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Supermolecule density functional calculations suggest a key role for
solvent in alkaline hydrolysis of p-nitrophenyl phosphatef
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Supermolecule density functional theory calculations show that
solvent is responsible for the concerted transition state in
alkaline hydrolysis of p-nitrophenyl phosphate suggested by
heavy atom Kkinetic isotope effects.

p-Nitrophenyl phosphate (pNPP, Fig. 1) serves as a prototype in
studying phosphoryl transfer reactions."™ Such reactions play a
prominent role in many biological processes such as cell signaling,
DNA polymerization, and energy conversion.” ’ A key question in
understanding the catalytic strategies used by various trans-
phosphorylation enzymes, such as kinases and phosphatases, is
how they stabilize the transition state relative to the corresponding
aqueous solution. In this Communication, we address this question
by investigating the alkaline hydrolysis mechanism of pNPP using
a theoretical approach.

Extensive experimental data have shown that the alkaline
hydrolysis of pNPP proceeds via a concerted Sn2 mechanism with
a loose metaphosphate-like transition state.' Such a mechanism,
which is common among phosphate monoesters, was implicated
by earlier linear free-energy studies.® More convincing evidence
came in the form of heavy atom kinetic isotope effects (KIEs),
which are the rate ratios between the native and substituted
isotopomers.* A large KIE was found for the bridge phenolic O
atom,’ implying significant bond cleavage to the leaving group at
the transition state. Although no transition state structure can be
deduced from them, these experimental data, along with the
activation parameters for this reaction,'® provided a unique
opportunity to gain microscopic insights into the reaction
mechanism by comparison with theory.

Many theoretical studies have been carried out on the hydrolysis
of alkyl phosphates,'' ! but to our best knowledge no such work
has been reported for pNPP. Although this is rather surprising
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Fig. 1 Water nucleophile and p-nitrophenyl phosphate.
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given the importance of this reaction, it is well recognized that an
accurate theoretical description is difficult because of the anionic
nature of such systems, which induces strong solvent effects'>!7=>
Indeed, several recent publications have convincingly demon-
strated that gas phase models, even with a posterior continuum-
solvent treatment,” can be grossly misleading in describing
solution reactions involving charged species.>*?® In the alkaline
hydrolysis of amides, for example, the free-energy barrier is
completely “solvent induced” since the gas phase model predicts a
barrierless reaction path.? Thus, a proper treatment of solvation is
of paramount importance for these reactions. In many cases,
strong solute-solvent interactions such as hydrogen bonds
necessitate the explicit inclusion of solvent molecules in theoretical
models.

In the current study, our supermolecule models consist of the
dianionic pNPP, a hydroxide ion, and n (n = 0, 12, 13, and 14)
water molecules. These waters were added in a fashion that
maximizes hydrogen bonding with the solute and between
solvents. Due to the large number of atoms involved, a mixed
basis set was employed. Specifically, the 6-31G(d,p) basis set was
used for the nitrophenyl moiety, while the 6-31++G(df,p) and
6-31++G(d,p) basis sets were used for P and the remaining atoms,
respectively. The use of diffuse functions is vital to reduce the basis
set superposition error (BSSE) for an accurate description of
anionic species.® Stationary points along the reaction path,
including both minima and the transition state, were obtained
by full geometry optimization with the B3LYP functional and
confirmed by calculations of harmonic frequencies, which were
also used to compute the zero-point energy (ZPE) and the
thermodynamic properties. The CHELPG charges and natural
bond orders were computed to shed further light on the reaction
path. The polarized continuum model (PCM)* with the
6-31++G(df,p) basis set for all the atoms, a dielectric constant of
78.4, and the UAKS radii was used to account for the bulk solvent
surrounding the supermolecule. All calculations were performed
with Gaussian 03.>' Finally, the KIEs at room temperature were
obtained using the Bigeleisen—Mayer theory,*> as implemented in
ISOEFF.”

In the absence of solvent (n = 0), the isolated pNPP dianion
dissociates spontaneously to metaphosphate (POs; ) and p-nitro-
phenoxide (NO,-CgH4-O7), presumably due to the strong
Coulomb repulsion between the two anionic species. This
observation highlights the importance of the solvent in stabilizing
the anion. In the presence of a few waters, the dissociation is no
longer spontaneous and it requires an activation barrier.

When a sufficient number of waters were included, a single
transition state (TS) was found, consistent with the established
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mechanism for the reaction. As shown in Table 1, the convergence
with respect to the number of water molecules is satisfactory for
n > 12, as the first solvation shell of the phosphate moiety is
formed. It is interesting to note that the reaction barrier increases
substantially when bulk solvent is included by PCM, underscoring
the importance of long-range electrostatic interactions. The
activation free energy with 14 water molecules (29.3 kcal mol ")
compares well with the experimental value of 29.5 kcal mol~'."°

Fig. 2 displays geometries of the stationary points along the
reaction path for the model with 14 explicit water molecules.
Interestingly, the nucleophile associated with the reaction path is a
neutral water, rather than hydroxide. The latter thus serves as a
general base, accepting a proton from the water nucleophile as it
attacks the phosphorus center. Attempts have been made to find a
reaction path with a hydroxide nucleophile, but were unsuccessful.
This observation is particularly interesting because the hydrolysis
rate in basic solutions was found to be independent of the pH.®
implicating a neutral nucleophile.

The transition state in Fig. 2 features a concomitant bond
formation between the nucleophilic O and P in pNPP and the
bond cleavage to the nitrophenoxide leaving group. The former is
evidenced by the shortening of the O-P distance (d;) from 4.88 A
in RC to 2.65 A at the saddle point, corresponding to a natural
bond order change from 0.001 (RC) to 0.065 (TS), and finally to
0.557 (PC). The latter is manifested by the elongation of the P-O
bond () from 1.76 A in RC to 2.75 A at TS, corresponding to a
bond order of 0.463 (RC) and 0.060 (TS). The analysis of the
reaction coordinate corresponding to the imaginary frequency at
TS indicates unmistakeably the involvement of both the addition
and elimination coordinates (4, and @5). On the other hand, the
bonds between P and three non-bridge O atoms at TS are only
slightly shortened from an averaged value of 1.53 A in RC to
1.51 A and the transferring phosphoryl group is near planar. Its
geometry closely resembles the planar metaphosphate, which has a
P-O bond length of 1.50 A.*® Furthermore, the benzene ring is
distorted at TS to possess increased quinonoid character with
alternating single and double bonds, apparently induced by
delocalization of the charge brought up by the partially
deprotonated nucleophile.

During the reaction, the positive charge on P changes from
0.923¢ (RC) to 1.148e (TS), and finally to 1.297¢ (PC). In the
meantime, the charge on the phenolic O atom increases modestly
as the reaction progresses while that on the nucleophilic oxygen
decreases correspondingly. The charges on the non-bridge O atoms
do not change much, and are stabilized by hydrogen bonds with
nearby solvent molecules, as shown in Fig. 2.

Interestingly, the leaving group is not protonated in PC,
reflecting the stability of p-nitrophenoxide (pK, = 7.14), facilitated
presumably by the electron-withdrawing nitro group. As shown in
Fig. 2, the phenolic oxygen is hydrogen bonded with two solvent

Table 1 Energetics of the transition state (TS) and product complex
(PC) relative to the reactant complex (RC) (in kcal mol 1)

No. waters n=12 n=13 n=14
TS (AE + ZPE) 12.5 22.9 22.9
TS (AGpcm) 21.1 28.9 29.3
PC (AE + ZPE) —27.0 —26.7 —23.7
PC (AGpcm) —18.7 -19.3 -20.7

RC

TS

PC /

Fig. 2 Geometry of the reactant complex (RC), transition state (T'S) and
product complex (PC). The partially formed and breaking bonds are
represented by dashed lines.

molecules. In PC, a proton in the water nucleophile has been
transferred to the hydroxide general base, making it a neutral
water.

To make contact with the experimental data,’ we list in Table 2
the calculated KIEs for the nucleophilic O atom, the bridge O
atom, the non-bridge O atoms, and the N atom. The concerted
nature of the transition state is reflected by the large and normal
KIEs for both the nucleophilic and bridge oxygen atoms, while the
participation of the non-bridge oxygen atoms and the nitro group
in the reaction coordinate is minimal. This is in overall agreement
with the experimental data, although the bridge O seems to play a
larger role than indicated by the theoretical model. We attribute
the discrepancies to the insufficient number of waters in our model.

The results presented here strongly suggest the intimate
involvement of explicit solvent molecules in shaping up the
concerted transition state in the hydrolysis of pNPP, providing
further evidence for solvent participation in nucleophilic substitu-
tion reactions.”>**2"?? Although more solvent waters might be
needed to provide a complete solvent shell of the entire system, the

Table 2 Comparison of experimental and theoretical KIEs

KIEs n=12 n=13 n=14 Expt.’

1180) e 1.0088  1.0080  1.0090  —

Y80, idge 1.0165  1.0207  1.0211 1.0189 + 0.0005
180 onbridee” 10027 1.0023  1.0029  0.9994 + 0.0005
IWISN 1.0012 1.0012 1.0015 1.0028 + 0.0002

“ Averaged over three non-bridge oxygen atoms.
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supermolecule model used here is an important step in the right
direction. A more accurate characterization of such reactions
requires ab initio molecular dynamics simulations, as shown by a
number of recent studies.***

In the corresponding enzymatic reactions, the solvent is replaced
by hydrogen-bond donating residues such as arginine, which
carries a positive charge.® These residues differ from the solvent
waters in that they are largely immobilized by the protein
backbone. The existing experimental evidence indicates that the
enzymatic hydrolysis of pNPP typically retains the same mechan-
ism as in the uncatalyzed solution reaction.>* Yet, the origin of the
impressive rate enhancement of these enzymes is not entirely clear.
Only by comparing the fine details of the transition state for both
catalyzed and uncatalyzed reactions using high level theory can we
hope to gain further insights into the catalysis.

To summarize, we have for the first time identified the transition
state structure for the alkaline hydrolysis of pNPP in aqueous
solution by using a supermolecule DFT approach. Reasonable
agreement with the experimental activation energy and KIEs has
been achieved. Our calculations confirmed that the nucleophile in
the reaction is a neutral water, and the hydroxide serves as a
general base. The transition state geometry provides microscopic
insight into this prototypical solution phase reaction and serves as
a reference to analogous reactions catalyzed by enzymes.
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