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Density Functional Study of the In-Line Mechanism of Methanolysis of Cyclic Phosphate
and Thiophosphate Esters in Solution: Insight into Thio Effects in RNA Transesterification
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Density functional calculations of thio effects on the in-line mechanism of methanolysis of ethylene phosphate
(a reverse reaction model for RNA phosphate transesterification) are presented. A total of 12 reaction
mechanisms are examined using the B3LYP functional with large basis sets, and the effects of solvation
were treated using the PCM, CPCM, and SM5 solvation models. Single thio substitutions at all of the distinct
phosphoryl oxygen positions (2′, 3′, 5′, pro-R) and a double thio substitution at the nonbridging (pro-R/proS) positions were considered. Profiles for each reaction were calculated in the dianionic and monoanionic/
monoprotic states, corresponding to reaction models under alkaline and nonalkaline conditions, respectively.
These models provide insight into the mechanisms of RNA transesterification thio effects and serve as a set
of high-level quantum data that can be used in the design of new semiempirical quantum models for hybrid
quantum mechanical/molecular mechanical simulations and linear-scaling electronic structure calculations.

1. Introduction
That RNA can act as an enzyme (ribozyme) to catalyze
complex biological reactions, including the transphosphorylation
and hydrolysis of phosphodiester bonds, has generated great
interest in the study of the underlying catalytic mechanisms.
The elucidation of the molecular mechanism of RNA catalysis
is immensely important for the design of medical therapies that
target genetic disorders1-3 as well as the development of new
biotechnology.4-8
A variety of experimental methods have been used to study
the cleavage of phosphodiester bonds by ribozymes9-13 as well
as the nonenzymatic pathways for the transphosphorylation and
hydrolysis of RNA and related model phosphate systems in
solution.14-16 Of particular relevance to the present study is the
cleavage transesterification reaction (Scheme 1) that occurs in
RNA and is catalyzed by the prototype RNA enzymes such as
the hammerhead17,18 and hairpin19,20 ribozymes. One method
to probe the mechanism of ribozymes is to introduce chemical
modifications at specific sites6,21-25 and make mechanistic
inferences from the measured change in reaction rate. A
commonly applied modification involves the substitution of key
phosphoryl oxygens with sulfur.15,21,23,25,26 A subsequent change
in the reaction rate is called a thio effect, and can provide insight
into the specific role these positions play in the biological
reaction. However, it is often the case that multiple mechanistic
pathways are able to fit the observed kinetics equally well.27
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
* Corresponding author. E-mail: York@chem.umn.edu.
† Department of Chemistry, University of Minnesota.
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been the focus of theoretical studies in the gas phase,32-36 in
solution,3-45 (including ab initio studies of the nature of
associative and dissociative paths46-48), and in enzymatic
environments.49-51 Relatively few electronic structure studies,
however, have addressed the issue of the effect of sulfur
substitution on biological phosphate systems,52-55 and only a
handful have directly studied thio effects on the in-line attack
mechanism.53,56,57
In the present work, density functional methods are used to
study the in-line mechanism of methanolysis of ethylene
phosphate (a reverse reaction model for RNA phosphate
transesterification) and a series of single and double thiosubstituted analogues. For each model system, both dianionic and
monoanionic reaction models are presented. These models
provide insight into the mechanisms of RNA transesterification
thio effects under alkaline and nonalkaline conditions and serve
as a set of high-level quantum data that can be used in the design
of new semiempirical quantum models for hybrid quantum
mechanical/molecular mechanical simulations and linear-scaling
electronic structure calculations.
2. Methods
2.1. Density Functional Calculations. The present work
presents density functional electronic structure calculations for
thio effects on the in-line mechanism of methanolysis of ethylene
phosphate, the reverse reaction being a model for RNA
transesterification (Scheme 1). Mechanisms for both dianionic
(Scheme 2) and monoanionic/monoprotic (Scheme 3) systems
were considered. Calculations were performed using KohnSham density functional theory (DFT) with the hybrid exchange
functional of Becke58,59 and the Lee, Yang, and Parr correlation
functional60 (B3LYP). Energy minimum and transition state
geometry optimizations were carried out in redundant internal
coordinates with default convergence criteria,61 while the stability conditions of the restricted closed-shell Kohn-Sham determinant for each final structure were verified.62,63 Frequency
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SCHEME 1: RNA Transesterication

SCHEME 2: In-Line Dianionic Mechanism of Ethylene Phosphate Methanolysis (a Reverse-Reaction Model for RNA
Phosphate Transesterication)

SCHEME 3: In-Line Monoanionic Mechanism of Ethylene Phosphate Methanolysis (a Reverse-Reaction Model for
RNA Phosphate Transesterication)

calculations were performed to establish the nature of all stationary points and to allow evaluation of thermodynamic quantities.
Geometry optimization and frequency calculations were
performed using the 6-31++G(d,p) basis set. Electronic energies
were further refined via single point calculations at the optimized
geometries using the 6-311++G(3df,2p) basis set and the
B3LYP hybrid density functional.
All single point calculations were run with convergence
criteria on the SCF wave function tightened to 10-8 au to ensure
high precision for properties sensitive to the use of diffuse basis
functions.64 The protocol applied to obtain the (refined energy)//
(geometry and frequencies) is designated by the abbreviated
notation B3LYP/6-311++G(3df,2p)//B3LYP/6-31++G(d,p).
All density functional calculations were performed with the
GAUSSIAN0365 suite of programs (with the exception of the
SM5 solvation calculations, see below). This density functional
protocol has been extensively tested and applied to biological
phosphate systems.54,55,66-68 Thermodynamic properties at 298.15
K were obtained from the density functional calculations by
using standard statistical mechanical expressions for separable
vibrational, rotational, and translational contributions within the
harmonic oscillator, rigid rotor, ideal gas/particle-in-a-box
models in the canonical ensemble69 and have been described in
detail elsewhere.66 The standard state in the gas phase was for
a mole of particles at 1 atm pressure, and in solution was 1 M
concentration.
2.2. Solvation Models. Solvent effects were examined using
additional single point calculations at the gas-phase-optimized

B3LYP/6-31++G(d,p) geometries as in previous work.54,55,66-68
Three different solvation models70 were considered for comparison: (1) the polarizable continuum model (PCM),71-73
(2) a variation of the conductor-like screening model (COSMO)74 (employing the parameters provided by Klamt and coworkers75) as implemented in GAUSSIAN03,65,76 and (3) the
SM5.42R solvation model (SM5)77 as implemented in MNGSM.78
The solvation free energy, ∆Gsol, is defined as

∆Gsol ) Gaq - Ggas

(1)

where Ggas and Gaq are the molecular free energies in the gas
phase and in aqueous solution, respectively. In the present work,
the approximation was made that the gas-phase geometry,
entropy, and thermal corrections to the enthalpy do not change
upon solvation. This approximation is consistent with that of
recent work on related systems,54,55,66-68 where the protocol was
tested against the most relevant available experimental values
and found to be generally reliable for the models considered.
The practical reason for using gas-phase-optimized structures
(i.e., neglecting solvent-induced structural relaxation) resides
in the discontinuous gradients and computational cost associated
with the calculation of stationary points and Hessians with some
boundary element solvation methods. Methods that help alleviate
this problem have been introduced79 and recently been integrated
with electronic structure methods at the semiempirical level80
and are beginning to realize application.81

Methanolysis of Cyclic Phosphate and Thiophosphate Esters
Within these approximations, the solvation energy is given
by

∆Gsol ) (E[Ψsol] + Esol[Fsol]) - E[Ψgas]
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TABLE 1: Structural Characterization of Stationary Points
for Native and Thiosubstituted In-Line Dianionic Mechanism
of Ethylene Phosphate Methanolysis in the Gas Phasea
dianionic

(2)
reaction

where E[Ψgas] and E[Ψsol] are the Kohn-Sham energy functionals that take as arguments the Kohn-Sham singledeterminant wave function optimized in the gas phase (Ψgas)
and in solution (Ψsol), and Esol[Fsol] is the solvation energy that
takes as argument the polarized electron density in solution Fsol
(which can be derived from Ψsol).
All PCM and COSMO single point calculations were
performed at the B3LYP/6-311++G(3df,2p) level with the
optimized gas-phase geometries using the UAKS radii.82 All
SM5.42R calculations were carried out using the B3LYP
functional and the MIDI! basis set83 at the optimized gas-phase
geometries. The SM5.42R/B3LYP/MIDI! model was parametrized using HF/MIDI! derived geometries; however, the
original SM5.42R model is relatively insensitive to small
changes in geometry.77 Additional details on the application of
this method to related systems is discussed elsewhere.66

native

S:OP1

S:OP1,OP2

S:O3′

3. Results
3.1. Dianionic Reactions. Scheme 2 illustrates the general
mechanism for dianionic in-line methanolysis of ethylene
phosphate with phosphoryl oxygen positions labeled in accord
with their RNA counterparts involved in RNA transesterification
(Scheme 1).
3.1.1. Structure and Mechanism. The key structural parameters for stationary points along the dianionic reaction mechanisms are listed in Table 1. The unsubstituted substrate is
ethylene phosphate, a cyclic phosphate with a phosphodiester
P-O bond length of 1.709 Å and an endocyclic P-O-C bond
angle of 110.8°. This implies a slightly elongated phosphodiester
P-O bond length by around 0.027 Å with respect to dimethyl
phosphate, an acyclic analogue, and a strained (contracted)
endocyclic P-O-C bond angle by around 7° relative to
dimethyl phosphate.
The native dianionic reaction proceeds through a single early
TS5′-type transition state with an elongated P-O5′ bond (2.453
Å) and a considerably distorted trigonal bipyramidal structure
(θax ) 163.2°). The product structure is an acyclic phosphate
diester with the 2′ alkoxide leaving group extended (P-O2′
distance greater than 5 Å) and forming a right angle with the 5′
nucleophile (O5′-P-O2′ angle of 90°). The (-O-CH2-CH2O2′-) chain of the product structure is in a trans conformation
around the C-C single bond. Sulfur substitution at the nonbridging phosphoryl oxygen positions (OP1 and OP2) results in
an earlier TS5′ transition state with less associative character:
the P-O5′ bond length increases from 2.453 Å in the native
reaction to 2.655 and 2.823 Å in the singly (S:OP1) and doubly
(S:OP1,OP2) substituted reactions, respectively.
A striking feature of the dianionic reactions with sulfur
substitution(s) at the nonbridging position is the appearance of
a stable phosphorane intermediate and a late TS2′-type transition
state (which is not rate limiting). The intermediate I is slightly
more in-line with θax angles of 166.3° and 168.1°, respectively.
The TS2′ transition state is slightly less distorted in terms of
the θax angle than the TS5′ transition states. The TS2′ becomes
a later transition state with increased sulfur substitution (longer
P-O2′ bond lengths) at the nonbridging positions, analogous
to the lengthening of the P-O5′ bonds with increased sulfur
substitution in the TS5′ transition state.

S:O5′

S:O2′

structure
R
TS5′
I
TS2′
P

r(P-X5′)

r(P-X2′)

θax

2.453

1.709
1.841

163.2

1.700

5.136

90.0

R
TS5′
I
TS2′
P

2.655
1.815
1.779
1.693

1.703
1.781
1.945
2.223
5.105

161.5
166.3
166.3
89.6

R
TS5′
I
TS2′
P

2.823
1.786
1.739
1.685

1.703
1.767
1.888
2.405
5.127

160.0
168.1
165.7
86.6

2.329

1.691
1.815

157.0

1.694

5.658

84.6

R
TS5′
I
TS2′
P
R
TS5′
I
TS2′
P
R
TS5′
I
TS2′
P

1.709
2.537
2.237

2.513
5.128

166.7
98.5

2.757

2.244
2.538

161.1

1.703

5.546

88.8

a

Distance quantities (r) are in Å, and angular quantities (θ) are in
degrees. The angular quantity θax is the axial X5′-P-X2′ angle.

Sulfur substitution at the 3′ position (S:O3′) slightly increases
the associative character of TS5′ with a P-O5′ bond length of
2.329 Å. The 3′ sulfur in the equatorial position increases the
effective repulsions with the axial ligands around phosphorus
and leads to a distortion of the trigonal bipyramidal structure
of TS5′ (θax ) 157.0°) by 6.2° relative to the native reaction,
but otherwise has a minor effect on the mechanism.
Sulfur substitution at the nucleophilic 5′ position (S:O5′) has
a dramatic effect on the mechanism and leads to a single TS2′type transition state with an elongated P-O2′ bond (2.513 Å)
and an almost fully formed P-S5′ bond (2.537 Å) that is only
0.300 Å greater than that of the product structure. The TS2′
transition state for S:O5′ is a considerably later TS when
compared to the TS2′ transition states observed in the S:OP1 and
S:OP1,OP2 reactions. Sulfur substitution at the leaving group 2′
position (S:O2′) leads to a single early TS5′-type transition state
with an elongated P-O5′ bond (2.757 Å) with considerable axial
distortion of the trigonal bipyramid (θax ) 161.1°).
3.1.2. Gas-Phase Thermodynamics and Kinetics. Table 3
summarizes the key thermodynamic data for the dianionic
reactions in the gas phase and in solution. In the gas phase, the
reactions have very high activation energy barriers (∆Eq) that
range from 77.3 (S:O3′) to 99.4 (S:O2′) kcal/mol, due mainly to
the unscreened Coulombic repulsion between the two negatively
charged ions. The reaction energy values (∆E) are similarly
positive, ranging from 12.0 to 73.7 kcal/mol, reflecting the
preference for the repulsive ions to be infinitely separated. The
gas-phase activation free energy barriers (∆Gq) and reaction free
energy values (∆G) are typically about 10-12 kcal/mol higher
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TABLE 2: Structural Characterization of Stationary Points for Native and Thiosubstituted In-Line Monoanionic Mechanism of
Ethylene Phosphate Methanolysis in the Gas Phaseb
monoanionic/monoprotic
structure

r(P-X5′)

r(P-X2′)

θax

r(H-X5′/2′)

r(H-XP2)

θPT

native

R
TS5′
I5′
TSrot
I2′
TS2′
P

3.845
2.261
1.789
1.743
1.706
1.689
1.653

1.696
1.717
1.780
1.819
2.002
2.148
3.445

127.7
159.4
160.4
161.2
160.9
160.4
133.2

0.989
1.460
1.929
2.796
1.840
1.748
0.994

1.750
1.052
0.969
0.966
0.975
0.985
1.734

173.7
134.5
100.8
52.8
111.9
120.3
166.9

S:OP1

R
TS5′
I5′
TSrot
I2′
TS2′
P

3.998
2.268
1.771
1.727
1.702
1.673
1.649

1.690
1.713
1.764
1.791
1.923
2.251
3.467

133.0
160.3
160.8
160.9
160.8
158.8
131.4

0.985
1.434
1.937
2.781
1.885
1.668
0.990

1.773
1.061
0.969
0.967
0.972
0.998
1.765

174.2
135.2
99.6
52.7
107.4
126.8
166.3

S:OP1,OP2

R
TS5′
I5′
TSrot
I2′
TS2′
P

4.426
2.064
1.741
1.726
1.730
1.682
1.654

1.696
1.741
1.790
1.787
1.829
2.300
3.721

150.1
159.9
158.5
159.5
160.4
159.8
136.0

0.979
1.374
2.263
3.170
2.275
1.572
0.983

2.395
1.505
1.347
1.346
1.347
1.421
2.347

172.8
129.3
92.9
57.9
96.3
130.9
169.2

S:O3′

R
TS5′
I5′
TSrot
I2′
TS2′
P

3.843
2.307
1.823
1.771
1.733
1.695
1.661

1.681
1.698
1.762
1.803
1.930
2.222
3.522

120.4
157.3
160.7
162.3
162.8
160.4
142.1

0.986
1.497
1.944
2.860
1.921
1.686
0.992

1.776
1.044
0.970
0.967
0.972
0.994
1.748

172.8
135.4
102.1
52.0
107.4
125.0
171.2

S:O5′

R
TS5′
I5′
TSrot
I2′
TS2′
P

4.196

1.696

132.7

1.370

1.921

170.8

2.298
2.263
2.197
2.153

1.771
1.897
2.231
3.458

156.3
160.8
159.7
133.9

3.144
1.916
1.666
0.992

0.968
0.973
1.001
1.749

55.0
105.6
126.1
166.2

3.843
2.236
1.759
1.675

2.221
2.256
2.393
3.189

135.5
160.3
161.7
163.6

0.986
1.439
1.961
2.147

1.776
1.062
0.972
0.971

172.8
134.3
98.9
92.8

1.634

3.737

126.4

1.799

1.116

173.2

reaction

S:O2′

R
TS5′
I5′
TSrot
I2′
TS2′
P

Distance quantities (r) are in Å, and angular quantities (θ) are in degrees. The angular quantity θax is the axial X5′-P-X2′ angle, and the angular
quantity θPT is the proton transfer X5′/2′-H-XP2 angle. Here X5′/2′ designates the X5′ atom for the R, TSX5′, and IX5′ structures, and designates the X2′
atom for the IX2′, TSX2′, and P structures.
b

than the corresponding adiabatic energy values for all the
reactions, which reflects the loss of translational and rotational
freedom in the dianionic complexes relative to the reactant
molecules at infinite separation.
Substitution at the Equatorial 3′ and Nonbridging Phosphoryl
Positions. The native reaction has an activation free energy
energy barrier of 98.3 kcal/mol and a reaction free energy of
56.6 kcal/mol in the gas phase. Single sulfur substitution at the
nonbridging phosphoryl position (S:OP1) leads to a decrease in
the activation free energy barrier by 5.3 kcal/mol, and double
sulfur substitution at the nonbridging positions (S:OP1,OP2) leads
to a decrease by 8.0 kcal/mol. The decrease in gas-phase
activation free energy upon sulfur substitution at the nonbridging
positions is mainly enthalpic in nature. Because the nonbridging
OP1 and OP2 positions carry the majority of the negative charge,
(which increases in anionic character upon moving 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. Hence, the

∆Hq values for the S:OP1 and S:OP1,OP2 reactions decrease
relative to the value for the native reaction due to electronic
stabilization of the dianionic transition state by the softer sulfur
atoms at the nonbridging positions.
Substitution at the O3′ position leads to a decrease in the
forward activation free energy by 8.9 kcal/mol that derives
mainly from the lower enthalpy of activation. The sulfur
substitution at the 3′ position has a stabilizing electronic effect
in the dianionic transition state as discussed above for the
nonbridging substitutions. As has been pointed out by others,
3′ substitution can lead to geometric changes in the backbone
that result from elongated bonds and sharpened angles, and
hence the cyclic transition state can be stabilized by relief of
the strain energy in the five-membered ring.15,84,85 Although this
effect may be important, relief of ring strain of the 3′
thiosubstituted cyclic phosphate in the phosphorane transition
state does not completely account for the observed lowering of
both the forward and reverse reaction barriers. If relief of ring
strain were the only factor at play, then only the forward barrier
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TABLE 3: Gas-Phase Thermodynamic Data and Solvation Free Energy Values for Stationary Points for Native and
Thiosubstituted In-Line Dianionic Mechanism of Ethylene Phosphate Methanolysis3
∆∆Gsol

gas phase

∆Gaq

structure

∆E

∆H

-T∆S

∆G

PCM

CPCM

SM5

PCM

CPCM

native

TS5′
I
TS2′
P

87.2

87.1

11.2

98.3

-57.2

-58.3

-68.1

41.1

40.0

44.1

46.5

10.1

56.6

-43.8

-42.7

-49.5

12.8

13.9

7.1

S:OP1

TS5′
I
TS2′
P

82.4
74.5
74.9
42.1

82.5
76.5
76.0
44.5

10.5
11.8
12.2
9.5

93.0
88.3
88.2
54.0

-52.4
-61.3
-59.4
-40.1

-54.0
-62.9
-61.4
-39.2

-65.3
-65.1
-63.2
-46.3

40.6
27.0
28.8
13.9

39.0
25.4
26.8
14.8

27.7
23.2
25.0
7.7

S:OP1,OP2

TS5′
I
TS2′
P

79.6
66.2
68.8
39.7

79.8
68.8
70.1
42.2

10.5
12.2
12.4
10.0

90.3
81.0
82.5
52.2

-48.7
-56.6
-46.0
-38.1

-50.5
-58.0
-45.6
-36.8

-62.4
-61.5
-58.0
-43.2

41.6
24.4
36.6
14.1

39.8
23.0
36.9
15.4

27.9
19.5
24.5
9.0

S:O3′

TS5′
I
TS2′
P

77.3

77.8

11.6

89.4

-53.1

-52.7

-64.0

36.3

36.7

25.4

42.4

44.7

8.8

53.5

-40.6

-39.2

-47.8

12.9

14.3

5.7

TS5′
I
TS2′
P

99.4
73.7

98.0
73.8

10.1
9.2

108.0
82.9

-52.1
-48.8

-54.2
-49.1

-56.5
-46.5

55.9
34.1

53.8
33.9

51.5
36.4

78.5

78.8

9.2

88.0

-45.6

-46.3

-60.3

42.4

41.7

27.7

12.0

16.0

9.4

25.4

-34.2

-32.5

-47.1

-8.8

-7.1

-21.7

reaction

S:O5′

S:O2′

TS5′
I
TS2′
P

SM5
30.2

a

Relative thermodynamic quantities and solvation free energy values (kcal/mol) are with respect to the infinitely separated reactants. Solvation
free energies were calculated with the PCM, CPCM, and SM5 solvation models (see text).

from the strained cyclic reactant would be significantly decreased, whereas it is observed from the calculations that also
the reverse barrier from the acyclic product is also lowered
considerably. This raises an interesting question: how does the
role of sulfur substitution at the 3′ position differ from that at
the nonbridging positions?
Insight into the different stabilizing role of sulfur at the
nonbridging (S:OP1 and S:OP1,OP2) and bridging (S:O3′) positions
can be gleaned from differences in their reaction profiles. The
activation energy barriers for the forward and reverse dianionic
S:OP1 and S:OP1,OP2 reactions are decreased, and the ratecontrolling TS5′ transition states have less associative character
relative to the native reaction. Substitution at the nonbridging
positions produces a metastable dianionic phosphorane intermediate (I) in the gas phase that becomes increasingly stable
with sulfur substitution. For single and double sulfur substitution,
the energy barrier to collapse of the intermediate to the product
state is 0.4 and 2.6 kcal/mol, respectively. In accord with the
Hammond postulate,86,87 stabilization of the intermediate lowers
both the TS5′ and TS2′ barriers and shifts the location of these
transition states away from the intermediate (i.e., toward that
of reactants and products, for TS5′ and TS2′, respectively). For
the rate-controlling TS5′ transition state, this results in decreased
associative character relative to the native reaction.
In contrast, sulfur substitution at the 3′ position does not
produce an intermediate in the gas phase, but instead leads to
reduced effective repulsion between the methoxide nucleophile
and the thiophosphate, which increases the associative character
of the methoxide nucleophile. The TS5′ transition state in the
S:O3′ is stabilized relative to both the reactant and product state
and leads to a considerable reduction of both the forward and
reverse activation free energy barriers relative to the native
reaction by -8.9 and -5.8 kcal/mol, respectively. Relief of ring
strain is one of the factors leading to reduction of the forward
reaction barrier. In particular, the S3′-P-O2′ and P-S3′-C

angles of the reactant are contracted by 10.6° and 13.8°,
respectively, relative to the S3′-P-O5′ and P-S3′-C angles of
the acyclic product, whereas the corresponding contraction for
the native reaction is 8.2° and 11.5°, respectively. Hence,
destabilization of the reactant arising from ring strain that is
alleviated upon formation of the transition state is one reason
the forward barrier is reduced in the S:O3′ reaction. Like the
forward barrier, the reverse barrier from the acyclic product for
S:O3′ is lowered by 5.9 kcal/mol relative to the native reaction.
That the forward barrier is lowered to a greater degree (3.1 kcal/
mol lower versus the reverse barrier) suggests that ring strain
is an important factor. The softer sulfur in the nonbridging
position electronically stabilizes the dianionic TS5′ transition
state and reduces the effective repulsions in the exocyclic bond
formation step. The longer P-S3′ bond also allows a greater
distance between the negatively charged phosphorothioate and
the O2′ leaving group for the S:O3′ reaction (P‚‚‚O2′ distance
5.66 Å) relative to the native reaction (P‚‚‚O2′ distance 5.14
Å).
Substitution at the Nucleophilic 5′ and LeaVing Group 2′
Positions. Sulfur substitution at the O5′ position leads to a
significantly increased forward activation free energy barrier
in the gas phase by 9.7 kcal/mol relative to the native reaction
due to the increased stability of the reactant thiolate anion. The
effect on the reverse barrier is even more pronounced. The S:O5′
reaction has a reverse activation free energy barrier (25.1 kcal/
mol) that is 16.6 kcal/mol less than that of the native reaction
in the gas phase. Unlike the other sulfur substitutions, the S:O5′
substitution shifts the transition state to one having TS2′
character. In other words, the enhanced leaving group character
of the 5′ thiolate (which is particularly reticent toward nucleophilic attack to phosphate centers), raises the barrier for
exocyclic bond formation, and in accord with the Hammond
postulate, shifts the transition state character toward that of
endocyclic cleavage leading to the product state.
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Figure 1. Free energy profiles for dianionic (left) and monoanionic (right) native and thiosubstituted ethylene phosphate methanolysis reactions
with PCM solvation model.

Figure 2. Free energy profiles for dianionic (left) and monoanionic (right) native and thiosubstituted ethylene phosphate methanolysis reactions
with CPCM solvation model.

Sulfur substitution at the O2′ position behaves conversely to
that of S:O5′ reaction. The forward free energy barrier in the
gas phase is lowered by 10.3 kcal/mol relative to the native
reaction due to increased stabilization of the 2′ substituted
thiolate product. The transition state is shifted along the reaction
coordinate toward that of the reactants, and hence becomes less
associative. Conversely, the reverse free energy barrier in the
gas phase (62.6 kcal/mol) is elevated by 20.9 kcal/mol relative
to the native reaction. Hence, the dominant effect of 5′/2′ sulfur

substitution in the gas phase involves the increased stability of
the thiolate nucleophile/leaving group.
3.1.3. SolVation Free Energy Profiles. Figures 1, 2, and 3
illustrate the free energy profiles for in-line methanolysis of
native and thiosubstituted ethylene phosphate. In Table 3, the
relative solvation energies (∆∆Gsol) and aqueous free energy
(∆Gaq) values for stationary points of the dianionic reactions
are listed. The solvation energies calculated with the PCM,
CPCM, and SM5 methods exhibit mild variations, but overall
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Figure 3. Free energy profiles for dianionic (left) and monoanionic (right) native and thiosubstituted ethylene phosphate methanolysis reactions
with SM5 solvation model.

produce a consistent picture of the solvation effect and general
trends. Consequently, reference to specific solvation energy
values in this section will be restricted to the PCM results unless
otherwise explicitly indicated.
For dianionic reactions, the solvation free energy for the
separate monoanionic reactants are significantly less favorable
than those of the dianionic transition states, intermediates, and
product. The large favorable solvation of the dianionic transition
states leads to a significant reduction of the activation barrier
in solution. The rate-controlling TS5′ transition state for the
native reaction has the largest solvation free energy (-57.2 kcal/
mol) compared with the rate-controlling transition state for the
sulfur-substituted reactions. Because the nonbridging OP1 and
OP2 atoms carry the majority of the dianionic charge and are
more sensitive to substitution by the larger sulfur atoms than
the O3′ atom, the rate-controlling transition state for the S:OP1
and S:OP1,OP2 reactions have less favorable solvation free energy
values (-52.4 and -48.7 kcal/mol, respectively) than that
of the S:O3′ reaction (-53.1 kcal/mol). The solvation free
energy values for the rate-controlling transition states for the
S:O5′ and S:O2′ reactions are -52.1 and -45.6 kcal/mol,
respectively.
In solution, the calculated results suggest the rate-controlling
transition state for the native reaction corresponds to the
formation of the P-O5′ bond and has a activation free energy
energy barrier of 41.1 kcal/mol and a reaction free energy of
12.8 kcal/mol. The S:OP1 reaction and the S:OP1,OP2 reactions
both exhibit two transition states corresponding to the formation
of the P-O5′ bond (TS5′) and the cleavage of the P-O2′ bond
(TS2′). The rate-controlling step is the formation of the exocyclic
P-O5′ bond with a free energy barrier of 40.6 kcal/mol for single
substitution and 41.6 kcal/mol for double substitutions, which
is higher than the endocyclic cleavage barrier by 11.8 and 5.0
kcal/mol, respectively. Single and double sulfur substitution at
the nonbridging positions thus have only a small effect on the
activation barrier and the reaction free energy compared with
the native reaction. Substitution at the bridging O3′ position leads

to a decrease in the activation barrier by 4.8 kcal/mol. Thio
substitution at the O2′ position leads to a slight increase in the
activation barrier and a decrease of 21.6 kcal/mol in the reaction
free energy. This considerably raises the barrier of the reverse
reaction. Thio substitution at the O5′ position results in the largest
activation barrier (55.9 kcal/mol) and reaction free energy (34.1
kcal/mol). This is largely due to the increased stability of the
thiolate nucleophile in solution (methanethiol has a pKa value
5 units lower than methanol88).
3.2. Monoanionic Reactions. Scheme 3 illustrates the general
mechanism for monoanionic/monoprotic in-line methanolysis
of ethylene phosphate, with phosphoryl oxygen positions labeled
in accord with their RNA counterparts involved in RNA
transesterification (Scheme 1).
3.2.1. Structure and Mechanism. The key structural parameters for stationary points along the monoanionic reaction
mechanisms are listed in Table 2. Unlike the dianionic reactions,
the monoanionic reactions all show stable reactant hydrogen
bonded complexes, the weakest being for the S:O5′ reaction
where the hydrogen bond donor is methanethiol. The monoanionic/monoprotic I5′ and I2′ phosphorane intermediates have
considerably distorted O5′-P-O2′ angles (θax values range from
158.5 to 162.8°).
The native, S:O3′, S:OP1, and S:OP1,OP2 reactions have
qualitatively similar stationary point geometries along the
reaction path and proceed via an AN + DN-type mechanism.89
The S:OP1,OP2 reaction has the largest degree of associative
character in the rate-controlling TS5′ transition state (P-O5′ bond
length 2.064 Å), and the most elongated P-O2′ bond (2.300 Å)
in TS2′. The S:O5′ reaction does not exhibit a TS5′-type transition
state corresponding to exocyclic bond formation, and similarly,
the S:O2′ reaction does not produce a TS2′-type transition state
corresponding to endocyclic bond cleavage.
With the exception of the S:OP1,OP2 reaction, the proton
transfer in the TS5′ transition states is nearly complete, as the
distance between the proton and the O5′ of the nucleophile
(1.434-1.497 Å) is significantly longer than the distance
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TABLE 4: Gas-Phase Thermodynamic Data and Solvation Free Energy Values for Stationary Points for Native and
Thiosubstituted In-Line Monoanionic Mechanism of Ethylene Phosphate Methanolysisa
∆∆Gsol

gas phase

∆Gaq

structure

∆E

∆H

-T∆S

∆G

PCM

CPCM

SM5

PCM

CPCM

SM5

native

R
TS5′
I5′
TSrot
I2′
TS2′
P

-14.7
22.4
13.7
22.6
13.8
13.8
-18.4

-13.2
21.1
14.8
22.5
14.7
13.9
-16.9

8.4
12.2
13.1
13.1
12.6
13.4
11.4

-4.9
33.3
27.9
35.6
27.3
27.3
-5.5

12.7
11.6
5.3
3.4
6.6
7.9
12.4

12.6
11.3
3.8
2.0
5.1
6.5
12.4

10.3
9.9
9.9
9.6
11.3
12.1
11.0

7.8
44.9
33.1
39.0
33.8
35.1
6.9

7.7
44.7
31.7
37.5
32.4
33.8
6.9

5.4
43.2
37.8
45.2
38.6
39.4
5.5

S:OP1

R
TS5′
I5′
TSrot
I2′
TS2′
P

-13.1
25.9
14.2
22.0
15.3
16.2
-17.2

-11.7
24.3
15.4
22.0
16.3
16.1
-15.7

7.8
12.3
12.8
12.8
12.4
13.1
11.3

-3.9
36.6
28.1
34.9
28.7
29.2
-4.3

11.6
10.4
4.0
3.1
5.0
9.9
11.6

11.5
10.0
2.7
1.9
3.6
8.7
11.6

9.2
9.5
9.3
9.6
10.1
11.8
10.7

7.7
47.0
32.1
38.0
33.7
39.1
7.2

7.6
46.6
30.9
36.7
32.3
37.9
7.3

5.3
46.1
37.4
44.5
38.8
41.0
6.4

S:OP1,OP2

R
TS5′
I5′
TSrot
I2′
TS2′
P

-9.4
33.9
17.3
25.1
18.0
26.1
-13.8

-8.1
30.9
16.5
23.5
17.2
23.4
-12.3

7.8
12.4
12.5
12.7
12.0
13.1
10.9

-0.3
43.2
29.1
36.3
29.1
36.5
-1.5

10.1
4.6
3.9
4.0
3.8
8.3
10.1

10.2
3.8
3.1
3.1
2.8
7.4
10.2

7.9
9.0
9.4
9.8
9.1
10.3
9.4

9.8
47.8
33.0
40.3
32.9
44.8
8.7

9.9
47.0
32.1
39.3
31.9
43.9
8.8

7.6
52.2
38.5
46.0
38.2
46.8
7.9

S:O3′

R
TS5′
I5′
TSrot
I2′
TS2′
P

-13.4
19.5
13.1
21.8
15.4
16.3
-14.3

-12.0
18.2
14.0
21.6
16.0
15.9
-13.0

8.0
12.1
12.5
12.6
11.8
12.7
10.6

-4.0
30.4
26.5
34.2
27.8
28.6
-2.4

11.8
10.4
4.0
1.7
3.5
6.0
10.7

11.7
9.6
2.8
0.6
2.3
5.1
10.8

9.3
9.1
8.9
8.3
8.8
10.1
9.1

7.9
40.8
30.5
35.9
31.3
34.6
8.3

7.7
39.9
29.3
34.8
30.1
33.7
8.4

5.3
39.5
35.4
42.5
36.6
38.7
6.7

S:O5′

R
TS5′
I5′
TSrot
I2′
TS2′
P

-10.3

-9.0

8.8

-0.3

12.0

11.8

8.8

11.7

11.6

8.5

26.6
20.3
21.9
-10.7

28.0
22.6
23.1
-7.7

11.6
12.0
12.9
10.9

39.6
34.6
36.0
3.2

3.7
5.3
8.3
12.6

2.4
4.0
7.0
12.5

10.7
11.6
13.8
12.9

43.3
39.9
44.3
15.8

42.0
38.6
43.0
15.7

50.3
46.2
49.8
16.1

R
TS5′
I5′
TSrot
I2′
TS2′
P

-13.4
25.4
13.9
15.2

-12.0
23.9
14.8
15.5

8.0
11.0
12.2
11.6

-4.0
34.9
27.0
27.0

11.8
6.9
4.5
0.6

11.7
6.0
3.2
-1.5

9.3
8.9
8.0
-1.7

7.9
41.8
31.4
27.7

7.7
40.9
30.2
25.6

5.3
43.8
35.0
25.3

-13.3

-14.3

10.9

-3.4

12.86

13.15

9.5

9.8

4.7

reaction

S:O2′

8.06

a

Relative thermodynamic quantities and solvation free energy values (kcal/mol) are with respect to the infinitely separated reactants. Solvation
free energies were calculated with the PCM, CPCM, and SM5 solvation models (see text).

between the proton and the nonbridging phosphoryl oxygen
(1.044-1.062 Å). The situation is even more pronounced for
the TS2′ transition state in that the distance between the proton
and the nonbridging phosphoryl oxygen (0.985-1.001 Å) is
essentially a fully formed single bond, and the distance from
the proton to the O2′ leaving group is in the range of a short
hydrogen bond (1.666-1.748 Å). Hence, the proton transfer
has more concerted character in the TS5′ transition states
(particularly for the S:OP1 reaction), whereas it is essentially
stepwise in the TS2′ transition states. The exception is for the
S:OP1,OP2 reaction, where the proton must be transferred to a
nonbridging phosphoryl sulfur. In this case, the proton transfer
in TS5′ is more highly bonded to the O5′ nucleophile (1.374 Å)
and less fully bonded to the nonbridging position (1.505 Å)
than in the native reaction. Proton transfer in TS2′ for the
S:OP1,OP2 reaction exhibits a less fully formed H-O2′ bond
(1.572 Å) to the leaving group than in TS5′, but this bond is
still more fully formed than the corresponding TS2′ values for
the other reactions. Overall, the proton transfer for S:OP1,OP2

is the most highly concerted with exocyclic bond formation
(TS5′) and endocyclic cleavage (TS2′).
3.2.2. Gas-Phase Thermodynamics and Kinetics. Table 4
summarizes the key thermodynamic data for the monoanionic
reactions in the gas phase and in solution. The gas-phase
activation energy barriers (∆Eq) range from 21.8 (S:O3′) to 33.9
(S:OP1,OP2) kcal/mol and are considerably lower than those of
the dianionic reactions due to alleviation of the electrostatic
repulsion between negatively charged ions in the gas phase. The
reaction energy values (∆E) are negative in all cases, ranging
from -10.7 (S:O5′) to -18.4 (native) kcal/mol, in contrast to
the large positive values observed for the dianionic reactions.
The gas-phase activation free energy barriers (∆Gq) and reaction
free energy values (∆G) are typically about 9-10 kcal/mol
higher than the corresponding adiabatic energy values for all
the reactions.
In gas phase, the potential energy surface is significantly
lower for the monoanionic reactions than for the dianionic
reactions. This is due to the alleviation of unfavorable repulsion
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between the negatively charge ions in the gas phase. Unlike
the dianionic reactions, the monoanionic reactions exhibit
significantly stable reactant hydrogen bonded complexes with
binding free energy values that range from -3.9 to -4.9 kcal/
mol when both the hydrogen bond donor and acceptor are
oxygen. For the S:O5′ and S:OP1,OP2 reactions, the hydrogen
bond donor and acceptor, respectively, involve sulfur, and the
reactant binding free energy is reduced to only -0.3 kcal/mol.
For the native reaction, the gas-phase activation free energy
barrier (TSrot) is 35.6 kcal/mol, and reaction free energy is -5.5
kcal/mol. Single (S:OP1) and double (S:OP1,OP2) sulfur substitution leads to an increase in the ∆Gq value by 1.0 and 7.6 kcal/
mol, respectively. Sulfur substitution destabilizes hydrogen
bonding, and hence the free energy difference in going from
the reactant hydrogen bonded complexes to the rate-controlling
transition state is more uniform for the native, S:OP1, and
S:OP1,OP2 reactions. The S:OP1,OP2 reaction has particularly
high-energy phosphorane intermediate and transition states due
to the less favorable protonation of a nonbridging sulfur as
opposed to oxygen.
Substitution at the O3′ position leads to a decrease in the
activation free energy relative to the native reaction by 1.4 kcal/
mol. For the monoanionic reaction, the electronic effect of sulfur
at the 3′ position is small, and the dominant stabilization effect
involves alleviation of ring strain in going from the monoanionic
cyclic phosphorothioate to the cyclic thiophosphorane.15
Sulfur substitution at the O5′ position leads to only a
moderately increased activation free energy barrier relative to
the native reaction by 4.0 kcal/mol, and an increased reaction
free energy by 8.7 kcal/mol. This primarily derives from the
lower proton affinity of methanethiol relative to methanol (the
calculated proton affinity of methanol is 21.2 kcal/mol greater
than that for methanethiol) and complete elimination of the TS5′
transition state. Sulfur substitution at the O2′ position, on the
other hand, lowers the activation free energy barrier relative to
the native reaction by 0.7 kcal/mol while raising the reaction
free energy by 2.1 kcal/mol. The enhanced leaving group ability
of sulfur eliminates the TS2′ transition state.
3.2.3. SolVation Free Energy Profiles. Figures 1, 2, and 3
illustrate the free energy profiles for in-line methanolysis of
native and thiosubstituted ethylene phosphate. Relative solvation
energies (∆∆Gsol) and aqueous free energy (∆Gaq) values for
stationary points of the dianionic reactions are listed in Table
4. As for the dianionic reactions, those calculated with the PCM,
CPCM, and SM5 methods exhibit mild variations, but overall
produce a consistent picture of the solvation effect and general
trends. Consequently, reference to specific solvation energy
values in this section will be restricted to the PCM results unless
otherwise explicitly indicated.
The solvation free energy values for the monoanionic
reactions, and preferential stabilization of the transition states
and intermediates, are not nearly as pronounced as those for
the dianionic reactions. For the monoanionic reactions, the
solvation free energy for the separated reactants are slightly more
favorable than that of the transition states, intermediates, and
the product, and are of opposite sign to and more than half an
order of magnitude smaller than corresponding values for the
dianionic reactions. The effect of solvation for the monoanionic
reactions is to raise the aqueous activation free energy barriers
by about 5-10 kcal/mol. In the native reaction, the barrier is
shifted from that of a TSrot in the gas phase to that of a TS5′ in
the aqueous phase, and raises the TS5′ barrier relative to the
gas phase by 11.6 kcal/mol. The solvation effect on the ratecontrolling transition state is less pronounced for the S:OP1 and
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S:OP1,OP2 reactions, as well as the S:O3′ reaction, due to the
larger sulfur atoms.
The rate-controlling transition state of the S:O5′ reaction in
solution shifts from proton rotation (TSrot) to the endocyclic
bond cleavage (TS2′) for the PCM and CPCM solvation models,
but not for the SM5 solvation model. The TS2′ aqueous
activation free energy barrier is raised by 8.3 kcal/mol relative
to the gas-phase value. Solvation has the smallest effect on the
S:O2′ reaction, causing only a modest increase the aqueous
activation free energy barrier by 6.9 kcal/mol relative to the
gas-phase value.
In solution, the monoanionic native reaction has a ratecontrolling TS5′ transition state with an activation free energy
energy barrier of 44.9 kcal/mol and reaction free energy of 6.9
kcal/mol. Single and double thiosubstitution at the nonbridging
positions leads to an increase on the aqueous activation free
energy barrier by 2.1 and 2.9 kcal/mol, respectively. Thiosubstitution at the O3′ position results in a decrease in the aqueous
activation free energy barrier by 4.1 kcal/mol relative to the
native reaction. Thio substitution at the O2′ position leads to a
decrease in the activation free energy barrier by 3.1 kcal/mol
and an increase in the reaction free energy by 2.6 kcal/mol.
Substitution at the O5′ position lowers the activation free energy
barrier by 0.6 kcal/mol and raises the reaction free energy barrier
by 8.9 kcal/mol.
4. Discussion
4.1. Reliability of Solvation Models. Solvent effects are of
paramount importance for the series of reactions in the present
work. This is especially the case for the dianionic reactions,
where solvent stabilization reduces the activation free energy
barriers by typically 40-60 kcal/mol. Consequently, it is
important to, where possible, provide some assessment as to
the typical accuracy of the solvation models for the systems
under study. Unfortunately, there are few experimental solvation
free values available for relevant phosphate and phosphorothioate molecules to provide direct comparison. Table 5 summarizes
the experimental and calculated solvation free energy values
for the most relevant set of oxygen and sulfur-containing
molecules and related anions that pertain to the reactions of
the present work. Experimental values were taken from the
database of solvation free energy values used to construct the
SM5.42R universal solvation model77 (see also refs 90-93).
For neutral molecules, SM5 performs the best with a mean
unsigned error (MUE) of 0.42 kcal/mol, whereas the PCM and
CPCM models have larger values around 1.3 kcal/mol. A
considerable component of the MUE for the PCM and CPCM
methods derives from a systematic underprediction of the
solvation free energy values for the set of neutral molecules in
Table 6. The main source of error for the PCM and CPCM
methods arises from the neutral phosphate triesters, where the
solvation free energy values are considerably underpredicted
by 4-5 kcal/mol. For the monoanions, the error for all the
methods is considerably larger. The MUE error values are 8.0,
4.3, and 7.2 kcal/mol for PCM, CPCM, and SM5 methods,
respectively. The CPCM method overall has the best agreement
for the monoanionic solvation free energy values and also the
smallest root-mean-square error (RMSE) of 5.2 kcal/mol
compared with 9.2 and 8.8 kcal/mol for PCM and SM5,
respectively. The PCM method has the largest error for the
monoanions; however, this error is quite systematic, as observed
by the dominant mean signed error (MSE) of 7.8 kcal/mol
(standard deviation 4.9 kcal/mol). The SM5 model, on the other
hand, exhibits a much smaller MSE (0.3 kcal/mol) but the largest
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TABLE 5: Comparison of Calculated Solvation Free
Energies with the PCM, CPCM, and SM5 Solvation Models
with Experimental Valuesa
exp.
H2O
CH3OH
C2H5OH
C3H7OH
(CH3)2CHOH
CH3SH
C2H5SH
C6H5OH
C6H5SH
OP(OCH3)3
OP(OC2H5)3
OP(OC3H7)3

-6.31
-5.11
-5.01
-4.83
-4.76
-1.24
-1.30
-6.62
-2.55
-8.70
-7.80
-6.10

MAXE
RMSE
MUE
MSE
HOHSCH3OCH3SC6H5OC6H5SH2PO4MAXE
RMSE
MUE
MSE

-106.60
-74.00
-96.90
-75.70
-73.80
-65.30
-63.50

PCM

CPCM

SM5

Neutrals
-5.97
-5.01
-5.39
-4.55
-5.18
-1.06
-1.73
-6.49
-1.89
-3.59
-4.18
-1.70

-6.08
-5.14
-5.56
-4.75
-5.40
-1.10
-1.75
-6.81
-2.01
-3.87
-4.54
-2.06

-5.96
-5.39
-5.43
-4.80
-4.62
-0.99
-1.05
-6.64
-2.77
-7.48
-6.69
-5.34

5.11
2.23
1.34
1.13

4.83
2.07
1.25
0.94

1.22
0.57
0.42
0.26

Anions
-100.17
-68.51
-80.59
-67.78
-62.54
-57.39
-64.45

-109.90
-73.87
-87.23
-72.82
-66.48
-61.30
-66.61

-108.29
-84.40
-83.90
-76.71
-62.06
-63.63
-74.56

16.31
9.18
8.04
7.77

9.67
5.24
4.34
2.51

13.00
8.82
7.22
0.32

a
Shown are experimental and calculated solvation free energy values
in kcal/mol. Experimental values were taken from the database of
solvation free energy values used to construct the SM5.42R universal
solvation model77 (see also refs 90-93).

variation (standard deviation 8.8 kcal/mol). This larger variation
is particularly large for H2PO4-, where SM5 predicts a solvation
free energy 11.1 kcal/mol too large in magnitude (more negative
in value), whereas it also predicts for CH3O- a solvation free
energy 13 kcal/mol too small in magnitude (less negative in
value). It should be noted, however, that the reference value
used for the solvation free energy of H2PO4- 77 is not strictly
an experimental number, and preliminary data suggest the true
value may be considerably more negative. Overall, the SM5
model performs best for the thiolates, but exhibits important
deviations for the corresponding alkoxides.
For the purposes of this work, it is important to have
sufficiently robust solvation methods that provide reliable free
energy profiles in solution that are internally consistent when
comparing native and thiosubstituted reactions. Hence, the errors
in the solvation models must be sufficiently systematic that
cancellation of errors leads to increased accuracy in the relative
free energy values. Although none of the implicit solvation
methods provide extremely high-accuracy results, both the PCM
and CPCM methods, for the systems studied in the present work,
provide a similar overall level of robustness that allows at least
a qualitative characterization of the reaction profiles. For
instance, kinetic experiments of RNA degradation94 by specific
base catalysis of transesterification suggests an activation energy
of 29.0 kcal/mol. This activation energy (although not a free
energy) is quite close to the free energy of activation values in
solution for the dianionic reaction (Table 6) predicted by PCM
(28.3 kcal/mol), similar to the value predicted by CPCM (26.1
kcal/mol) and moderately comparable to the SM5 value (23.1
kcal/mol). On the other hand, previous QM/MM calculations

of dianionic transesterification thio effects95,96 using the MNDO/d Hamiltonian predicted a fairly low native free energy
barrier of 18.0 kcal/mol. This suggests that the use of standard
van der Waals from the CHARMM force field97 in hybrid QM/
MM calculations may lead to overstabilization of dianionic
phosphorane structures. However, it is also possible that the
barriers predicted by the PCM and CPCM models are too high
due to understabilization of the dianionic transition states (see
below). These results underscore the need for more complete,
comprehensive study of prototype phosphoryl transfer reactions
with new solvation and QM/MM models and detailed comparison with available experiment.
Comparison of native and thiosubstituted reactions additionally requires accurate relative solvation free energy values
between alcohols, thiols, phosphates, and phosphorothioate
analogues. In some cases in the present work, this is cause for
concern. For instance, the relative experimental solvation free
energy between methoxide and methanolthioate is 21.2 kcal/
mol, whereas the PCM, CPCM, and SM5 models predict relative
solvation free energy values of 12.8, 14.4, and 7.2 kcal/mol,
respectively. Even more pronounced are the discrepancies
between methoxide and dihydrogen phosphate, where the
relative experimental solvation free energy value (33.4 kcal/
mol) is considerably greater than the values predicted from the
PCM, CPCM, and SM5 models (16.1, 20.6, and 9.3 kcal/mol,
respectively). It is clear that improvement of the treatment of
solvation as a function of reaction coordinate is necessary for
the quantitative characterization of these reactions in solution.
Alternate strategies include the use of carefully parametrized
semiempirical quantum Hamiltonian models and MM van der
Waals radii parametrized to reproduce high-level DFT results
in the gas phase as well as experimental properties in solution
such as solvation free energy values, proton affinities and gasphase basicities, pKa shifts and multiple pKa values, and where
possible, reaction rate constants. These areas are the focus of
future efforts, for which the present work helps to establish
benchmark DFT and solvation results. The benchmark DFT
results can be further utilized to parametrize new-generation
semiempirical models for QM/MM simulation.
4.2. Comparison of Thio Effects for Rate-Controlling
Steps of Methanolysis and Transesterification.
4.2.1. Dianionic Reactions. The effect of each thiosubstitution
on the rate-controlling free energy barrier for the dianionic inline (forward) methanolysis reaction and the in-line (reverse)
transesterification reaction is summarized in Table 6 (differences
with respect to the native reaction are indicated in parentheses).
Dianionic Reactions in Gas Phase. In the gas phase, the native
and thiosubstituted reactions all exhibit a higher (forward) barrier
for the methanolysis than that for the (reverse) transesterification
reaction. In the case of the native reaction, the forward
methanolysis reaction has a gas-phase free energy barrier of
98.3 kcal/mol, whereas the reverse transesterification reaction
free energy barrier is 41.7 kcal/mol. The larger forward barrier
for the gas-phase dianionic reactions is preserved in the
thiosubstituted reactions and arises from the large unscreened
Coulomb repulsions between the anionic nucleophile and cyclic
phosphate.
Thio substitution has a diverse influence on the gas-phase
reaction barriers depending on the position of chemical modification. The largest changes in free energy barriers are found
for the S:O5′ and S:O2′ reactions. Thio substitution at the leaving
group position leads to lower cleavage barriers, whereas thio
substitution at the nucleophilic position raises the barrier to
nucleophilic attack (relative to the corresponding alkoxide). The
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TABLE 6: Forward and Reverse Rate-Controlling Free Energy Barriers for Native and Thiosubstituted In-Line Dianionic
Methanolysis Reactions in the Gas Phase and in Solutiona
∆Gqaq

∆Gq
PCM

CPCM

SM5

reaction

fwd

rev

fwd

rev

fwd

rev

fwd

rev

native
S:OP1
S:OP1,OP2
S:O3′
S:O5′
S:O2′

98.3 (0.0)
93.0 (-5.3)
90.3 (-8.0)
89.4 (-8.9)
108.0 (9.7)
88.0 (-10.3)

41.7 (0.0)
39.0 (-2.7)
38.1 (-3.6)
35.9 (-5.8)
25.1 (-16.6)
62.6 (20.9)

41.1 (0.0)
40.6 (-0.5)
41.6 (0.5)
36.3 (-4.8)
55.9 (14.8)
42.4 (1.3)

28.3 (0.0)
26.7 (-1.6)
27.5 (-0.8)
23.4 (-4.9)
21.8 (-6.5)
51.2 (22.9)

40.0 (0.0)
39.0 (-1.0)
39.8 (-0.2)
36.7 (-3.3)
53.8 (13.8)
41.7 (1.7)

26.1 (0.0)
24.2 (-1.9)
24.4 (-1.7)
22.4 (-3.7)
19.9 (-6.2)
48.8 (22.7)

30.2 (0.0)
27.7 (-2.5)
27.9 (-2.3)
25.4 (-4.8)
51.5 (21.3)
27.7 (-2.5)

23.1 (0.0)
20.0 (-3.1)
18.9 (-4.2)
19.7 (-3.4)
15.1 (-8.0)
49.4 (26.3)

a
Relative free energy values (kcal/mol) in the gas phase (∆Gq) and in solution (∆Gqaq) for the rate-controlling transition state of the forward
(fwd) dianionic reaction (i.e., relative to the reactants at infinite separation), and of the reverse (rev) dianionic reaction (i.e., relative to the product
state). Shown in parentheses are the relative free energy differences (∆∆Gq and ∆∆Gqaq) with respect to the native reaction.

largest barrier relaxation with respect to the native reaction that
occurs upon thio substitution (-16.6 kcal/mol) occurs for the
S:O5′ transesterification reaction, and the largest barrier increase
(20.9 kcal/mol) occurs for the S:O2′ transesterification reaction.
Thio substitutions at the nonbridging phosphoryl oxygen
positions also leads to significant gas-phase barrier relaxation
for both the methanolysis and transesterification reactions. In
the case of the forward methanolysis reaction, barrier relaxations
of -5.3 and -8.0 kcal/mol are observed for single (S:OP1) and
double (S:OP1OP2) thio substitutions, respectively, at the nonbridging positions. In the case of the reverse transesterification
reaction, the barrier relaxations are less pronounced with values
of -2.7 and -3.6 kcal/mol for single and double thio substitutions, respectively. The origin of the barrier relaxation derives
from electronic stabilization of the dianionic transition states
by the softer sulfur ligands and manifests itself by the appearance of a stable intermediate (I) that serves to lower the flanking
TS2′ and TS5′ free energy values and shift their reaction
coordinate values away from the intermediate.
Thio substitution at the 3′ position has a barrier relaxation
effect even greater that that of the nonbridging thio substitutions
in the gas phase. For the forward methanolysis and reverse
transesterification reactions, the barrier relaxation for the S:O3′
reaction with respect to the native reaction is -8.9 and -5.8
kcal/mol, respectively. As discussed in Section 3.1.2, the origin
of the barrier relaxation is a combination of electronic and ring
strain effects.
Dianionic Reactions in Solution. Solvent has a tremendous
stabilization effect for all the dianionic reactions, as discussed
in Section 3.1.3. Sulfur substitution has both electronic and
solvation effects. The former have been characterized in the
discussion of the gas-phase reaction, and here the focus is on
the solvation contribution. The larger sulfur atoms are less well
solvated, and because solvation has a tendency to preferentially
stabilize the dianionic transition states and lower the reaction
barriers, thio substitution tends to produce a less pronounced
solvent-induced lowering of the reaction barriers. Hence, the
electronic and solvation effects that occur upon sulfur substitution have the tendency to cancel one another, and the effect is
to either raise or lower the aqueous free energy barriers of the
forward methanolysis and reverse transesterification reactions.
In general, the effect of solvation is more pronounced for
methanolysis than transesterification because the separated
reactant anions in the former have significantly different
solvation than the dianionic transition state. Hence, the thio
effect for the transesterification reactions are dominated by the
electronic component, and overall, a relaxation of the ratecontrolling barrier is observed in solution for S:OP1, S:OP1OP2,
S:O3′, and S:O5′ reactions. Alternately, for the methanolysis

reactions, some of the gas-phase trends are reversed in solution
due to the larger role played by solvation. In particular, for the
S:OP1OP2 and S:O2′ methanolysis reactions, the rate-controlling
barriers are both lowered by -8.0 and -10.3 kcal/mol,
respectively, whereas in solution with the PCM model, they
are both raised by 0.5 and 1.3 kcal/mol, respectively. The change
in sign does not occur for the S:OP1OP2 with the CPCM model
and does not occur for either reaction with the SM5 model,
although the trend is maintained that solvation greatly counterbalances the large barrier lowering with respect to the native
reaction observed in the gas phase. For aqueous dianionic
transesterification, the S:O3′ and S:O5′ reactions exhibit the
largest degree of barrier relaxation (-4.9 and -6.5 kcal/mol,
respectively with the PCM solvation model). The only instance
where the barrier is raised for aqueous dianionic transesterification is for the S:O2′ reaction, which has an aqueous barrier
enhancement of 22.9 kcal/mol that is 2.0 kcal/mol greater than
that observed in the gas phase.
4.2.2. Monoanionic Reactions. The effect of each thiosubstitution on the rate-controlling free energy barrier for the
monoanionic in-line (forward) methanolysis reaction and the
in-line (reverse) transesterification reaction is summarized in
Table 7 (differences with respect to the native reaction are
indicated in parentheses).
Monoanionic Reactions in Gas Phase. In the gas phase, the
native and thiosubstituted reactions have comparable ratecontrolling barriers for methanolysis and transesterification, with
the former generally slightly lower by around 2-5 kcal/mol
(with the exception of the S:O5′ reaction, see below). The native
reaction has a forward gas-phase methanolysis barrier of 35.6
kcal/mol and a reverse gas-phase transesterification barrier of
41.1 kcal/mol. The difference between the forward and reverse
barriers is due largely to a reactant state that has the nucleophile
and substrate at infinite separation, whereas the product state
is a stable hydrogen-bonded complex. If the forward methanolysis barrier were taken from the stable hydrogen-bonded
complex (R) in the tables, the forward and reverse barriers would
become more comparable in the gas phase.
Single thio substitution at the nonbridging phosphoryl oxygen
position in the monoanionic reactions has only a minor effect
on the reaction barrier for the methanolysis and transesterification. Double sulfur substitution, on the other hand, increases
the methanolysis and transesterification barriers by 7.6 and 3.6
kcal/mol, respectively. This is partially due to the fact that, upon
double sulfur substitution, the mechanism considered must
proceed through a protonated nonbridging sulfur transition state,
which is less favorable than one where a nonbridging oxygen
is protonated. Among the monoanionic reactions involving sulfur
substitutions at the equatorial positions, thio substitution at the
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TABLE 7: Forward and Reverse Rate-Controlling Free Energy Barriers for Native and Thiosubstituted In-Line Monoanionic
Methanolysis Reactions in the Gas Phase and in Solutiona
∆Gq

∆Gqaq
PCM

CPCM

SM5

reaction

fwd

rev

fwd

rev

fwd

rev

fwd

rev

native
S:OP1
S:OP1,OP2
S:O3′
S:O5′
S:O2′

35.6 (0.0)
36.6 (1.0)
43.2 (7.6)
34.2 (-1.4)
39.6 (4.0)
34.9 (-0.7)

41.1 (0.0)
40.9 (-0.2)
44.7 (3.6)
36.6 (-4.5)
36.4 (-4.7)
38.3 (-2.8)

44.9 (0.0)
47.0 (2.1)
47.8 (2.9)
40.8 (-4.1)
44.3 (-0.6)
41.8 (-3.1)

38.0 (0.0)
39.8 (1.8)
39.1 (1.1)
32.5 (-5.5)
28.5 (-9.5)
32.3 (-5.7)

44.7 (0.0)
46.6 (1.9)
47.0 (2.3)
39.9 (-4.8)
43.0 (-1.7)
40.9 (-3.8)

37.8 (0.0)
39.3 (1.5)
38.2 (0.4)
31.5 (-6.3)
27.3 (-10.5)
31.1 (-6.7)

45.2 (0.0)
46.1 (0.9)
52.2 (7.0)
42.5 (-2.7)
50.3 (5.1)
43.8 (-1.4)

39.7 (0.0)
39.7 (0.0)
44.3 (4.6)
35.8 (-3.9)
34.2 (-5.5)
39.1 (-0.6)

a
Relative free energy values (kcal/mol) in the gas phase (∆Gq) and in solution (∆Gqaq) for the rate-controlling transition state of the forward
(fwd) monoanionic reaction (i.e., relative to the reactants at infinite separation), and of the reverse (rev) monoanionic reaction (i.e., relative to the
product state). Shown in parentheses are the relative free energy differences (∆∆Gq and ∆∆Gqaq) with respect to the native reaction.

3′ position provides the largest barrier relaxation relative to the
native reaction (-1.4 kcal/mol for the methanolysis reaction
and -4.5 kcal/mol for transesterification).
Substitution at the nucleophile/leaving group positions for
the monoanionic reactions are affected mainly by two factors.
On one hand, thiols are poorer nucleophiles in attack to
phosphate centers and better leaving groups than alcohols. On
the other hand, because thiols are more acidic than alcohols (in
both the gas phase and in solution), they are less prone to receive
a proton as a leaving group and more prone to donate it when
acting as nucleophile. These two effects partially counterbalance
one another, and hence, thio substitutions at the 2′ and 5′
positions lead to only a moderate change in the gas-phase free
energy barriers compared to thio effects in the dianionic
mechanisms. Thio substitution at O5′ leads to a higher monoanionic barrier for methanolysis (4.0 kcal/mol) and a lower barrier
for transesterification (-4.7 kcal/mol). Thio substitution at the
O2′ oxygen leads to only a slight change in the monoanionic
gas-phase free energy barrier for methanolysis (-0.7 kcal/mol)
and a moderate acceleration for transesterification (-2.8 kcal/
mol) relative to the native reaction.
Monoanionic Reactions in Solution. Solvent effects have a
significant effect on the monoanionic reaction barriers, as
discussed in Section 3.2.3, although not nearly as large as for
the dianionic reactions. Overall, solvent effects tend to increase
the monoanionic free energy barriers for the forward methanolysis reactions and decrease the barriers for the reverse
transesterification reactions relative to those in the gas phase.
This is because solvation preferentially stabilizes the reactant
state, where the neutral nucleophile and monoanionic phosphate/
phosphorothioate substrate are infinitely separated. The smaller
monoanionic substrate is more highly solvated than in the
transition state or reactive intermediates (see Table 4). In general,
thio substitution leads to lower solvation free energy values,
and hence the aqueous free energy barrier for the native
methanolysis reaction is raised the most with respect to the gasphase reactions.
The overall picture that emerges for the monoanionic reactions when solvent contributions are considered is that thio
substitution at the nonbridging positions generally increases only
moderately the barriers for in-line methanolysis and transesterification reactions. Thio substitution at the 3′ position leads
to a significant barrier relaxation for both methanolysis (-4.1
kcal/mol) and transesterification (-5.5 kcal/mol) with the PCM
model. Thio substitution at the 2′ and 5′ positions reduces the
barriers for both monoanionic methanolysis and transesterification reactions with both the PCM and CPCM solvation
models. Of these, the smallest predicted barrier relaxation is
for the S:O5′ forward methanolysis reaction (-0.6 kcal/mol),

and the largest predicted barrier relaxation is for the S:O5′
transesterification reaction (-9.5 kcal/mol). The SM5 model
follows the same general trends as the PCM and CPCM models,
except that the SM5 model predicts the S:O5′ reaction to have
a substantially increased methanolysis barrier relative to the
native reaction by 5.1 kcal/mol.
4.3. Comparison of Dianionic and Monoanionic Reactions
in Solution. The rate-controlling aqueous free energy barriers
for (forward) methanolysis and (reverse) transesterification
reactions calculated with the PCM, CPCM, and SM5 models
are shown in Tables 6 and 7. The PCM model predicts very
similar values and identical trends to the CPCM model. The
SM5 model, on the other hand, exhibits some significant
differences, in particular, considerably lower aqueous free
energy barriers for the dianionic reactions, in many cases by
15 kcal/mol or more. Unless otherwise stated, reference to
explicit aqueous free energy values in this subsection will
correspond to those calculated with the PCM solvation model.
4.3.1. Methanolysis Barriers. The dianionic native reaction
has a forward methanolysis rate-controlling aqueous free energy
barrier of 41.1 kcal/mol that is 3.8 kcal/mol lower than that of
the monoanionic native reaction. In fact, the rate-controlling
aqueous free energy barriers for methanolysis are lower for all
the dianionic reactions, with the exception of the S:O5′ and S:O2′
reactions that are predicted to be 11.6 and 0.6 kcal/mol lower,
respectively, for the monoanionic reaction.
Thio substitutions at the nonbridging positions have a small
thio effect (between -0.5 and 0.5 kcal/mol) for the dianionic
methanolysis reaction, whereas they have a moderate thio effect
(between 2.1 and 2.9 kcal/mol) for the monoanionic reaction.
Substitution at the 3′ position has a similar moderate thio effect
for both the dianionic (-4.8 kcal/mol) and monoanionic (-4.1
kcal/mol) methanolysis. The S:O5′ reaction has the largest thio
effect (14.8 kcal/mol) of the dianionic reactions, whereas it has
the smallest thio effect (-0.6 kcal/mol) for the monoanionic
reactions. This arises because of the replacement of the
methoxide nucleophile with methanethiolate. Thiolates, although
proficient enhanced leaving groups, have been demonstrated to
be particularly reticent toward nucleophilic attack to phosphate
centers98 (see below for a discussion of comparison with
experiment). The S:O2′ methanolysis reaction exhibits a relatively moderate thio effect that changes sign from 1.3 kcal/mol
for the dianionic reaction to -3.1 kcal/mol for the monoanionic
reaction.
4.3.2. Transesterification Barriers. The monoanionic native
reaction has a reverse transesterification rate-controlling aqueous
free energy barrier of 28.3 kcal/mol that is 9.7 kcal/mol lower
than that of the monoanionic native reaction. All of the dianionic
transesterification reactions have lower barriers than the cor-
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responding monoanionic reactions, with the exception of the
S:O2′ reaction; the smallest difference occurs for the S:O5′
reaction (6.7 kcal/mol) and the largest occurs for the S:O2′
reaction (-18.9 kcal/mol).
All of the dianionic transesterification thio effects involve
barrier relaxation (lower barriers relative to that of the native
reaction). with the exception of the 2′ thio substitution that
results in a 22.9 kcal/mol barrier elevation. This arises, as for
the 5′ thio substitution in the dianionic methanolysis reaction,
by the replacement of an alkoxide nucleophile by the corresponding thiolate. In striking contrast to the dianionic case, the
monoanionic S:O2′ transesterification results in barrier relaxation
of -5.7 kcal/mol. Thio substitutions at the nonbridging positions
lead to mild barrier relaxation (between -0.8 and -1.6 kcal/
mol) for dianionic transesterification and barrier elevation
(between 1.1 and 1.8 kcal/mol) for the monoanionic reactions.
As for the methanolysis reaction, the 3′ thio substitutions lead
to fairly significant barrier relaxation that are similar in the
dianionic (-4.9 kcal/mol) and monoanionic (-5.5 kcal/mol)
transesterification reactions. The largest barrier relaxation occurs
for the S:O5′ transesterification for both the dianionic (-6.5 kcal/
mol) and monoanionic (-9.5 kcal/mol) reactions.
A comparison of the thio effects for the nucleophilic and
leaving group positions underscore the balance between acidity/
basicity and nucleophilic/leaving group character. In the case
of the dianionic reactions, the main effect on the barriers is
governed by the enhanced leaving group capacity and poorer
phosphate nucleophilicity of thiolates relative to the corresponding alkoxides. However, in the monoanionic reactions, this effect
is counterbalanced by the increased acidity of thiols relative to
the corresponding alcohols that lowers the barrier to nucleophilic
activation by deprotonation or stabilizes the leaving group by
hydrogen bonding and subsequent protonation.
4.4. Comparison with Experiment. A multitude of experiments on thio effects on the hydrolysis of RNA-type nucleotides
have been reported in the literature.15,16 Sulfur substitution can
affect all steps of the hydrolytic mechanism, and therefore, the
measured changes on the overall reaction rates may not yield
to simple interpretation. In the case of alkaline hydrolysis of
RNA, it is reasonably well established that the mechanism is a
two-step in-line process that proceeds through a pentacoordinate
phosphorane transition state with inversion of the phosphate
center. The first step is that of transesterification (Scheme 1)
that produces a 2′,3′ cyclic phosphate, followed by a subsequent
second hydrolysis step that leads to a hydrolyzed 3′ phosphate.
Hydrolysis of RNA under neutral and acid pH, however, is more
complicated. Along with transesterification and hydrolytic steps,
there can be other types of steps involved in the mechanism,
such as pseudorotation, migration, and in the case of thio
substitution, desulfurization.15,16 These steps will be a topic of
future work. In the present work, discussion will focus mainly
on the comparison of experimental data of thio effects under
alkaline conditions, corresponding to the calculated dianionic
reaction models. Unless otherwise stated, reference to explicit
aqueous free energy values in this subsection will correspond
to those calculated with the PCM solvation model.
The general picture that emerges from kinetic experiments
is that hydrolysis of RNA is most sensitive to thio substitutions
at the nucleophile/leaving group positions (5′/2′). Hydrolysis is
only moderately sensitive to sulfur substitution at the nonbridging positions. Thio substitution at the 3′ position leads to a
significant rate acceleration. All of these experimental observations are influenced by different experimental conditions,

J. Phys. Chem. B, Vol. 109, No. 42, 2005 19999
including pH, solvent, and ionic strength, and can vary between
specific nucleotide sequences.
4.4.1. Substitutions at the Nucleophilic and LeaVing Group
Positions (5′/2′). The transesterification of 5′-phosphorothioates99,100 is 4-5 orders of magnitude faster than the corresponding native reaction at alkali pH. This corresponds to a difference
in reaction barriers of roughly 5-7 kcal/mol. The PCM value
for barrier relaxation in the S:O5′ reaction (-6.5 kcal/mol) is in
very good agreement.
On the other hand, transesterification of 2′ thiosubstituted
phosphates has been observed to be only possible when strongly
electronegative groups are present as the leaving group.16 In
these cases, the reaction rate is considerably slower than that
of the native reaction at alkaline pH. Dantzman et al.98 reported
that the rate of the thiolate attack on the adjacent phosphodiester
bond is 107-fold slower than that of the corresponding alkoxide
for the transesterification reaction of 2′-deoxy-2′-thiouridine 3′(p-nitrophenyl phosphate), corresponding to a roughly 10 kcal/
mol difference in free energy. This is in qualitative agreement
with the high increase in barrier (Table 6) for the dianionic
reaction upon 2′ thio substitution (22.9 kcal/mol). The rate
deceleration under neutral pH is reduced to 27-fold (roughly 2
kcal/mol in free energy difference). The present calculations
predict a moderate barrier relaxation for the monoanionic
reaction (-5.7 kcal/mol). As mentioned previously, the reaction
under neutral pH is likely not that of the simple monoanionic
reaction model considered here, but is significantly more
complicated and likely to involve explicit water molecules.
4.4.2. Substitution at the Nonbridging Positions (OP1,OP2).
Experimental studies of thio effects at the nonbridging phosphoryl oxygen positions provides a useful mechanistic probe
into enzymatic and nonenzymatic RNA hydrolysis and the role
of metal binding. Single thio substitution at the nonbridging
positions have been reported to have almost no effect on the
alkaline cleavage rate for various dinucleotides.21,101-106 For
instance, in the case of 3′,5′-Up(s)U, Almer et al.102,103 reported
ratios of rate constants k(phosphate)/k(thiophosphate) of 1.3 and
0.78 at the RP and SP positions, respectively. Oivanen et al.107
also found a negligible kinetic thio effect for the alkaline
hydrolysis of 3′,5′-UpU. In agreement with these experimental
findings, the results in Table 6 point to only very moderate thio
effects for the alkaline transesterification (-1.6 kcal/mol) and
methanolysis (-0.5 kcal/mol) for the S:OP1 reaction. On the
other hand, the effect of double thio substitution at the
nonbridging positions is more controversial. Nielsen et al.108,109
observed a higher chemical and enzymatic stability for the
phosphorodithioate linkage in RNA as compared to natural
RNA. More recently, however, Ora et al.106 determined that
replacement of the remaining nonbridging oxygen of phosphoromonothioates with sulfur has a surprisingly small effect on
the kinetics of hydrolysis and transesterification at alkaline pH.
The present calculations support the latter data. The aqueous
free energy barriers for dianionic S:OP1,OP2 methanolysis and
transesterification are predicted to undergo only very moderate
elevation and relaxation, respectively (0.5 and -0.8 kcal/mol,
respectively). These results are somewhat in contradiction to
those of a recent QM/MM study of dianionic transesterification
thio effects with a semiempirical Hamiltonian95,96 that predicted
significantly elevated barriers for single and double thio
substitutions. The origin of these differences likely resides
mainly in the choice of nonbonded QM/MM van der Waals
parameters, a more rigorous parametrization for which is a focus
of current efforts. Nonetheless, the quantitative understanding
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of single and double thio substitutions for model reactions
remains only partially understood.
Under neutral and acidic conditions, the interpretation of
experimental results is more controversial due to the fact that
desulfurization effectively competes with the rupture of P-OR
bonds (R ) alkyl group). This suggests that thiophosphorane
monoanionic intermediates are sufficiently long-lived to allow
pseudorotation.54,68 As characterized by the free energy profiles
of Figures 1, 2, and 3, thio substitution at the nonbridging
positions, rather than stabilizing the thiophosphorane intermediate structures, increases the barrier for endocyclic cleavage,
resulting effectively in a longer-lived intermediate than in the
native reaction. Regarding the kinetic rates, thio substitution
appears to accelerate16,107 the departure of the 5′-linked nucleoside, but retards isomerization via pseudorotation. The thio
effects observed in this work for monoanionic in-line transesterification and methanolysis indicate a moderate increase in
these barriers. As in the dianionic case, double thio substitution
in the monoanionic reaction leads to very similar aqueous free
energy barriers to that of the native reaction, and is consistent
with the suggestion that single and double thio substitution at
the nonbridging phosphoryl positions lead to small thio effects
in nonenzymatic models.
4.4.3. Substitution at the 3′ Position. Thio effects at the 3′
position have been the focus of several experimental studies15,16
due to the origin of the moderate reaction rate acceleration that
is produced. Base-catalyzed cleavage of the thiomodified RNA,
for instance, is 200-2000-fold faster than the native reaction.85
This corresponds to an aqueous free energy barrier relaxation
of 3-4.5 kcal/mol relative to the native reaction. The calculated
barrier relaxation for dianionic transesterification (-4.9, -3.7,
and -3.4 kcal/mol with the PCM, CPCM, and SM5 solvation
models, respectively) are in good agreement with this estimated
experimental barrier relaxation. A similar barrier relaxation is
predicted for the in-line monoanionic transesterification. However, under acidic conditions, the experimental thio effect is
close to unity.85 As mentioned previously, the monoanionic
mechanism is likely more complex than the reaction model
presented here. Nonetheless, the monoanionic reaction model
serves as a useful benchmark that provides qualitative insight
into mechanism and marks an upper bound to the expected
barriers under acidic conditions.
4.5. Limitations of the Current Approach. A major
objective in the design of theoretical methods for RNA catalysis
is to provide accurate simulation models for phosphoryl transfer
reactions that are able to reproduce known experimental
observables such as rate constants, kinetic, and equilibrium
isotope and thio effects. The resulting theoretical calculations
may aid in the interpretation of experiments as well as be applied
in a predictive capacity to systems where limited experimental
data is available. Toward this end, it is important to assess the
limitations of theoretical methods and identify directions for
future improvement.
The main sources of error in the present work include: (1)
Errors introduced by limitations of the electronic structure
methods. (2) Errors introduced by inadequacy in the treatment of solvation. (3) Errors introduced by approximations
in the calculation of the free energy. (4) Errors introduced
by incomplete exploration of alternate mechanistic pathways.
The above list is, of course, subjective, in that all of the items
are coupled. The first item regards the errors in the density
functional method itself. It is known that density functional
theory with the local density, gradient corrected, and many
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hybrid exchange correlation functionals systematically underestimate reaction barriers,110 although improved density functional models for thermochemistry and chemical kinetics
continue to emerge.110 In the present case, comparison with MP2
calculations and other electronic structure methods suggest the
errors to be on the order of a few kcal/mol in absolute (adiabatic)
barrier heights and even smaller for comparison of relative
barrier heights.
Another main source of error involves the treatment of
solvation.70 First, the neglect of solvent-induced structural
relaxation is problematic, although preliminary results for the
dianionic reactions indicate that inclusion solvation at the
continuum level changes the activation barriers by only a few
kcal/mol and increases the degree of associative character. A
more serious concern involves the inability of any of the current
implicit solvation models to appropriately predict relative
solvation energies for multiple charge states, which is critical
for reactions that involve the association (or dissociation) of
charged species, such as the dianionic reactions studied here.
In the present case, it is likely that the dianionic transition states
are understabilized, leading to overpredicted activation barriers
to methanolysis in solution. For example, in the dianionic
mechanism of ethylene phosphate hydrolysis, the experimental
free energy barriers are estimated to be on the order of 21-24
kcal/mol38 (based on the experimental estimate of the activation
free energy of 32 kcal/mol for dimethyl phosphate and the
observed 106-108-fold rate acceleration for ethylene phosphate),
whereas the barriers to related methanolysis reaction in the
present work predict barriers for the native reaction that range
between 30.2 (SM5) and 41.1 (PCM) kcal/mol. Additionally,
the entropic contribution to the activation free energy, which
in the current work is based on the gas-phase structures, can be
a grossly inadequate assumption for the solution reactions,111,112
especially when comparing concerted and stepwise mechanisms
that may involve dissociative steps, as has been discussed in
studies of reference reaction models for serine113 and cysteine114
proteases. This leads to the problem of inadequate exploration
of alternate reaction pathways, such as the dissociative
pathway.46-48 Although the exploration of multidimensional
potential energy surfaces for both the associative and dissociative
paths for the series of 12 reactions is beyond the scope of the
present work, it is nonetheless important to emphasize that other
mechanisms are of interest and important to continue to explore
and characterize.
The sources of error mentioned above could be, in principle,
greatly reduced with molecular simulations using appropriate
hybrid QM/MM potentials. In particular, if a sufficiently fast
and accurate quantum model could be designed specifically for
phosphoryl transfer reactions based on high-level quantum
chemical calculations and available experiment, some of the
error associated with the limitations of the density functional
methods could be reduced. If QM/MM calculations were
performed in a suitably accurate explicit solvation model,
presumably a significantly more robust treatment of solvation
would result. Use of molecular simulation to produce reaction
free energy (potential of mean force) profiles would alleviate
problems associated with sampling and, in particular, eliminate
the large errors in the entropic component of the activation free
energy. Finally, if a multidimensional mapping of the relevant
reactive coordinates were made with, for example, the techniques of umbrella sampling115 and weighted histogram analysis,116 further exploration and characterization of alternate
reaction pathways and mechanisms would be possible. The
realization of these goals relies, to a large extent, on the design
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of new quantum models for phosphoryl transfer reactions that
are highly accurate and yet computationally tractable for use in
QM/MM simulations. The calculation results presented herein
serves as an important set of benchmark data for the design of
these new-generation quantum models.
5. Conclusion
The present work presents results of a density functional and
continuum solvation study of thio effects on the in-line
mechanism of methanolysis of ethylene phosphate, a reverse
reaction model for RNA transesterification. Solvation is examined with three established solvation models: PCM, CPCM,
and SM5. Results for a series of 12 reactions that include the
native reaction, single thio substitution at each of the distinct
phosphoryl oxygen positions, and a double thio substitution at
the nonbridging positions are presented. Both dianionic and
monoanionic reaction models are considered, corresponding to
reaction models under alkaline and nonalkaline conditions,
respectively. These reactions represent an important series of
chemical modifications used to probe enzyme and ribozyme
mechanisms. The role of chemical modification, protonation
state, and solvation are systematically examined, and extensive
comparison with available experimental results are made.
Together, these results provide insight into the nature of thio
effects on the mechanism and rate-controlling barriers for
nonenzymatic methanolysis and transesterification.
Ultimately, it is the goal of the authors to provide newgeneration multiscale quantum models to study a wide range
of phosphoryl transfer reactions in realistic biological environments. This goal requires the synchronous design of highly
accurate quantum and solvation models, as well as models for
macromolecular enzymatic environments. Toward this end, it
is essential to characterize the assets and limitations of current
quantum chemical and solvation models and make extensive
comparisons with available experimental results. In the present
work, high-level density functional calculations are tested with
several implicit solvation models and compared with experiment.
Arguably, the weakest link in the modeling chain at this level
involves the treatment of solvation that should more realistically
include participation by many more explicit solvent molecules
and sampling of their relevant degrees of freedom with, for
example, a linear-scaling electronic structure method or hybrid
QM/MM model. However, such an approach requires a quantum
method that is sufficiently fast to make these calculations
tractable with reasonable computational resources. The density
functional results presented here serve as an important benchmark set of high-level quantum data that can be used in the
design of new semiempirical quantum models for hybrid QM/
MM simulations and linear-scaling electronic structure calculations. Hence, in addition to the biological insight provided by
the analysis of the present data, the comparison with experiment
and assessment of the limits of the models that were employed
acts as a guide in the design of new-generation multiscale
models for simulations of phosphoryl transfer reactions with
greater accuracy and reliability.
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