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ABSTRACT: The hydrolysis of phosphate esters is crucially important to biological systems, being involved
in, among other things, signaling, energy transduction, biosynthesis, and the regulation of protein function.
Despite this, there are many questions that remain unanswered in this important field, particularly with
regard to the preferred mechanism of hydrolysis of phosphate esters, which can proceed through any of
multiple pathways that are either associative or dissociative in nature. Previous comparisons of calculated
and observed linear free energy relationships (LFERs) for phosphate monoester dianions with different
leaving groups showed that the TS character gradually changes from associative to dissociative with the
increasing acidity of the leaving group, while reproducing the experimental LFER. Here, we have generated
ab initio potential energy surfaces for the hydrolysis of phosphate diesters in solution, with a variety of
leaving groups. Once again, the reaction changes from a compact concerted pathway to one that is more
expansive in character when the acidity of the leaving group increases. When such systems are examined
in solution, it is essential to take into consideration the contribution of solute to the overall activation
entropy, which remains a major computational challenge. The popular method of calculating the entropy
using a quasi-harmonic approximation appears to markedly overestimate the configurational entropy for
systems with multiple occupied energy wells. We introduce an improved restraint release approach for
evaluating configurational entropies and apply this approach to our systems. We demonstrate that when
this factor is taken into account, it is possible to reproduce the experimental LFER for this system with
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reasonable accuracy.

Phosphate ester hydrolysis is a crucially important reaction
in biological systems, being involved in, among other things,
signal and energy transduction, biosynthesis, protein syn-
thesis, and replication of the genetic material (/—6). Phos-
phoric acid can in principle be esterified at any or all of three
positions, forming phosphate monoesters, diesters, or tri-
esters, and the reaction mechanism will vary according to
the system (/). Attack of hydroxide on the phosphorus atom
will, however, generally proceed through one of three
different pathways (I, 7—13) (Scheme 1).

Hydrolysis by hydroxide attack may proceed through one
of two stepwise pathways: a dissociative Syl-type (Dn +
Ay) mechanism in which leaving group departure precedes
nucleophilic attack and the reaction proceeds via a trivalent
intermediate (Scheme 1, A) or an associative (Ax + Dn)
mechanism in which the nucleophile attacks prior to leaving
group departure and the reaction proceeds via a pentavalent
intermediate (Scheme 1, B). There is, however, a third
possibility that involves a concerted (AxDn) process, in
which bond making and bond breaking occur in a single
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Scheme 1: Hypothetical Pathways for Phosphate Diester
Hydrolysis
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reaction step. As a result, in contrast to the stepwise
pathways, this reaction passes through a single transition state
structure without an intermediate (Scheme 1, C). When
stepwise pathways are being discussed, it is comparatively
easy to describe the mechanism as either associative or
dissociative. However, the situation for concerted pathways
is more complex. A concerted transition state may be either
synchronous (with roughly equal amounts of bonding to both
the leaving group and the nucleophile) or asynchronous. In
addition, an asynchronous transition state can be either
associative, with a larger degree of bond formation to the
nucleophile than breaking of the bond to the leaving group,
or dissociative, with more bond breaking than bond forma-
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tion. In recent years, some authors have adapted to this issue
by referring to concerted mechanisms as proceeding via
“tight” or “loose” transition states (e.g., refs /4-19).

Unfortunately, such a description can be deceptive, as it
is rather vague and implies a cutoff between two mechanistic
possibilities, which is the case with the stepwise pathways.
However, it is very important to understand that this cutoff
is actually not clear and that concerted transition states rather
lie on a spectrum between more compact associative and
more expansive dissociative transition states. As we shall
demonstrate in this work, these differences can be quite
subtle, and it is important to proceed with caution when
describing such pathways.

Not surprisingly, considering the range of mechanistic
possibilities, a wide variety of enzymes which catalyze
phosphate ester hydrolysis exist. For instance, the GTP-
hydrolase RAS is a phosphate monoesterase which catalyzes
the hydrolysis of GTP to GDP (20). It is now widely agreed
that the reaction is not catalyzed by a general base (2/-23)
and that the water proton is transferred to the y-phosphate
(which can thus be considered to be the effective base)
(22, 24-26). The precise mechanism of the attack of the water
molecule is still controversial (2/-23, 25-33); nevertheless,
a careful exploration of the free energy surface for the
GTPase reaction of the RasGap system suggests that the
preferred transition state for this reaction is associative (10).
Furthermore, it was found that the customary assumption
that the mechanism of the reference solution reaction is
dissociative is very problematic (/0). Another important
example is presented by the DNA polymerases which are
phosphate diesterases responsible for regulating a wide range
of activities, including DNA repair, DNA recombination, and
damage bypassing, all functions which are absolutely es-
sential in maintaining the integrity of the genome (34). The
exact mechanism of the catalytic reaction is also not clear
in this case (see, for example, refs 35—41), and more
systematic studies are needed.

An interesting example of an enzyme that catalyzes
phosphate ester hydrolysis is Escherichia coli alkaline
phosphatase (AP). This is a metalloenzyme that catalyzes
the hydrolysis of a broad range of not only phosphate
monoester but also diester substrates, presumably to harvest
phosphate for nucleic acids or various metabolites, providing
rate enhancements of greater than 10'"-fold for phosphate
monoesters and 10'!-fold for phosphate diesters (14, 42, 43).
However, despite the common preference of AP for phos-
phate monoester hydrolysis, evolutionarily related homo-
logues that preferentially catalyze phosphate diester hydrol-
ysis exist, which suggests that the AP active site is able not
only to recognize but also to distinguish between different
transition states (44—46). Understanding the factors control-
ling the selectivity of AP is clearly of great importance. Such
an understanding should be combined with a deeper under-
standing of phosphatases that exclusively catalyze phosphate
mono- or diesters.

In view of the complexity of enzyme-catalyzed phosphate
ester hydrolysis, it is essential to have a clear understanding
of the corresponding solution reactions. This is not only
important in obtaining a general understanding of the reaction
mechanism but also crucial for the calibration and validation
of theoretical models that are being used to probe enzymatic
phosphate ester hydrolysis, which has been previously
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FIGURE 1: Free energy surface for phosphate diester hydrolysis.

demonstrated in studies of phosphate monoesters (/0). Also,
as discussed below, the interpretation of the available
experimental information is far from obvious. The same
situation most likely holds for phosphate diester hydrolysis,
which is the focus of this study.

A well-known experimental method for studying reaction
mechanisms involves the use of linear free energy relation-
ships (LFERs)' (47, 48). This approach involves studying a
series of homologous compounds with various pK, values.
Kinetic measurements are performed on this series, and the
logarithm of the rate constant is correlated to the pK, of the
leaving group such that

logo = f,pK, +C €))

The Brgnsted coefficient, ), (obtained from the gradient
of the LFER), measures the leaving group dependence of
the reaction series. A reaction proceeding through a dis-
sociative mechanism would be expected to have a large
negative value of f),, and conversely, a reaction proceeding
through an associative mechanism would be less dependent
on the nature of the leaving group and would proceed via a
smaller value of fj,. This approach is not, however, without
a number of shortcomings. First, LFERs cannot distinguish
between concerted (AxDy) and stepwise (Ax + Dy or Dy +
AN) mechanisms. Second, several studies have shown that
as LFERs are not based on direct molecular information,
they need not have unique mechanistic interpretations, and
associative and dissociative pathways can be equally viable
for the same LFER (10, 49, 50).

The free energy surface for phosphate diester hydrolysis
can be represented by a More O’Ferral Jencks (MFJ) plot
(Figure 1) (51, 52), which defines the energy surface in terms
of two reaction coordinates. In Figure 1, reactants are located
at the bottom left and products at the top right corners of
the plot. An associative (Axy + Dy) pathway will proceed
through the top left corner of the plot, and a dissociative
(D~ + An) pathway will proceed through the bottom left
corner of the plot. Contrary to assumptions made by some
authors (1, 14, 53), a concerted (AxDx) pathway need not
proceed directly through the center of the plot but rather can

! Abbreviations: LFER, linear free energy relationship; PCM,
polarized continuum model; MFJ, More O’Ferral Jencks; QM/MM,
quantum mechanics/molecular mechanics; SCF, self-consistent field;
PCM, polarized continuum model; QH, quasi-harmonic; RR, restraint
release.
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FIGURE 2: Prototype for the series of substituted methyl phenyl
phosphate diesters examined in this work (/4).

proceed through any part of the plot, depending on the nature
of (i.e., whether it is associative or dissociative) and degree
of asynchronicity in the transition state. Examining the
system in this way is particularly valuable as it accounts for
multiple mechanistic possibilities on the same free energy
surface, as well as providing clear insight into the energetics
of potential reaction pathways.

This work focuses on the analysis of the energetics and
mechanism of attack of hydroxide on a series of homologous
substituted methyl phenyl phosphate diesters in solution
(Figure 2). On the basis of the experimental data, it has been
assumed that the hydrolysis proceeds through a single
concerted transition state (/4, 54, 55) [similar to that
calculated for the hydrolysis of p-nitrophenyl phosphate (56),
though this transition state is dissociative], which has been
assumed to be synchronous on the basis of LFER data (/4).
However, such an assumption is unjustified as the LFER
cannot distinguish between a synchronous and (even slightly)
asynchronous transition state.

There are already several theoretical gas-phase studies of
the mechanism of phosphate diester hydrolysis, many of
which are reviewed in ref 57. However, these gas-phase
studies often yield enormous reaction barriers of >80 kcal/
mol, at which point the significance of a difference between
a minimum of a few kilocalories per mole and its absence
becomes questionable. Also, solution barriers for phosphate
diester hydrolysis tend to be significantly lower. For instance,
in the case of dimethyl phosphate hydrolysis, the activation
Gibbs energy in the gas phase is computed to be 96 kcal/
mol compared to the experimental value of 32 kcal/mol in
solution (58). Finally, it is questionable if such gas-phase
simulations of phosphate diester hydrolysis actually have any
relevance to solving biological problems, since enzymatic
reactions tend to take place in solution, and therefore, the
solution reaction is the natural reference reaction to use for
calibration for further QM/MM studies. Our aim is to explore
the nature of the transition state without using an a priori
assumption that the experimental information necessarily
provides a unique clarification of this issue. Instead, we focus
on reproducing available experimental data by computational
approaches and then using the calculated free energy surfaces
to explore the nature of the reaction coordinate and the
transition state.

Computational studies involving hydroxide as a nucleo-
phile are challenging, as this reaction has quite high
activation entropies compared to systems where the nucleo-
phile is water, for which the activation entropy is smaller
by several kilocalories per mole (59). Standard ab initio
packages cannot be used to accurately calculate the entropic
contributions to reactions in solution, as they assume a
harmonic potential for a very shallow reaction surface, thus
overestimating the activation entropy (60-62). In this study,
we evaluate configurational entropies using an empirical
valence bond (EVB) surface (50, 63) with a bonding pattern
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corresponding to either the reactants or the transition states
for phosphate diester hydrolysis. By combining a quasi-
harmonic approximation with a restraint release approach
as developed in refs 64 and 65 and refined in ref 66, we are
able to correctly evaluate the solute contribution to the overall
activation entropy. It is important to bear in mind that our
transition states are not simple gas-phase transition states
but are rather obtained from full (i.e., unconstrained)
optimizations in solution using the polarized continuum
model (67-70). The initial structures for our transition state
optimizations were obtained from careful examination of the
free energy surface for the reaction and then subsequently
characterized by further reaction coordinate mapping (see
the Supporting Information). We reproduce AG.y, to within
1.3 kcal/mol for each compound studied and demonstrate
that the hydrolysis mechanism for this series of phosphate
esters is highly sensitive to the nature of the leaving group,
preferring a compact AxDy mechanism at high pK, values
and a more expansive AyDy mechanism at lower pK, values.

Overall, we believe that the characterization and quanti-
fication of the surface for the hydrolysis of phosphodiesters
in solution are crucial for quantitative progress in QM/MM
studies of enzyme catalysis of such systems, including studies
of DNA polymerase in which different approaches lead to
different conclusions (35-41).

THEORETICAL BASIS

The ab initio free energy surface for the hydrolysis of the
parent compound was defined as a function of the distance
from the phosphorus oxygen to the nucleophile (P—OH) and
leaving group (P—OPh). For each point on the potential
energy surface, these two distances were constrained, while
all other degrees of freedom were allowed to freely optimize.
It is important to bear in mind that this energy surface is
actually a projection of the full free energy surface onto two
dimensions. As a result, there are multiple points from the
full free energy surface that correspond to each point on the
MF]J plot, and any variation in coordinates not directly
involved in bond making or bond breaking can add noise to
the MFJ plot. At each point, the geometry and energy of the
resulting structure have to be examined to verify that the
true minimum energy for that point on the two-dimensional
plot has been obtained. Therefore, it is very important that
the MFJ plot is generated by careful reaction coordinate
pushing, using a fine grid to minimize noise, which can
otherwise obscure the location of key features on the free
energy surface (7, 10).

All ab initio calculations were performed using Gaussian03
(71), and Becke’s three-level hybrid functionals, which utilize
a combination of Hartree—Fock exchange and density
functional theory (DFT) exchange correlation (72). Initial
gas-phase geometries were obtained using the 6-314+G* basis
set, and the resulting structures were solvated using the
COSMO continuum model (73, 74) and the 6-311+G** basis
set. P—Oy, distances were mapped out from 1.7 to 2.7 A in
0.15A increments, and P—O,,. distances were mapped out
from 1.7 to 2.7 A in 0.1 A increments (see the Supporting
Information).

The free energy surface was used to identify the ap-
proximate geometry of the transition state, the correct
geometry of which was obtained by an unconstrained
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geometry optimization in solution using direct inversion in
the iterative subspace (GDIIS) (77, 78), B3LYP/6-314+G*,
and the polarized continuum model (PCM) with integral
equation formalism (67-70, 79) which allows the calculation
of the analytical gradients of the solute—solvent surface. A
single-point energy correction was performed on the PCM-
minimized stationary points using B3LYP/6-311+G** and
the COSMO continuum model (see the Supporting Informa-
tion). The parent transition state was then used as a template
to obtain all other transition states for the series.

While the GDIIS method is known to be very effective in
interpolation within the quadratic region of a desired station-
ary point, a known problem with this approach is its tendency
to converge to the nearest critical point, even if this point is
of an order different from the desired one (80) (i.e., in this
case, a minimum rather than a saddle point). Therefore, the
correct characterization of the transition state is greatly
important. It should be noted that simulating solvation by
means of applying a correction to the SCF energy using a
continuum model rather than by including explicit water
molecules in the simulation has a disadvantage in that it
ignores possible proton transfer between water molecules.
However, the only reported study where the presence of
explicit water molecules has been demonstrated to reduce
the barrier to the hydrolysis reaction is presented in ref 75,
and all our previous work showed that the presence of
additional explicit water molecules does not reduce the
barrier. This is discussed in detail in ref 76. Additionally,
the inclusion of explicit solvent molecules will introduce
additional degrees of freedom into the system, any variation
in which will create noise in the free energy surface. More
crucially, the extra water molecules will make transition state
determination virtually impossible (i.e., determining the
precise unconstrained geometry as opposed to the ap-
proximate geometry obtained from the MFJ plot), as the
presence of nonbonding interactions brought about by the
loosely bound species we have introduced into the system
will create a large number of soft vibrations that seriously
complicate accurate identification of the correct transition
state (see also ref 7). Nevertheless, this issue is important
and can only really be verified by the addition of explicit
water molecules to the system and also by examination of
the corresponding configurational entropy. QM/MM studies
addressing this issue are underway in our research group.
However, for the purposes of this work, we have simulated
solvation using a continuum model and have obtained
surprisingly accurate results using this approach.

Searching for gas-phase transition states involves evaluat-
ing the TS vibrational frequencies. This is extremely chal-
lenging in condensed phases and has not been accomplished
in a satisfactory way for solution reactions with a flat energy
surface in the region surrounding the TS. Thus, we prefer to
use an approach similar to that used in our previous studies
(e.g., refs 10 and 50). That is, the starting structure for the
transition state optimization is obtained by zooming in on
the TS region of the original MFJ plot. The obtained
transition state is then used as a starting structure to create
a new map of all points within 0.1 A of the transition state,
using a fine (0.05 A) grid. Using this careful mapping, we
verify that our obtained transition states are indeed saddle
points that correspond to the transition state expected from
an examination of the full MFJ plot.

Rosta et al.

For each compound, solution geometries for the phosphate
diester and the nucleophile were obtained using PCM/
B3LYP/6-31+G*. An energy correction using COSMO/
B3LYP/6-3114+G** was performed for all three structures
(diester, nucleophile, and transition state), and a correction
for basis set superimposition error (BSSE) was performed
on the transition state using counterpoise (81, 82). Zero-point
energies were obtained from the calculation of gas-phase
vibrational energies using Gaussian03. The reaction barrier
was calculated relative to the sum energies of the phosphate
diester and nucleophile (at infinite separation).

A shortcoming of both the PCM and COSMO solvation
models is that they do not account for the solute contribution
to the overall activation entropy, and this therefore needs to
be calculated explicitly. The use of gas-phase vibrational
frequencies is known to overestimate the solute activation
entropy. Furthermore, the solute vibrations obtained from
COSMO are known to be inaccurate (60, 61). Also, the
harmonic approximation is particularly problematic when it
comes to the crucial large amplitude reacting motions (83-85).
One may try to use MD simulations of the solute motions,
from which effective “quasi-harmonic” force constants can
be computed (86-91). These force constants can then be used
to compute thermodynamic properties such as entropy.
However, careful studies have shown while the QH ap-
proximation functions quite well for simple systems with
single-energy wells, it markedly overestimates the configu-
rational entropy for systems with multiple occupied energy
wells, as it merges multiple narrow energy wells into one
broad energy well (92).

The difficulties in obtaining the contribution of the solute
to the overall activation entropy can be overcome by means
of a restraint release (RR) approach, introduced by Warshel
and co-workers in 2000 (64). The idea behind this approach
is to impose strong positional constraints on the Cartesian
coordinates of the solute atoms in both the reactant state (RS)
and transition state (TS) and to then subsequently evaluate
the free energies associated with releasing these restraints.
This can be written as

—T(AS") o = Min(AGry) — min(AGyp) + TASES, (2)

conf cage

All RR free energies contain a residual contribution from
the enthalpy of the system. However, this contribution
approaches zero for restraint coordinates that give the lowest
RR energy (64, 93). Therefore, the enthalpic contribution to
—TAScons 1s minimized by identifying the restraint coordinates
that minimized AGgr in both transition and reactant states,
denoted by the min functions in eq 2. ASE}. is the entropy
associated with applying a K = 0.3 kcal mol~! A~2 restraint
on a pair of reacting atoms to bring the reactant fragment
from a molar volume to the same solvent cage. This entropy
term was evaluated rigorously and analytically as a function
of a special restraint used to keep the fragment at a predefined
contact distance (in this case 3.0 A), as outlined in ref 64.

The approach used for this work is similar to that of ref
66 and involves a practical improvement to the original RR
approach outlined in ref 64. An initial 30 ps molecular
dynamics simulation was performed on the RS and TS, with
snapshots taken every 5 ps. MD simulations 20 ps in length
were performed on each snapshot (with coordinates collected
every 0.01 ps) to calculate the QH entropy for each snapshot,



Computational Study of Phosphate Diester Hydrolysis

Scheme 2: Simplified Overview of Phenyl Methyl Diester
Hydrolysis
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and this procedure was repeated for restraints 0, 0.3, 10, 20,
and 30 kcal/mol in magnitude. This allows the calculation
of the absolute entropy for these restraints. Subsequently,
the free energy for the release of these restraints was
evaluated using the RR approach. That is

— TS o = —TS(K = K, )gy + Min[AGpp(K = K, —~ K =0)]

3)

where the subscript QH designates entropy computed by the
quasi-harmonic approximation (89). It is important to
emphasize that the solvent entropy is already included in
the solvation free entropy (AGs,) evaluated by implicit
solvation models such as COSMO. What we evaluate here
is the solute contribution to the overall activation entropy.
All entropy calculations were performed using the Molaris
software package, and the Enzymix force field (94, 95).
Summing QM energies with activation entropies using a
combined QH/RR approach allows us to accurately reproduce
AGeyp.

conf

RESULTS AND DISCUSSION

Parent System. The first reaction to be examined was the
hydrolysis of the parent methyl phenyl diester (Scheme 2)
(14). Figure 3a depicts the calculated surface for this system.
From this figure, it can be seen that there is a single reaction
pathway, corresponding to a concerted mechanism passing
through an approximate transition state with P—O distances
of 1.9 and 2.4 A with respect to the leaving group and
nucleophile, respectively, with no clear intermediate on the
energy surface.

An unconstrained PCM geometry optimization of this
structure yields an asymmetric concerted transition state, with
actual P—O distances of 1.83 and 2.33 A with respect to the
leaving group and nucleophile, respectively (Figure 4). Figure
3b shows the surface obtained by high-resolution mapping
around this transition state, verifying that it is indeed a
maximum on the energy surface. After an energy correction
had been performed using COSMO, the obtained barrier to
this transition state relative to the moieties at infinite
separation was 20.9 kcal/mol. The BSSE correction at the
transition state was 3.3 kcal/mol, the zero-point energy 1.0
kcal/mol, and the calculated contribution of the solute to the
overall activation entropy 4.8 kcal/mol, giving a total free
energy of 30 kcal/mol which is in good agreement with the
experimentally observed barrier of 28.6 kcal/mol.

Homologous Systems. We subsequently examined a series
of homologous substituted methyl phenyl phosphate diesters,
based on the LFER data provided by Herschlag and Zalatan
(14). The compounds with the 4-nitro and 4-cyano phenyl
substituents are known to be outliers from LFER for AP-
catalyzed hydrolysis reactions (9, 14, 96, 97). However, we
included these compounds in our study for the purpose of
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FIGURE 3: Calculated surfaces for (a) the hydrolysis of the
unsubstituted methyl phenyl phosphate diester and (b) the region
immediately surrounding the transition state obtained from surface
a. All distances are in angstroms, and all relative energies are in
kilocalories per mole.

FIGURE 4: Transition state for methyl phenyl phosphate diester
hydrolysis.

comparison. Table 1 shows the energy breakdown for each
system. In each case, AG.,. was obtained by summing the
change in the solute energy upon moving from the RS to
the TS in the gas phase, the BSSE correction at the transition
state, the solvation energy (AAGi), the solute polarization
energy (AE,), the zero-point vibrational energy, and the
contribution of the solute to the overall activation entropy,
which is on average 4.7 kcal/mol (see the Supporting
Information).

For comparison, cited values for the entropies of activation
for representative monoanionic and dianionic SN2 reactions
in aqueous solution range from 5.7 to 9.2 kcal/mol (19, 55,
98, 99). Specifically, the experimental activation entropy for
the 4-nitro compound is cited as 8.3 kcal/mol (55) as opposed
to our calculated value of 4.2 kcal/mol. As emphasized in
the methodology section, we are distinguishing between
configurational and solvation entropy, and our value of 4.2
kcal/mol reflects the contribution (configurational) of the
solute to the overall activation entropy. COSMO accounts
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Table 1: Energy Decomposition for AGe,c (in kilocalories per mole)
substituent pKa AE°Rrs—T15" AAGgo1y AEpol ZPE BSSE —TAS AGcac

4-nitro 7.14 74.2 —43.7 —14.4 0.7 34 4.2 24.4
4-chloro-3-nitro 7.78 75.3 —46.1 —12.6 0.8 3.5 4.1 25.0
4-cyano 7.95 78.1 —46.7 —14.0 1.0 3.5 4.5 26.4
3-nitro 8.35 71.6 —46.7 —6.7 0.6 3.5 5.0 27.3
3,4-dichloro 8.63 81.2 —50.0 —13.1 1.0 3.6 49 27.6
3-chloro 9.02 84.0 —524 —13.0 0.9 3.6 53 28.4
3-fluoro 9.28 85.6 —52.6 —13.8 1.0 3.6 4.6 28.4
4-chloro 9.38 84.7 —52.6 —13.0 1.0 3.6 4.8 28.5
4-fluoro 9.95 86.5 —52.7 —13.8 1.0 3.7 4.8 29.5
parent 9.95 69.8 —54.9 6.0 0.9 3.3 4.8 29.9

“ AE°gs—ts is the change in the solute energy upon moving from the RS to the TS.

Table 2: Correlation between the Experimental and Calculated Rate
Constants and Activation Barriers”

substituent pKa AGexp AGcac log kexp log keale
4-nitro 7.14 25.7 24.4 =52 —4.3
4-chloro-3-nitro 7.78 25.6 25.0 —5.1 —4.8
4-cyano 7.95 26.1 26.4 —=5.5 —=5.7
3-nitro 8.35 26.3 27.3 —5.6 —6.3
3,4-dichloro 8.63 27.0 27.6 —6.1 —6.4
3-chloro 9.02 27.5 28.4 —6.5 -7.3
3-fluoro 9.28 27.7 28.4 —6.6 =7.1
4-chloro 9.38 27.8 28.5 —6.7 -7.2
4-fluoro 9.95 28.4 29.5 =7.1 -7.9
parent 9.95 28.6 29.9 —7.2 —8.1

“All values are relative to the observed pK, values for each
compound studied. All energies are in kilocalories per mole.

for the solvation entropy, and the entropic contribution of
the solvation model to the total free energy is not considered
negligible (99). Therefore, this could account for the dis-
crepancy between our calculated value and the experimental
result. Table 2 shows the correlation among the rate
constants, the activation barriers, and the observed pK, values
for each leaving group. Assuming an average value of 7.3
kcal/mol for the entropy on the basis of the values cited in
the literature, which has been done by other groups (/9),
would overestimate the reaction barrier by up to 4 kcal/mol.
Additionally, calculating accurate experimental values for
activation entropies can be problematic, particularly if
compensating entropy and enthalpy changes are involved in
the reaction.

Also, while AAG;,y increases with a decrease in pK,, a
similar trend is not seen in AE,, (Table 1). For the parent
compound, AE,, is 6.0 kcal/mol. For the substituted
compounds, AE,, is on average —13.5 kcal/mol; that is,
solute polarization decreases rather than increases the barrier.
The exception to this is the 4-nitro compound for which the
solute polarization energy is only —6.7 kcal/mol. Also, apart
from the fact that the substituted compounds have a quite
different value of AE,, in comparison to the parent
compound, there is no general trend in this value among the
substituted compounds. Nevertheless, from Table 1, one can
see that for each system, our value for AGy. lies within 1.6
kcal/mol of AG,. It is interesting that in the case of the
4-nitro compound, which is a known outlier from the
experimental LFER, k., actually matches the experimentally
obtained LFER slightly better than k.., does. The overall
close correlation between observed and experimental LFERs
for this series of compounds is demonstrated in Figure 5,
emphasizing the importance of combining careful experi-
mental and computational studies to obtain realistic free
energies.
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FIGURE 5: Experimental and calculated leaving group dependence
for attack of hydroxide on methyl phenyl phosphate diesters. pK,
and log kon values are taken from Table 2. Experimental rate
constants were measured at 42 °C (/4).

Table 3: Changes in Phosphorus—Oxygen Distances with Respect to the
Leaving Group and Nucleophile for Each Compound Examined

substituent pKa P—0y distance (A) P—O0Oy, distance (A)
4-nitro 7.14 1.86 2.49
4-chloro-3-nitro  7.78 1.84 243
4-cyano 7.95 1.85 242
3-nitro 8.35 1.84 241
3,4-dichloro 8.63 1.84 2.40
3-chloro 9.02 1.84 2.38
3-fluoro 9.28 1.84 2.37
4-chloro 9.38 1.83 2.36
4-fluoro 9.95 1.83 2.35
parent 9.95 1.84 2.33

Of interest here is also the change in the P—O distances
with respect to the leaving group and nucleophile in the
transition state for each system (Table 3). In the parent
system, the distances between the phosphorus atom and the
leaving group and nucleophile oxygen atoms are 1.83 and
2.33 A, respectively. There is little change in the P—O
distance with respect to the leaving group (ranging from 1.83
to 1.86 A). However, the change in the P—O distance with
respect to the nucleophile is quite significant, moving steadily
from 2.33 to 2.49 A as the pK, of the system is reduced,
and this shift is more or less linearly proportional to the pK,
change. Again, this trend holds even for the structures that
are expected to be outliers on the LFER.
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FIGURE 6: VB description of the energy surface for phosphate hydrolysis in the cases of (a) an associative, (b) a concerted, and (c) a
dissociative mechanism. RS, PS, and TS represent reactant, transition, and product states, respectively. Al denotes an associative intermediate

and DI a dissociative intermediate.

Implications for the Reaction Mechanism. We have
performed a thorough analysis of the free energy surface for
the parent compound and observe that the reaction prefer-
entially proceeds through a single, concerted transition state.
This trend is repeated for each subsequent compound studied.
The experimental value of S, for this series of methyl phenyl
phosphate diesters is cited as —0.94 £ 0.5 (1/4), and f3q for
substituted phenyl phosphate diesters is estimated to be
—1.73 [where f3 is the dependence of log(Kq) on the pK,
of the leaving group]. The fi/feq ratio is considered to
represent the fractional effective charge in the transition
state (100, 101). This quantity does not represent the actual
partial charges, which have been demonstrated to be very
similar for the associative and dissociative hydrolysis of
phosphate monoester dianions (/0). Nevertheless, this ratio
can still be used as a rough guideline as to the type of reaction
pathway one can expect from the LFER. For this series, 1o/
Beq is equal to 0.5, suggesting a concerted transition state
(14), with which our results are in good agreement. However,
unlike the proposed synchronous transition states (/4), we
obtain asynchronous transition states, where the degree of
asynchronicity is directly related to the pK, of the leaving
group.

Several studies which examine the ambiguity in the
interpretation of the experimental LFER have been per-
formed, demonstrating that different mechanistic possibilities
for the same system can lead to similar LFERs (10, 49, 50).
In essence, these studies describe the LFER by the empirical
valance bond description (10, 49, 50, 63) in which the four
corners of the free energy surface (Figure 1) are represented
as centers of parabolic surfaces corresponding to different
zero-order diabatic states (Figure 6). These parabolas can
be mixed using the EVB off-diagonal term to generate the
actual adiabatic reaction surface.

If the reaction follows one of the extreme reaction
pathways (either associative or dissociative), the LFER can
easily be quantified by shifting the parabolas in the bottom
part of Figure 6 (10, 49, 50, 63). It has, however, been
demonstrated that shifting the parabolas for different mecha-
nistic possibilities can lead to similar LFERs (10, 49, 50, 63),
suggesting the experimental LFERs do not have a unique
mechanistic interpretation. This was most explicitly observed
in a recent study by Klidhn et al. (/0), which accurately
reproduced the LFER for a series of phosphate monoester

Table 4: Metal—Metal Distances in Representative Metallophosphatase
Crystal Structures from the Protein Data Bank (7, 106)

system metal—metal distance (A)
protein phosphatase 1 (1fjm) 3.27
purple acid phosphatase (1kbp) 3.32
inositol monophosphatase (limd) 4.04
alkaline phosphatase (1alk) 4.12

dianions using computational studies and demonstrated that
while hydrolysis is preferentially associative for leaving
groups with high pK, values, more acidic systems prefer a
dissociative pathway, despite this not being observable in a
mere examination of the experimental LFER. Once again,
we observe a clear mechanistic shift from a compact
transition state at high pK, values to a more expansive
transition state at low pK, values, while accurately reproduc-
ing the experimental LFER for this series of substituted
methyl phenyl diesters (Figure 5). Interpreting the LFER in
the case of a concerted mechanism is particularly difficult,
since unlike the situation with the stepwise pathways where
there is a clear cutoff between associative and dissociative
mechanisms, the transition between a compact and a more
expansive concerted transition state can be quite smooth, as
seen in Table 3, and easily missed when examining the
experimental LFER.

Phosphatases that do not employ metal ions in catalysis
generally have quite open active sites, making it easier to
accommodate the expansive transition states and intermedi-
ates that would form in a dissociative pathway (7). In contrast
to this, various reaction mechanisms proposed for metal-
loenzymes such as purple acid phosphatase, Ser/Thr phos-
phatases, inositol monophosphatase, and alkaline phosphatase
involve an associative pathway (which can be either stepwise
or concerted), and some, such as inositol monophosphatase,
go so far as to completely engulf their substrates in the active
site. which would be inconsistent with a dissociative
mechanism (7, 97, 102-105). Alkaline phosphatase (AP)
stands out among these enzymes in that it can catalyze the
hydrolysis of both phosphate mono- and diesters (42, 43).
Table 4 shows metal—metal distances for representative
metallophosphatase crystal structures from the Protein Data
Bank (7, 106). From this table, it is seen that the longest
metal—metal distance in the obtained crystal structures for
these four enzymes is that of AP (4.12 A). This is interesting
when considering that there is a corresponding LFER for
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the AP-catalyzed hydrolysis of the series of methyl phenyl
diesters examined in this work (/4). In the solution reactions,
our most compact transition state is that of the parent
compound with P—O distances of 1.83 and 2.33 A with
respect to the leaving group and nucleophile, respectively,
corresponding to an associative AxDy pathway. The P—Oyyc
distance increases by up to 0.16 A (to a P—O distance of
2.49 A) with a decrease in pK,. For an enzyme with a
compact active site such as protein phosphatase 1 which has
a metal—metal distance of 3.27 A, such a large change in
the size of the transition state would be highly significant
and problematic. Of course, it is important to bear in mind
that the metal sites in metalloenzymes are quite plastic, as
well as the fact that the presence of metal ions in the active
site could change the reaction mechanism (which was
observed in the nonenzymatic system studied in ref 7).
However, on the basis of crystallographic data, the com-
paratively large AP active site could more easily allow for
a mechanistic switch from a compact to an expansive
transition state even in the enzyme-catalyzed reaction of
metalloenzymes than say protein phosphatase 1, which has
a much more compact active site. Nevertheless, it is
important to perform careful QM/MM studies that check
whether the solution-phase reaction is followed in the
enzymatic system to verify this.

CONCLUSIONS AND FUTURE DIRECTIONS

Various detailed studies have demonstrated that the
interpretation of experimental data for the hydrolysis of
phosphate esters is at best ambiguous (/0, 49, 50) and that
experimental LFERs do not necessarily have unique mecha-
nistic interpretations. Also, it is not possible to distinguish
between a stepwise and a concerted pathway via examination
of experimental LFERs. We have developed an improved
computational protocol for studying phosphate monoester
hydrolysis in solution, particularly when evaluating the
contribution of the solute to the overall activation entropy,
and have applied this protocol to the study of a series of
homologous substituted methyl phenyl phosphate diesters.
Of course, it could be suggested that our results need further
validation by alternative computational approaches. We are
in the process of improving the standard adiabatic charging
(AC) free energy perturbation (FEP) procedure and will
address this issue in a forthcoming work. However, the best
validation is comparison to the experimental data, and we
have demonstrated that we closely reproduce the experi-
mental trend. In all cases, the reaction proceeds through a
concerted AyDy mechanism which is compact at high pK,
values and becomes progressively more expansive in nature
as the pK, of the system is reduced. This observation is
similar to the trend observed for phosphate monoester
dianions in solution (/0).

Studying enzyme-catalyzed reaction mechanisms still
presents a major computational challenge. It is necessary not
only to have a realistic reaction path obtained from correct
sampling of the free energy surface, which can be done by
careful QM/MM minimization, but also to evaluate the free
energy changes associated with the reaction. This can be
performed by a combined QM/MM and free energy pertur-
bation (FEP) approach, where minimized structures along
the enzymatic reaction coordinate are obtained by QM/MM

Rosta et al.

minimization and the free energy associated with solvation
of the reacting solute is obtained by FEP (see, for examples,
refs 10 and 107). To accurately model the interaction of the
substrate with the surrounding system, it is necessary to use
explicit solvent molecules and not a continuum solvation
model. However, before the enzyme-catalyzed reaction is
studied, it is important to have a clear understanding of the
counterpart reaction in solution. Studying this by just QM/
MM reaction coordinate following is problematic, as it
requires an a priori assumption with regard to the nature of
the reaction pathway. Here, we have examined the full free
energy surface for methyl phenyl phosphate diester hydroly-
sis. The approach presented here is very versatile and can
be applied to the study of any reaction which can be
represented as a function of two reaction coordinates.
Understanding the mechanism for the hydrolysis of phosphate
diesters in solution opens doors for studying the mechanism
of a range of phosphodiesterases, including alkaline phos-
phatase and more importantly DNA polymerases.
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