-O2′
bond. These results are consistent with the increased stability
of the 5′ thiolate leaving group as indicated by lower theoretical
and experimental pKa values of thiols with respect to the
corresponding alcohols,84,85and by the experimentally observed
increase in rate constants for transphosphorylation with enhanced
leaving groups.5,6,86,87

4.2. Role of Solvation. 4.2.1. Solvation Effects on the Native
Reaction. In this section, the effects of solvation on the native
(unsubstituted) reaction are discussed. Subsequent discussion
of solvation for the sulfur-substituted reactions will focus on
how these effects differ from that of the native reaction.

Solvation of the Nucleophilic Group.The solvation of the
nucleophilic 2′ alkoxide is characterized by the radial distribution

function of water oxygens around the O2′ oxygen atom (Figure
3). In the reactant state, the water oxygens in the first solvation
shell around the 2′ oxygen are tightly bound and highly ordered.
The first maximum and minimum ingO2′OW

R (r) for the native
reaction occur at 2.8 and 3.6 Å, respectively, and have
corresponding heights of 3.39 and 0.26 (Table 3). The first
coordination number is 4.7, indicating that on average slightly
less than 5 waters coordinate the O2′ oxyanion in the reactant.
The gO2′OW

TS (r) and gO2′OW

P (r) plots show much less pronounced
first solvation layers as the reaction proceeds and the O2′
becomes covalently bonded to the phosphorus.

Solvation around Phosphorus.The radial distribution func-
tions around P do not change dramatically over the course of
the reaction (Figure 4). The first maximum and minimum in
gPOW

R (r) for the native reaction occur at 3.9 and 4.7 Å,
respectively, and have a first coordination number of 10.5. The
gPOW

TS (r) distribution exhibits an increase in the first maximum
to a value of 2.3 and a corresponding change in the first
coordination number to a value of 11.7 (Table 3). This increase
in overall solvation around phosphorus in the transition state
arises from the increase in localized charge of the dianionic
oxyphosphorane relative to the charge-separated reactants and
products. For the product state, the location and height of the
first maximum of gPOW

P (r) are unchanged from the reactant
state. However, the coordination number (11.1) is increased
relative to that of the reactant, resulting mainly from an increased
rdf value at the first minimum (see Supporting Information).
The interpretation for this is that the 2′,3′-cyclic phosphate
product is more highly solvated around phosphorus than the
acyclic phosphate reactant and the exchange rate of ordered
waters decreases in the more highly ordered first solvation shell
of the dianionic transition state.

Solvation of the Leaving Group. The solvation of the 5′
leaving group is characterized by the radial distribution function
of water oxygens around the O5′ atom (Figure 5). The solvation
of the leaving group largely mimics that of the nucleophilic
group for the reverse reaction. In the reactant state (where the
5′ oxygen is covalently bound to phosphorus), there is no
discernible first solvation layer, and only slight ordering is
observed between 4.5 and 5.5 Å from the 5′ oxygen. At the
transition state,gO5′OW

TS (r) shows appreciable order in the first
solvation layer. This is due in part to the nature of the rate-
limiting transition state as that of a “late transition state” with
considerable dissociative leaving group character representative
of the solvated products. For the product state, there is a sharp
peak at 2.8 Å ingO5′OW

P (r) with a value of 3.87, the highest peak
of all the rdf’s around the 5′ position (Table 3). The reason for
the increased solvation around the 5′ alkoxide leaving group as
compared to the 2′ nucleophile is the smaller size and increased
solvent exposure of the former.

4.2.2. Effect of Nonbridging Thio-Substitution on Solva-
tion. Single Nonbridging Thio-Substitutions. The gPOW

TS (r)
distribution is most significantly influenced by sulfur substitu-
tions at the OP1 and OP2 oxygen positions (Figure 7). Single
substitutions at either the OP1 or the OP2 oxygen cause the first
maximum in thegPOW

TS (r) to shift in position from 3.9 Å in the
native reaction to 4.0 Å, and decrease in height from 2.32 in
the native reaction to 1.82 and 1.74, respectively (Table 3). The
first coordination number for thegPOW

TS (r) increases by around
3.4 from 10.4 in the native reaction to 13.6-14.0 for the singly

(80) Hollfelder, F.; Herschlag, D. The nature of the transition state for
enzyme-catalyzed phosphoryl transfer. Hydrolysis of O-aryl phos-
phorothioates by alkaline phosphatase.Biochemistry1995, 34, 12255-
12264.

(81) Almer, H.; Stro¨mberg, R. Base catalysis and leaving group dependence in
intramolecular alcoholysis of uridine 3′-(aryl phosphorothioate)s.J. Am.
Chem. Soc.1996, 118, 7921-7928.

(82) Dantzman, C. L.; Kiessling, L. L. Reactivity of a 2′-thio nucleotide analogue.
J. Am. Chem. Soc.1996, 118, 11715-11719.

(83) Åqvist, J.; Kolmodin, K.; Florian, J.; Warshel, A. Mechanistic alternatives
in phosphate monoester hydrolysis: What conclusions can be drawn from
available experimental data?Chem. Biol.1999, 6, R71-R80.

(84) Silva, C. O.; Da Silva, E. C.; Nascimento, M. A. C. Ab initio calculations
of absolute pka values in aqueous solution ii. aliphatic alcohols, thiols,
and halogenated carboxylic acids.J. Phys. Chem. A2000, 104, 2402-
2409.

(85) Lide, D. R., Ed.CRC Handbook of Chemistry and Physics, 83rd ed.; CRC
Press LLC: Boca Raton, FL, 2003.

(86) Liu, X.; Reese, C. B. Uridylyl-(3′f5′)-(5′-thiouridine). An exceptionally
base-labile di-ribonucleoside phosphate analogue.Tetrahedron Lett.1995,
36, 3413-3416.

(87) Thomson, J. B.; Patel, B. K.; Jime´nez, V.; Eckart, K.; Eckstein, F. Synthesis
and properties of diuridine phosphate analogues containing thio and amino
modifications.J. Org. Chem.1996, 61, 6273-6281.
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substituted reactions, and the corresponding average coordina-
tion distance similarly increases from 4.1 to 4.4 Å.

Double Nonbridging Thio-Substitutions. In the case of
double substitutions, the trends observed for the single substitu-
tions are amplified. The location of the first maximum shifts to
4.3 Å and decreases in value to 1.43, and the first minimum
shifts to 5.4 Å and increases in height to a value 0.75. An
ordered second solvation shell is no longer observed. The first
coordination number for thegPOW

TS (r) increases to a value of
15.2 with an average coordination distance of 4.6 Å. The
observed trend upon sulfur substitution at the nonbridging
positions is to expand the first solvation layer (due to the larger
size of the sulfur radii), causing a shift of the average P-OW

distance and subsequent increase in number of waters in the
first solvation layer. Sulfur substitutions at the OP1 and OP2

positions play a key role in determining the solvent structure
around the transition state.

4.2.3. Effect of 3′, 2′, and 5′ Thio-Substitution on Solvation.
Thio-Substitution at the 3′ Position. The 3′ thio-substitution
has the most similarity to the native reaction of all the thio-
substituted reaction profiles. The effect of 3′ substitution on
solvation of the O2′ of the reactant state and O5′ of the product
state is almost negligible. The most pronounced difference in
solvation relative to that of the native reaction occurs in the
transition state (Figure 7).

Thio-Substitution at the 2′ Position. Unlike the 3′ thio-
substitution, the 2′ thio-substitution has a tremendous effect on
the reaction profiles and solvation. ThegO2′OW

R (r) (Figure 6) has
a first maximum that is shifted by 0.4 Å relative to the native
reaction and has an increased average coordination distance
(3.38 Å) and first coordination number (6.4). The waters in the
first coordination sphere are less ordered with a root-mean-
square deviation in the radial distance of 2.18 Å, relative to
1.69 Å for the native reaction. Moreover, the value ofgO2′OW

R (r)
at the first minimum is 0.4 greater than that for the native
reaction, suggesting the coordinating waters exchange more
rapidly.

Thio-Substitution at the 5′ Position.The 5′ thio-substitution
has the most profound effect on the series of reaction profiles
studied. The 5′ thio-substitution produces a reaction profile that
proceeds through a single TSO2′-type transition state and is the
only reaction where the character of the rate-limiting transition
state has altered from that of a TSX5′-type. ThegO5′OW

P (r) has a
first maximum that is shifted by 0.4 Å relative to the native
reaction and has an increased average coordination distance
(3.35 Å) and first coordination number (6.8) relative to the native
reaction (Figure 8). This coordination number is even larger
than that for thegO2′OW

P (r) of the 2′ thio-substitution reaction.
The reason is that the primary 5′ thiolate is more solvent exposed
than the secondary 2′ thiolate. The waters in thegO5′

P (r) first
coordination sphere of the 5′ thio-substituted reaction show
larger radial variation and more rapid exchange than the native
reaction. For the 5′ thio-substitution, the rate-limiting TSO2′-
type transition state more closely resembles reactants and has a
S5′-P bond distance (r2 ) P-S5′ ) 2.25 Å) that is only slightly
elongated relative to the average P-S single bond distance in
the reactant state (2.05 Å).

4.2.4. New-Generation Hybrid QM/MM Potentials for
RNA Catalysis. The present work is a benchmark study that
investigates the role of solvation on dianionic transphosphory-

lation reactions of native and thio-substituted RNA model
systems using a hybrid QM/MM simulation in explicit solvent.
The models used in the present work have been tested against
density-functional calculations62 and have been found to be
generally reliable for the dianionic reactions that do not involve
intramolecular hydrogen bonding or proton transfer within the
quantum subsystem.61 Nonetheless, future work will concentrate
on the design and parametrization of improved semiempirical
quantum models88-90 for reactions involved in RNA catalysis.61

Improvements in the semiempirical form will address the
problem of accurately modeling hydrogen-bonding interactions
and proton-transfer reactions and also include an improved
description of dispersion forces and relative conformational
energies and barriers. Parametrization of these models will
involve consideration of relative proton affinities of alkoxides
and thiolates, phosphates and phosphorothioates, as well as
reaction transition states, etc.

In addition to the quantum model, it is worthwhile to explore
systematic improvements in the molecular mechanical solvation
model; in particular, for dianionic reactions, the inclusion of
polarization is expected to be of considerable importance. A
number of recently developed polarizable models for water have
been introduced that have been developed with biological
simulations in mind.91-93 For a given semiempirical quantum
method and molecular mechanical solvation model, one should
develop appropriate nonbonded molecular mechanical param-
eters for the quantum systems that accurately reproduce known
experimental quantities of importance, such as the relative pKa

values of methanol and methane thiol, phosphoric acid and
thiophosphoric acid, etc. Hence, there is significant room for
the development of more general, robust hybrid QM/MM
potentials for reactions involved in RNA catalysis. This is a
focus of current work.

5. Conclusion

In this work, transphosphorylation thio effects in solution are
studied using hybrid QM/MM calculations. Solvation is ob-
served to play a key role in the reaction coordinate and profile
for these reactions. The native reaction proceeds through two
transition states separated by a kinetically insignificant inter-
mediate. The transition states correspond to endocyclic bond
formation and exocyclic bond cleavage, respectively, with the
latter the rate-controlling transition state. The effect of sulfur
substitution involves a balance of electronic and solvation
effects. For the nonbridging thio-substitutions, the softer sulfur
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raises the rate-controlling barrier. An interesting feature of these
reaction profiles is the existence of a stable dianionic thiophos-
phorane intermediate that, especially in the case of the double
nonbridging thio-substitution, is predicted to have significant
lifetime that might be sufficient to undergo protonation by
solvent and subsequent pseudorotation. Thio-substitution at the
3′ bridging position has the smallest effect on the reaction profile
and slightly lowers the rate-controlling barrier. In contrast, thio-
substitution at the 2′ and 5′ positions, corresponding to the
nucleophile and leaving group, respectively, has a dramatic
effect. The reaction profiles for these reactions proceed through
a single transition state. The 2′ thio-substitution raises the rate-
controlling barrier by a factor of 2. The activated 2′ thiolate is
a more stable species than the corresponding 2′ alkoxide, and
hence 2′ thio-substitution results in reactant stabilization (reduc-
tion in nucleophilicity) and an increased forward barrier. The
5′ thio-substitution, on the other hand, greatly enhances the
acyclic 5′ leaving group ability that, in the native reaction, is
the rate-controlling barrier. The 5′ thio-substitution shifts the
character of the transition state to that of the endocyclic bond
formation and greatly reduces the rate-controlling barrier of the
reaction by around 10 kcal/mol.

The hybrid QM/MM potential and simulation protocol tested
and applied in the present work provide overall trends that agree
well with experiment. Nonetheless, there is considerable room
for the design of improved hybrid QM/MM potentials that
combine more accurate quantum models for specific reactions
with improved forms of the molecular mechanical model to
represent the environment. The design of such potentials would

provide a powerful tool that, in conjunction with experimental
methods, may offer detailed atomic-level insight into the
catalytic mechanisms of ribozymes and phosphoryl transfer
reactions mediated by kinase and phosphatase signaling proteins.
The present work represents a benchmark test of the limits in
accuracy of existing state-of-the-art hybrid QM/MM methods
and an important step in the progress toward the development
of improved computational models for the study of RNA
catalysis.
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