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Density-functional and semiempirical quantum methods and continuum dielectric and explicit solvation models
are applied to study the role of solvation on the stabilization of native and thio-substituted transphosphorylation
reactions. Extensive comparison is made between results obtained from the different methods. For the
semiempirical methods, explicit solvation was treated using a hybrid quantum mechanical/molecular mechanical
(QM/MM) approach and the implicit solvation was treated using a recently developed smooth solvation model
implemented into a d-orbital semiempirical framework (MNDO/d-SCOSMO) within CHARMM. The different
guantum and solvation methods were applied to the transesterificatiori-oib@8e,5methyl phosphodiester

that serves as a nonenzymatic model for the self-cleavage reaction catalyzed by the hammerhead and hairpin
ribozymes. Thio effects were studied for a double sulfur substitution at the nonbridging phosphoryl oxygen
positions. The reaction profiles of both the native and double sulfur-substituted reactions from the MNDO/
d-SCOSMO calculations were similar to the QM/MM results and consistent with the experimentally observed
trends. These results underscore the need for a d-orbital semiempirical representation for phosphorus and
sulfur for the study of experimentally observed thio effects in enzymatic and nonenzymatic phosphoryl transfer
reactions. One of the major advantages of the present approach is that it can be applied to model chemical
reactions at a significantly lower computational cost than either the density-functional calculations with implicit
solvation or the semiempirical QM/MM simulations with explicit solvent.

1. Introduction specie$~8 In addition to stabilizing the electronic structure of
polyanions that are often unstable in the gas phase, solvation
generally lowers the energy barrier of associating anions by
reducing the effective Coulomb repulsion as they approach and
also preferentially stabilizes transition state complexes. Despite
a tremendous amount of experimental and theoretical study, the
nonenzymatic and enzymatic chemical mechanism of phosphate
hydrolysis reactions remains a topic of discussion and consider-
able debaté~13 Consequently, it is important to ascertain the
reliability of new and existing quantum and solvation models
in order to design improved multi-scale quantum models for

There is growing interest in the development of new
semiempirical and implicit solvation methods that can be used
synchronously with molecular simulation and linear-scaling
methods to address complicated biological problems. These
integrated “multi-scale quantum models” are able to simulta-
neously span a broad range of spatial and temporal domains
Certain solvation methods, particularly those of the “boundary
element” typ€, are among the most widely applied in electronic
structure calculatio$ and have been traditionally problematic
in the rigorous development and implementation of smooth |
analytic gradients. Many reports of analytic gradients for these these reactions.
methods ignore terms associated with surface discretization The present work reports the application of a smooth solvation
which leads to severe problems in energy minima and transition method to phosphoryl transfer reactions in solution. The method
state geometry optimization procedures and molecular dynamicshas been implemented with analytic gradiéhtgthin a d-orbital
simulations. Recently, a smooth COSMO methbds been  semiempirical framewofR®and integrated with CHARMMY
introduced that circumvents these problems through the use ofThe focus of this paper is (1) to characterize the MNDO/
Gaussian functions for expansion of the reaction field surface d-smooth COSMO (MNDO/d-SCOSMO) solvation method in
charges and a differentiable switching layer that allows new the description of potential energy surfaces (PESs) of phosphoryl
surface elements to appear and disappear smoothly with respecransfer reactions and (2) to compare the results from the present
to the energy. Incorporated into electronic structure or molecular MNDO/d-SCOSMO method with other quantum and solvation
mechanics methods, this method may provide a powerful tool models in order to identify areas where improvements can be
to study solution-phase molecular properties, chemical reactions,made. One of the key results that arise from this work is that
and molecular dynamics. the use of the present MNDO/d-SCOSMO model may afford

Solvation is particularly important in phosphoryl transfer an avenue for efficient parametrization of QM/MM van der
reactions that involve the association or dissociation of anionic Waals radii that are key to obtain reliable free energy prof”es
of reactions that involve ionic speci&sThe paper is organized
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third section describes application to transphosphorylation thio SCHEME 1: 3'-Ribose,3-methyl phosphodiester used to
effects in a 3ribose,5methyl phosphodiester model. The fourth model transphosphorylation thio effects in RNA: (a) an
section concludes with a summary of the main results and RNA nucleotide unit, (b) the native (un-substituted) 3-

outline of future research directions. ribose,5-methyl phosphodiester model, and (c) the doubly
thio-substituted) 3-ribose, 3-methyl phosphothioate
2. Methods model

The focus of the present work is the application of the |

MNDO/d-SCOSMO methdd to transphosphorylation thio © Base

effects of a 3ribose,5methyl phosphodiester model. Com- o o o
parisons are made with results of density-functional theory

(DFT) calculations with implicit solvation corrections, and

hybrid QM/MM simulations with the same d-orbital semiem- 03‘\ 0 2 ® 03‘\ \\OPZOZQ 03'\ oS 0,°
pirical quantum model. The MNDO/d-SCOSMO method has p{(:e PQ-(_'e p{(:e
been implemented into the MNDO cddend interfaced to the 05,/ Ort H3CO5/' o cho{ S
CHARMM molecular modeling packageand will be available 2) | b) o

in future MNDO and CHARMM releases. The use of d orbitals e

has been shown previousfyto be important for pentavalent  gver the reaction coordinate ranged1A<r,—r; < 3.7A,
phosphorus and is particularly important for phosphorus and wherer; andr, are the P-O, and P-Oy distances, respectively),
sulfur in the present reactions that proceed through dianionic and free energy profiles as a function of the- r; coordinate
phosphorane transition states and intermediate. Semiempiricalyere calculated using the weighted histogram analysis method
methods without d orbitals such as AM1 and PM3 produce (WHAM)26 with a 0.02 A bin spacing. A detailed description
artificially stable dianionic phosphorane intermediates in the gas of the calculations and discussion of the results can be found
phase (compared with density-functional calculations) and g|sewhere.

unrealistic energy profiles (see Supporting Information Figure 2 3. Density-Functional Calculations. Density-functional

S1 and Table S1 for comparison). calculations were performed using the B3LYP exchange-

2.1. Semiempirical Calculations All semiempirical/implicit correlation functiondf-28with the 6-3H-+G(d,p) basis set for
solvation calculations were performed using the combined geometry and frequency calculations followed by single-point
MNDO/d Hamiltoniari® and smooth COSMO methbimple- energy refinement with the 6-33H-G(3df,2p) basis set in a
mented in MNDO97? Details of the method, implementation, manner analogous to recent studies of biological phospFafés.
and testing have been presented elsewie@onvergence  Energy minimum and transition state geometry optimizations
criteria for the SCF energy were 10eV, and for geometry  were performed in redundant internal coordinates with default
optimizations, they were 1.0 kcal/mol/ A on the gradient norm. convergence criteri and stability conditions of the restricted
Solvation calculations for the-8ibose,5methyl phosphodiester  closed shell KohaSham determinant for each final structure
model were performed using van der Waals radii from the were verified®*35 Frequency calculations were performed to
CHARMM ¢27 force field for nucleic acid8with a 0.8 A probe establish the nature of all stationary points and to allow
radius. The probe radius was optimized to obtain a best fit to evaluation of thermodynamic quantities. The solvent was treated
the QM/MM reaction free energy profflehat used the same  using the PCM solvation mod&p® with the CHARMM c22°
MNDO/d quantum model and CHARMM ¢27 van der Waals van der Waals radii for consistency with the QM/MM and
radii. Unless otherwise stated, the solvent accessible surface useMNDO/d-SCOSMO calculations. Due to instabilities in the
a discretization level of 110 points per sphere, smooth COSMO geometry optimization of the DFT calculations on the solvated
switching parameteps = 1.0 and shift parameter ~ 0.5 as potential energy surface, solvent corrections were taken into
described in previous workK. The nonpolar (nonelectrostatic)  account by single-point calculations at the gas-phase-optimized
component of the solvation free enerdshfo in eq 22 of ref B3LYP/6-314++G(d,p) geometries, as in previous wafk32
14), which has a very small effect on PESs of reactions that All density-functional calculations were performed with the
involve dianionic species, was neglected as in previous Work. Gaussian 03 suite of programs.

2.2. Hybrid QM/MM Calculations. Hybrid QM/MM cal- In the sections that follow, comparisons will be made between
culations were performed on the transphosphorylation of a native the MNDO/d-SCOSMO method, DFT with the PCM solvation
and doubly sulfur substituted-Bbose,5methyl phosphodiester ~ method, and hybrid QM/MM calculations with MNDO/d and
model system (Scheme 1) using the MNDO/d Hamiltodfan.  explicit solvation. As mentioned previously, the DFT calcula-
Activated dynamics calculations were performed on the model tions could not be performed on the solvated PES due to
system solvated in a 20 A sphere of 1076 TIP3P water instabilities in the geometry optimization procedure, and hence
moleculed! with a 4.0 A stochastic buffer zorté23To prevent solvation effects were included as single-point energy correc-
excessive drift of the solute, a weak harmonic restraint (1 kcal/ tions at the gas-phase geometries. Indeed, this long-standing
mol/atom) on the center of mass of the solute was introduced. problem, prevalent in the vast majority of boundary element
The reaction zone was propagated with Hamiltonian dynamics, solvation methods, was a prime motivation for implementation
and water molecules in the buffer zone were propagated with of the smooth COSMO method into an electronic structure
Langevin dynamics#{ = 62.0 ps?) to serve as a constant- package. To examine the effect of solvent-induced structure
temperature bath (300 K), and a deformable boundary potentialrelaxation, PESs and free energies in solution were derived from
was used to reproduce the containment effect of bulk solvent the MNDO/d-SCOSMO method in two ways: (1) with solvation
outside the buffer zon®. Simulations used the SHAKE treated as a single-point correction analogous to the DFT
algorithm?* to constrain the internal geometry of the water calculations with PCM solvation and (2) with optimization on
molecules and were performed with a 0.5 fs integration time the solvated PES. To make clear exactly what models have been
step without cutoffs for electrostatic and van der Waals used to derive structures and energies, the following notation
interactions. Umbrella samplidgwas used to collect statistics  has been introduced:
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SCHEME 2: In-line dianionic mechanism for transphorylation of a 3'-ribose,5-methyl phosphodiester as a model for

RNA catalysis
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derived from single-point PCM solvation correction to the DFT
gas phase-optimized structures.

MNDO/d: denotes MNDO/d energies and structures derived
from the gas phase PES.

MNDO/d+SCOSMO: denotes MNDO/d energies with SCOS-
MO solvation derived from single-point SCOSMO solvation
correction to the MNDO/d gas phase-optimized structures. 3

MNDO/d —SCOSMO: denotes MNDO/d energies with SCOS-
MO solvation derived from the solution phase-optimized
structures.

QM/MM : denotes QM/MM free energies (potentials of mean
force) and average structures dereived from hybrid QM/MM
simulationa with explicit solvation.
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3. Results and Discussion

In this section, a ‘3ribose,5>methyl phosphodiester will be
used as a model system to study transphosphorylation thio
effects in RNA enzymes (Scheme 1). Reaction profiles for the
native reaction and a chemically modified (doubly sulfur-

AE (kcal/mol)
=)

(=)

substituted) reaction are compared using BIfFCM, MNDO/ -10 T T T T T e
d+SCOSMO, MNDO/d-SCOSMO, and hybrid QM/MM mod- 3 2 1 0 1 2 3
els (see the Methods section). A schematic of the in-line r-r (A)

dianionic transphosphorylation mechanism is shown in Scheme 21

2. The two transition states corresponding to the formation of Figure 1. MNDO/d-SCOSMO and MNDO/d reaction profiles of the
the endo-cyclic PO, bond and cleavage of the exo-cyclic transphosphorylation of 3ibose,5methyl phosphodiester in the native
P—Os bond are denoted TS and TS, respectively, whereas (top) and doubly sulfur-substituted (bottom) forms (see Scheme 1). The

. . . . reaction coordinate is defined to be— r; (see Scheme 2). Shown are
gheengti:()jslpl\fll_lqrane intermediate between the transition states I%he relaxed solution-phase energy profiles optimized with MNDO/

d-SCOSMO AQAE, black), the relaxed gas-phase energy profiles
Figure 1 illustrates the effect of solvation on the reaction optimized with MNDO/d AE,, blue), and the solvation energy defined

energy profiles calculated with the MNDO/d-SCOSMO and as the difference between the solution-phase and gas-phase curves

MNDOY/d for the native (unsubstituted) and the sulfur-substituted (AAEsq, red). All energies (kcal/mol) are with respect to the reactant.

(on the nonbridging & and G, positions) reactions of the

dianionic 3-ribose,5>methyl phosphodiester. The MNDO/d gas- ) ]

phase and MNDO/d-SCOSMO profiles were obtained by €nergies and thermal corrections to the en'ghalpy and entropy,

performing a constrained geometry optimization at successive@nd theAAGs, values are defined as the difference between

reaction coordinate values. The reaction coordinate was definedthe agueous-phase and gas-phase free energy values

as the difference between the phosphorus-leaving gnoug (

P—Os) and phosphorusnucleophile (; = P—0Oy) distances. AAGg, = AG,; — AGg, 1)

Figure 2 compares the reaction energy profiles in solution

calculated with the MNDO/d-SCOSMO method and derived  Figures 3-5 illustrate the structural differences of the rate-

from hybrid QM/MM simulation with MNDO/d and explicit controlling transition states and reactive intermediates calculated

solvation. with DFT and with MNDO/d-SCOSMO. In the case of the
Table 1 compares the key structural parameters for stationarynative reaction, no kinetically significant intermediate is present.

points along the reaction PES in the gas-phase calculated withThe DFT structures were optimized in the gas phase, whereas

DFT and MNDO/d and for stationary points along the PES in the MNDO/d-SCOSMO structures include solvent-induced

solution calculated with MNDO/d-SCOSMO and QM/MM  structural relaxation.

models. Table 2 compares the corresponding aqueous free 3.1. Effect of Solvation.This section discusses the effect of

energy values, along with the gas-phase and solvation freesolvation by direct comparison of the PESs and free energy

energy components. ThAGgss values contain zero-point  values calculated in the gas phase with MNDO/d and in solution
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— T T T "~ T "1 "1 "1 the effect of screening the Coulomb repulsions between 'the 2

301 MNDO/d-SCOSMO vs. QM/MM N alkoxide and the phosphate and allows them to come into closer
- T proximity than would be favorable in the gas phase. Conse-
— MNDO/d-SCOSMO .. . . .
20~ — aommm TSgs . quently, the reactant minima for the native and thio-substituted
— Difference (4) reactions undergo significant stabilization and structural relax-

ation upon solvation.

The dianionic transition state and intermediate complexes are
preferentially stabilized by solvent relative to the separated
product monoanions. The average ®»/P—0Os bond lengths
L Native _ in the rate-controlling T& transition state contract upon
solvation by 0.050 and 0.025 A for the native and thio-

%

AE (kcal/mol)
S

-10r P O R A SO N R substituted reactions, respectively (Table 1). The corresponding
30+ L reaction coordinate values for the native and thio-substituted
— MNDO/d-SCOSMO TS, reactions slightly decreases fram— r; = 0.55 and 0.91 A,
I S“Mf’::::mm | respectively, in the gas phasertp— r; = 0.53 and 0.86 A,

N
(=}
I
|

respectively, in solution. The structures of the rate-controlling
_ transition states thus become slightly more associative upon
solvation in both cases with character shifted toward that of
the reactant'3ribose,5methyl phosphodiester. The increase in
associative character is more pronounced for the thio-substituted
------------------------------------ =2z reaction, although the overall effect of solvation on the structure
of the rate-controlling transition state is not very large in either

AE (kcal/mol)
o ©
I T
|

10- N reaction.
PR [N R S ENU BN A B In summary, solvation has the general effect of preferentially
3 2 1 0 1 2 3 stabilizing the dianionic transition states and reactive intermedi-
r-r, (A) ates relative to the reactants and products. Solvation increases

] ] ] the associative character of the reactive species by contraction
Figure 2. MNDO/d-SCOSMO and QM/MM reaction profiles of the ¢ 1pe ayial P-O bond lengths, as observed in other wtR
transphosphorylation of 3ibose,5methyl phosphodiester in the native

(top) and doubly sulfur-substituted (bottom) forms (see Scheme 1). The E_md increase_ of the axial €P_O, _angle 0in) to be more in-

reaction coordinate is defined to be— r; (see Scheme 2). Shown are  line and poised for nucleophilic attack or leaving-group

the relaxed solution-phase energy profiles optimized with MNDO/ departure.

d-SCOSMO (black), the potential of mean force profile obtained from 3 2 Comparison of MNDO/d-SCOSMO with Hybrid QM/

hybrid QM/MM simulation in explicit solv_ent (blue), and the d!fference MM Simulations. 3.2.1. Comparison of Aqueous Free Energy

between the two curves (red). All energies (kcal/mol) are with respect ) . . .
Profiles. The free energy profile for the native and thio-

to the reactant. . ! .
substituted transphosphorylation reactions calculated from MNDO/

calculated with MNDO/d-SCOSMO that includes solvent- d-SCOSMO and QM/MM simulations with MNDO/d and
induced structural relaxation. explicit water are shown in Figure 2. The QM/MM profile (blue
3.1.1. Effect of Sehtion on the Energetics of Reactidfigure ~ curve, top) for the native reaction proceeds through two
1 shows the gas-phase PES and solution-phase free energjfansition states, & and TSy, separated by a kinetically
profiles for the native (top) and thio-substituted (bottom) Insignificant intermediate with a 0.2 kcal/mol b._slrrler to coIIap;e
transphosphorylation reactions. The gas-phase PES for the nativéack to the reactants. The free energy profile for the native
reaction exhibits a single transition state [Bwith a 23.6  reaction obtained from the MNDO/d-SCOSMO method does
kcal/mol activation energy barrier. If thermal corrections to the Not resolve the reactive intermediate observed in the QW/MM
enthalpy and entropy are made at the transition state, the relativa?rofile but exhibits a broad shoulder with an inflection point in
free energy in the gas phase is 24.6 kcal/mol (Table 2) Upon the ViCinity of the QM/MM -intermediate. The-activation free
solvation, the activation free energy barrier calculated with the €nergy for the QM/MM profile (18.0 kcal/mol) is very close to
MNDO/d-SCOSMO method for the native reaction is reduced that of the MNDO/d-SCOSMO value (18.3 kcal/mol). The QM/
to 18.3 kcal/mol. Solvation has an even greater stab|||z|ng effect MM profile for the thio-substituted reaction features two distinct
on the transition states and reactive intermediate for the sulfur- transition states (Figure 2: blue curve, bottom) and is overall
substituted reaction (Figure 1, bottom). The solvation energy duite similar to that of the MNDO/d-SCOSMO profile. The
is most stab|||z|ng -6130 kca|/mo|) for the dithiophosphorane Iargest deviation occurs for the first E&Ctivation barrier that
intermediate (INT), and is least stabilizing for the rate- hasaQM/MM value (12.1 kcal/mol) that is 1.8 kcal/mol higher
Controning TS)S, transition State-é?_s kca|/m0|)_ than the MNDO/d-SCOSMO value (103 kcallmol). The QM/
3.1.2. Effect of Sehtion on the Structure of Reacti Species. MM values for the INT and rate-controlling b5 (4.8 and 24.2
The effect of solvation on the structure of the stationary points kcal/mol, respectively) are within 1 kcal/mol of the correspond-
along the reaction path is significant in several cases. The mosting MNDO/d-SCOSMO values (4.0 and 24.5 kcal/mol, respec-
prevalent solvent-induced structural relaxation occurs for the tively).
product minima where the; = P—O, distance in the native 3.2.2. Comparison of Structures in Solutidie geometrical
reaction contracts by 0.2 A from 4.30 A in the gas phase to parameters for the transition states and intermediates are all in
4.10 A in solution, and the £-P—0s angle i) increases by  very close agreement between the QM/MM and MNDO/
7.2° to be more poised for in-line attack. This trend in solvent- d-SCOSMO methods (Table 1). The largest deviation (0.06 A)
induced structural relaxation is amplified for the thio-substituted occurs for the Tg, structure in the thio-substituted reaction
reactant where thg = P—O, distance decreases upon solvation that has the longest leaving group bond length= 2.63 and
by 0.26 A and thé;, value increases by 1P .5Solvation has 2.69 A for QM/MM and MNDO/d-SCOSMO, respectively). The
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TABLE 1: Comparison of the Relevant Distanced and Angles in the Reactant, Transition State, Intermediate, and Product
along the Reaction Path PES for the Transphosphorylation of '3Ribose,3-methyl Phosphodiester in the Gas Phase and in
Solution

DFT MNDO/d MNDO/d-SCOSMO QM/MM

molecule ry ro Oini ry ry Oini ry ra Oini r ry Oini
native
reactant 4.60 1.71 108.6 4.30 1.76 125.3 4.10 1.72 132.5 4.07 1.69 130.3
TSoy 1.85 2.51 162.2 1.91 2.44 162.7 1.85 2.40 165.4 1.80 2.40 164.1
product 1.71 1.76 1.74
sulfur-substituted
reactant 4.57 1.68 98.4 4.44 1.73 114.1 4.18 1.69 125.6 4.26 1.67 118.9
TSo, 2.43 1.73 163.9 2.44 1.78 158.9 2.54 1.73 163.0 2.49 1.71 163.5
INT 1.90 1.77 165.3 1.95 1.82 160.5 1.89 1.79 164.8 1.88 1.77 165.0
TSoy 1.77 2.84 158.9 1.83 2.69 156.6 1.78 2.69 159.5 1.76 2.63 160.4
product 1.70 1.75 1.73

aShown are the PO, and P-Os distancesr andr,, respectively) and the in-line 2P—Os angle Q). ® Geometric quantities were taken
from QM/MM simulation$ with explicit solvent, see text for additional details.

TABLE 2: Comparison of Relative Energies for Stationary Points along the Reaction Path PES for the Transphosphorylation
of 3'-Ribose,3-methyl Phosphodiester in the Gas Phase and in Solutién

DFT+PCM MNDO/d+SCOSMO MNDO/d-SCOSMQO QM/MMmd

molecule AGyq AGgas AAGgq AGyq AGgas AAGq AGyq AGgas AAGq AGyq
native
reactant 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TSo, 11.8
INT 11.6
TSoy 19.4 31.4 —12.0 18.2 24.6 —6.4 18.3 23.6 —5.2 18.0
product —-8.2 —61.6 53.4 -3.5 —64.4 60.9 2.2 —67.8 65.6
sulfur-substituted
reactant 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
TSo, 10.5 20.6 —-10.1 10.8 19.5 —-8.7 10.3 15.9 —5.6 12.1
INT 55 19.0 —135 5.2 17.0 —-11.9 4.0 14.2 -10.3 4.8
TSoy 17.6 30.3 —12.7 24.0 32.0 —8.0 24.5 30.6 —6.1 24.2
product -7.7 —56.0 48.3 2.6 —54.7 57.3 3.9 —58.5 62.4

a Relative free energy values (kcal/mol) with respect to reactants for stationary points along the reaction path PES for the transphosphorylation
of 3'-ribose,5>methyl phosphodiester in solution. Shown are the relative free energy values in aqueous sal@tignand also listed for the
DFT+PCM, MNDO/H+SCOSMO, and MNDO/d-SCOSMO methods are the separate gas-ph@&gg) (and solvation AAGs,) free energy
components. The product energy is defined as the sum of the total energy fdrShey8ic ribose phosphate and methoxide anion infinitely
separated in solution (Scheme 2free energy values calculated with the BFFCM and MNDO/d-SCOSMO methods are based on the gas
phase-optimized geometries. Energy values follow standard thermodynamic and statistical mechanical expressions within the harmonic oscillator
rigid rotor/ideal gas approximations, as described in previous Wofkree energy values calculated based on solution phase-optimized geometries
with MNDO/d-SCOSMO ¢ Relative Gibbs free energy values taken from QM/MM simulatfavi¢h explicit solvent, see text for additional details.

[

i

1.80A

2.40A

2518}

i J (™ o

o
. . . . Figure 4. Stable gas-phase phosphorane intermediate for the doubly
Figure 3. Rate-controlling transition state for the native transphos- ¢ s bstituted transphosphorylation reaction: (a) DFT-optimized in
phorylation reaction: @ E.)FT'Opt'm'ZEd in the gas phase and (b) the gas phase and (b) MNDO/d-optimized in solution
MNDO/d-optimized in solution. '

of the thio-substituted reaction agree to withfn These results
suggest that the MNDO/d-SCOSMO is able to reliably repro-
duce the main structural and energetic features of more rigorous
is the longest (around 4.2 A). For the rate-limiting transition and computationally expep_sivg QM/MM_ simqlations_of biologi-
state of the native reaction, thé, value for the MNDO/ cal phosphate transesterification reactions in solution.
d-SCOSMO method is 1°3larger than that of the QM/MM 3.3. Comparison with Density-Functional Calculations.

value (164.1), and the MNDO/d-SCOSMO and QM/MMi This section compares the structure and energetics for the native
values for the transition states, reactive intermediate, and productand thio-substituted dianioni¢-8bose,5methyl phosphodiester

in-line O,—P—0s5 angle Pin) has the largest variation between
the MNDO/d-SCOSMO and QM/MM methods for the thio-
substitutes reactant complex (8. wherer; = P—O, distance
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substituted reactions than for the native reaction. The largest
i structural deviation occurs for the reactant minimum that, like
the native reaction, shows@, value with DFT (98.4) that is
15.7 less than the corresponding MNDO/d value (113ih
the gas phase. The other large difference occurs in the shortened
gas-phase MNDO/d, = P—0Og value of 2.69 A relative to the
DFT value of 2.84 A. Overall, for the thio-substituted reactions,
the DFT and MNDO/d methods are in remarkable agreement.

2848 % 2.60A % 3.3.3. Comparison of Saition Free EnergyAAGs,) Values.

j L The AAGs, values vary considerably between the DFFCM
and the MNDO/d-SCOSMO and MNDO/d-SCOSMO meth-
ods. In general, thAAG values for MNDO/a-SCOSMO are

(] u in better agreement with the DFIPCM values than are the

MNDO/d-SCOSMO values. This is mainly due to the lack of
solvent-induced structural relaxation for both the BFACM

Figure 5. Rate-controlling transition state for the doubly sulfur-
substituted transphosphorylation reaction: (a) DFT-optimized in the

gas phase and (b) MNDO/d-optimized in solution. and MNDO/d+SCOSMO methods. Solvent-induced structural

relaxation tends to raise th®AGs values (which areAGey
transesterification reaction calculated with DFFCM, MNDO/ values relative to the reactant minimum) in part because the
d+SCOSMO, and MNDO/d-SCOSMO methods (Tables 1 and reactants undergo the largest degree of structural relaxation upon
2). solvation, as discussed in section 3.1.

3.3.1. DFT and MNDO/d Gas-Phase Free Energy Values. 3.3.4. Comparison of Aqueous Free EnergyG4) Values.
The AGgasvalues for the DFT and MNDO/d methods are overall The differences in the DFT and MNDO/d gas-phase free energy
in reasonable agreement. The biggest differences occur for theand PCM and SCOSMO solvation energy largely cancel one
native reaction. This is in part due to the dianionic nature of another for the rate-controlling transition state that has an
the reaction that is particularly difficult to accommodate with a activation free energy barrieAG,g) value for DFH-PCM (19.4
minimal valence basis set semiempirical method and particularly kcal/mol) that is 1.3-1.2 kcal/mol higher than the MNDO/
so with the harder phosphate oxygen ligands of the native d+SCOSMO and MNDO/d-SCOSMO values (18.2 and 18.3
reaction as compared with the softer thiophosphate sulfur ligandskcal/mol, respectively). The differences of tieG,q values
of the thio-substituted reaction. The forwardJ[ $ransition state ~ between the DFFPCM and the MNDO/dSCOSMO and
barrier in the gas phase for the native reaction (24.6 kcal/mol) MNDO/d-SCOSMO methods are less pronounced for the thio-
is 6.8 kcal/mol lower than the corresponding DFT value (31.4 substituted reaction. As with th&AGsq values, the MNDO/
kcal/mol). The gas-phase product minimum, on the other hand, d+SCOSMOAG, values are in general closer to the DFFCM
has aAGgas value of —64.4 kcal/mol with MNDO/d, only 2.8 AGaqvalues than are the those of MNDO/d-SCOSMO. Although
kcal/mol lower than the corresponding DFT value-&1.6 kcal/ the DFT and MNDO/d gas-phase free energies are closer to
mol. The value of the reverse barrier (i.e., thec Darrier one another for the thio-substituted reaction than for the native
relative to the product) with MNDO/d (89.0 kcal/mol) is within ~ reaction, the corresponding differences in solvation free energy
5% of the corresponding DFT value of 93.0 kcal/mol in the (AAGsq values) show larger deviations. Unlike in the native
gas phase. The slightly reducedd$arrier for the gas-phase  reaction, the deviation in th®AGs, values do not have a large
native reaction calculated with MNDO/d relative to the DFT compensating effect on th€Ggasvalues for the rate-controlling
value is correlated with constriction of the= P—Os bond in activation barrier. The result is that the MNDG/8COSMO
TSoy. The AGgss values for the DFT and MNDO/d methods and MNDO/d-SCOSMO methods predict a significantly el-
are in closer agreement for the thio-substituted reactions relativeevated T, barrier (24.0 and 24.5 kcal/mol, respectively) by
to the native reaction. The differences in th&gyasvalues for 6.4—6.9 kcal/mol relative to the DFFPCM value (17.6 kcal/
the gas-phase thio-substituted reactions range from 1.1 to 2.0mol). These results underscore the delicate balance between
kcal/mol, the largest difference occurs for the INT structure. electronic and solvation effects that govern biological phosphate

3.3.2. DFT and MNDO/d Gas-Phase Structudesthe native reactivity, and in particular transphosphorylation thio effécts.
reactant minima, the; = P—O, distance calculated with DFT 3.3.5. Comparison of DFT and MNDO/d-SCOSMO Struc-
is longer by 0.3 A than the MNDO/d distance, and the in-line tures.Despite the fairly significant differences in free energies
angle @in) values are considerably different (108zhd 125.3, for the DFTPCM and MNDO/d-SCOSMO methods, the cor-
for DFT and MNDO/d, respectively) indicating slightly different  responding structures are remarkably similar (Table 1). The
reactant minimum structures in the gas phase. The most notablestructures optimized with MNDO/d-SCOSMO were overall
difference is that the leaving group—® distance 1) is more similar to the gas phase-optimized DFT structures than
predicted by the gas-phase DFT calculation to be slightly the gas phase-optimized MNDO/d structures. As noted previ-
elongated for the late T3 transition state relative to MNDO/  ously, the P-O bond distances are observed to contract upon
d. The difference between the DFT and MNDO/d values is likely solvation. The bond-length contraction that occurs upon solva-
due in part to the diffuse nature of the basis set used in thetion with the MNDO/d-SCOSMO method is only significant
DFT transition state optimization that is able to partially help for the native reactionr§ decreases from 2.44 A in the gas
stabilize the separated anions. The;J & values for the native  phase to 2.40 A in solution). These results imply that solvent-
and thio-substituted reactions calculated with the MNDO/d induced structural relaxation at the DFT level may be important,
method (2.44 and 2.69 A, respectively) are decreased by 0.07as solvation effects screen the Coulomb repulsion between the
and 0.15 A, respectively, with respect to the DFT values (Table anionic charge centers and favor the association of like-charged
1). ions due to the leading term in the Kirkwood expangidhat

The gas-phase structural parameters for the DFT and predicts the solvent energy to be proportional to the square of
MNDO/d methods are generally in closer agreement for the thio- the total charge. Treatment of solvation as a post-correction to
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gas-phase optimized structures with DFT methods is a fairly These results underscore the need for the development of new,
common procedure that, if properly calibrated, provides reason- highly accurate semiempirical quantum metHgd¥ for bio-

able relative solvation energy resuits32 Optimizations at the chemical reactions that can be used in combined QM/MM
DFT level with solvation, on the other hand, often fail due to simulations for improved modeling of the macromolecular and/
the lacking smoothness of the solvation potential in available or solvent environment.

DFT software, a long-standing problem with many integrated

electronic structure and solvation packages that has beer4. Conclusion

overcome with the MNDO/d-SCOSMO method. The differences

in structure of the native reaction optimized with MNDO/d in In the present work, a recently developed MNDO/ d'SCOSMO
the gas phase and with MNDO/d-SCOSMO suggest that _method_ is applied to the study of phosphoryl transfer reactions
inclusion of solvation in optimizations of transition states and in solution and the results are compared with those from other
reactive intermediates of dianionic phosphoryl transfer reactions

electronic structure and solvation methods. The MNDO/
can be important. It therefore is of considerable interest to extendd'SCOSMo method is demonstrated to be stable in the
the solvation model of the present work to other quantum

calculation of PESs for these reactions and to provide a robust
methods such as DFT. description of solvation effects on the reaction coordinate and
3.4. Relation with Experiment. Substitution of the non-

activation barriers.
bridging oxygens by sulfurs modifies the observed energy to Results of the MNDO/d-SCOSMO method were compared
profiles through several competing effects. The dianionic

results from density-functional/implicit solvation methods and
- o . hybrid QM/MM simulations in explicit solvent using the same
glr:aocifc:]rﬁ(r:agiIgfizgrt?iﬁti/eéefCtsrlj)l?lﬁagilosngibI(lz:zhe:rr?ig;r; ?sﬁg'gherset of van der_ Waals radii. It was observed that optimization of
However, the sulfur atoms are larger and consequently are Ilessthe probe radllus for the MNDO/d-SCOSMO methpd gave good
well solvaylted The sulfur atoms are also much weaker hydrogenagreement with the QM/MM results f_or_ the entire PE-S g_nd
: .2~ excellent agreement for the reactant minimum and rate-limiting
bond acceptors than oxygen atoms, thus, solvent stabilization

throuah solvent hvdrogen-bond donation is expected to pla atransition state. This observation provides impetus to further
gn sc ydrog 1on 1S exp o play develop the smooth COSMO method into a tool to assist in the
less significant role in the overall stabilization of the dianionic

h . . - parametrization of QM/MM van der Waals radii.

charge of.the |ntermed|ate§ and tran§|t|on stgtes. ] The reaction energy profile of the native reaction reveals no
The native and thio-substituted reaction profiles obtained from termediate in the gas phase calculated with DFT or MNDO/d
all of the methods are in qualitative agreement with experimental . in solution calculated with MNDO/d-SCOSMO. The om/
observations that a stable dianionic intermediate for the native \ym simulation produces a kinetically insignificant late inter-
reaction is unlikely and that double sulfur substitution at the mediate at 10 kcal/mol above the reactant. This difference is
nonbridging positions results in the accumulation of a kinetically a¢rihyted partially to the absence of the stabilizing hydrogen
significant intermediaté? The existence of a stable dianionic bonding in the implicit model. The reaction profile of the double
thiophosphorane intermediate (Figure 4) has important implica- gifr-substituted reaction shows both pentavalent early and late
tions since, especially in the case of the dithiophosphorane, theyansition states in the gas-phase as well as in solution; the
lifetime may be sufficient to undergo protonation by solvent rg|ative energies of both transition states from the MNDO/

and subsequent pseudorotation to form migration prodficts. y.scOSMO calculation are very similar to those from the QM/

In the absence of an enhanced leaving group, t13&-&clic MM simulation. Generally, the reaction profiles from MNDO/
phosphate can be readily detected only under alkaline conditionsd-SCOSMO and QM/MM closely resemble each other both for
owing to rapid acid-catalyzed hydrolysis to give- 2r 3- the native and double sulfur substituted reactions, and they are

phosphates. If a metastable phosphorane intermediate were t@onsistent with the experimentally observed thio effects and the
exist, pseudorotation could occur followed by fast endo-cyclic associative nature of the mechanism. Furthermore, the solvent-
cleavage to produce a mixture of,3- and 2,5-phosphates.  induced structure relaxations at all stages of the native and
The barriers to pseudorotation for native and thio-substituted sulfur-substituted reactions predicted by the MNDO/d-SCOSMO
phosphoranes have been predicted to be quitélless than ~ method are similar to those from the explicit solvent QM/MM
4 kcal/mol for monoanionic phosphoranes). Under alkaline simulation.
conditions, where the phosphates are expected to exist in  Qverall the results of the present work demonstrate the utility
dianionic form, no such phosphate migration is observed in of implicit solvation methods as an integral part of the
RNA.M development of multi-scale quantum models for complex
The results from the MNDO/d-SCOSMO and QM/MM biological reactions. It is hoped that further development of such
methods suggest that alkaline transphosphorylation reactionsmodels may provide new insight into the molecular mechanisms
show a considerable thio effect at the nonbridging phosphoryl of phosphoryl transfer reactions and processes of protein
positions. This is consistent with experimental observations that phosphorylation, cell signaling, and RNA catalysis.
phosphorothioates with double sulfur substitution at the non-
bridging positions are more resistant to hydroly8islowever, Acknowledgment. D.Y. is grateful for financial support
the magnitude of the observed thio effects is in some contrastprovided by the National Institutes of Health (Grant GM62248)
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guantitative predictions of mechanisms and reaction fdtes. transition state for common semiempirical methods are com-
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