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Abstract: The usual rate-determining step in the catalytic mechanism of the low molecular weight tyrosine
phosphatases involves the hydrolysis of a phosphocysteine intermediate. To explain this hydrolysis, general
base-catalyzed attack of water by the anion of a conserved aspartic acid has sometimes been invoked.
However, experimental measurements of solvent deuterium kinetic isotope effects for this enzyme do not
reveal a rate-limiting proton transfer accompanying dephosphorylation. Moreover, base activation of water
is difficult to reconcile with the known gas-phase proton affinities and solution phase pKa’s of aspartic acid
and water. Alternatively, hydrolysis could proceed by a direct nucleophilic attack by a water molecule. To
understand the hydrolysis mechanism, we have used high-level density functional methods of quantum
chemistry combined with continuum electrostatics models of the protein and the solvent. Our calculations
do not support a catalytic activation of water by the aspartate. Instead, they indicate that the water oxygen
directly attacks the phosphorus, with the aspartate residue acting as a H-bond acceptor. In the transition
state, the water protons are still bound to the oxygen. Beyond the transition state, the barrier to proton
transfer to the base is greatly diminished; the aspartate can abstract a proton only after the transition
state, a result consistent with experimental solvent isotope effects for this enzyme and with established
precedents for phosphomonoester hydrolysis.

1. Introduction

Protein tyrosine phosphatases (PTPases) catalyze the dephos-
phorylation of tyrosine side chains in proteins, complementing
the tyrosine kinases, which catalyze phosphorylation. The level
of tyrosine phosphorylation, which is regulated by the balance
between the activities of these enzymes, is in turn a regulator
of many cellular processes, including cell growth, survival, and
division.1,2 The mammalian low molecular weight PTPase,
which is the focus of the present study, has recently been
implicated in cell transformation through its regulation of the
kinase, EphA2,3 and is therefore of interest for cancer research.
Although the PTPase family is very diverse in sequence and
global fold, they share a strictly conserved active site comprising
the “P-loop” residues (H/V)C(X)5R(S/T) and a conserved acidic

residue.4 In all structurally characterized PTPases to date, the
three-dimensional structure of these active-site components is
also highly conserved suggesting a common catalytic mecha-
nism.4,5

In vitro studies based on model substrates, such as phenyl
phosphate orp-nitrophenyl phosphate, have provided much of
the information on the mechanistic aspects of the catalysis. In
particular, it is well established that the enzyme completes its
action in two major steps. In the first step, the phosphoryl group
from the substrate is transferred to the nucleophilic cysteine,
forming a phosphoenzyme intermediate. In the second step, this
intermediate is hydrolyzed, leading to the regeneration of the
enzyme and release of an inorganic phosphate. Although this
two-step mechanism is well-established (see, for example, ref
6 and the topical review by Jackson and Denu4), various
mechanistic aspects still need to be clarified. Regarding the first
step, there have been questions about the protonation states of
key residues in the free enzyme and the Michaelis complex, as
well as about the associative or dissociative nature of the reaction
pathway. In previous computational studies of low molecular
weight PTP, we have addressed these questions using a
combination of continuum electrostatic models and high-level
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density functional theory (DFT), and the results have supported
a mechanism with both the enzyme cysteine and the substrate
phosphate group deprotonated and a dissociative reaction
pathway in which a conserved aspartic acid assists dissociation
of a metaphosphate-like ion from the substrate, and this ion is
then captured by the nucleophilic cysteinate.7,8

In the present study, we consider the second step, namely,
the phosphoenzyme hydrolysis reaction. In many of the PTPases,
including the low-Mr PTPase, this step is rate-determining, and
a conserved aspartic acid residue that acts as a general acid in
the first step may also play a role in the hydrolysis step.5,9-12 It
is sometimes proposed that the role of such a residue in the
phosphoenzyme hydrolysis step is to serve as a general base
facilitating the attack of a water molecule on the phosphate
group. In the present case, there are reasons to suspect this
proposal in that it implies a partial proton transfer from water
to the aspartate residue in the transition state, which is thought
to be dissociative in the enzymatic reaction.13 Consideration of
gas-phase proton affinities suggest that proton transfer from
water to aspartate would be endothermic by about 42 kcal/mol,14

while in bulk water the pKa difference disfavors this proton
transfer by nearly 15 kcal/mol. Thus, a proton transfer, to any
extent, would not seem to be particularly favorable in a
dissociative transition state where there is little bond formation
between the phosphorus atom and the attacking water oxygen
atom. Furthermore, a proton transfer during the transition state
would be expected to lead to a significant solvent deuterium
kinetic isotope effects. The measured solvent deuterium effect
is 1.5 in both PTP1B15 and the PTPase fromYersinia,16 while
in the dual-specificity enzyme, VHR, it is 1.15.17 In both the
low-Mr bovine enzyme studied here9,18 and the yeast low-Mr

PTPase LTP1,19 no solvent deuterium isotope effect is seen with
aryl substrates. For example, between pH 5.5 and 7.5, the rate-
limiting dephosphorylation rate constants in H2O and D2O are
identical, and below pH 5.5, the two curves show only an
expected 0.4 unit shift characteristic of a weak acid ionization
in D2O versus H2O (see Figure 5 in ref 19). Thus, it appears
that there may be little or no general base catalysis in the
hydrolysis step,12,20 but if this is so, what is the role of the
aspartate residue in the hydrolysis step?

Here, we present a study of the phosphoenzyme hydrolysis
step for the bovine low molecular weight PTPase (BPTP), thus
complementing our previous study of the enzyme-phosphor-

ylation step.8 To study the hydrolysis reaction in the protein
environment, we combine high-level DFT calculations for a
cluster of atoms selected for their likely importance in the
mechanism, with a dielectric continuum model of the surround-
ing solvent and the protein (with atom-centered charges in the
protein). We focus particularly on the attack by water/hydroxide
upon the phosphate group and the energetics of proton transfer
from the attacking water to aspartate. Linear transit (LT)
techniques are used to map out the reaction pathway in terms
of the attack by water on the phosphate and the proton transfer
from water to the active-site aspartate. The free-energy barrier
is calculated and the transition-state structure is analyzed as to
its associative or dissociative character. The extent and timing
of proton transfer during the reaction is analyzed and discussed
in the context of kinetic isotope studies.

2. Methodology

Structural Model. A model of the covalent phosphocysteine
intermediate of wild-type bovine low-Mr PTPase was derived from an
early version of the 1.9 Å-resolution X-ray crystallographic structure
of Zhang et al.21 (PDB code 1dg9) kindly provided to us by Dr. Marie
Zhang. Crystallographic waters and the HEPES buffer in the active
site were removed, and Cys-12 was changed to phosphocysteine. The
bond lengths and bond angles for this residue were taken from an ab
initio geometry optimization of methyl thiophosphate. The force field
parameters for this residue were adapted from the methyl phosphate
group already in the CHARMM22 parameter set.22 All molecular
mechanics methodologies were performed using version c26b2 of the
CHARMM package.23

To estimate the disposition of water molecules in the active site, we
performed a stochastic boundary molecular dynamics (SBMD) simula-
tion, following the procedure laid out by Alhambra et al.24 Briefly, a
droplet of water of radius 20 Å was overlaid on the active site and
water molecules that overlap the protein were deleted. This system was
then subjected to SBMD, wherein only the water molecules and the
protein atoms within a set radius around the active site are free to move
(see Alhambra et al.24 for details). This allowed computational effort
to be focused on pertinent regions of the protein molecule rather than
requiring simulation of a much larger system. Unlike Alhambra et al.,24

our parameters for the phosphocysteine residue were the above-
mentioned CHARMM-derived ones rather than parameters based more
directly on Hartree-Fock calculations. The SBMD simulations were
carried for 200 ps after an initial thermalization period.

Starting from the MD structure, only water molecules within an 8
Å shell around the phosphorus atom were retained. This structure was
energy-minimized following the same procedure as in our earlier study.8

At the end of this energy minimization, by visual inspection we
identified a water molecule that had a good hydrogen-bonding
interaction with the aspartate and the phosphocysteine residue. In the
next stage, we restrained the distance of this water and the nearest
aspartate oxygen to be around 2.8 Å. This structure was further energy-
minimized as before. Finally, all the water molecules, except the
aforementioned water molecule, were deleted and the system was
energy-minimized without any restraints, that is, all the atoms were
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free to move. The structure thus obtained was the starting point for the
quantum cluster and protein environment effect calculations.

Quantum Cluster. The set of atoms selected for full quantum-
mechanical treatment are shown in Figure 1. The phosphocysteine
residue was modeled as an ethane thiophosphate by replacing the bonds
between CR (C1 in Figure 1) and the backbone N and C atoms by CR-H
bonds. Arg 18 was modeled as a guanidinium ion; the bond between
Nε (N13 in Figure 1) and Cδ was replaced by a Nε-H bond. Asp 129
was modeled as acetate, with the bond between the Câ (C23 in Figure
1) and CR being replaced by a Câ-H bond. In total, the cluster
comprised 32 atoms. The initial geometry for all atoms but the linking
hydrogen atoms was taken from the above-described energy-minimized
structure. The replacements with hydrogen-linking atoms were per-
formed within the InsightII modeling program, and the heavy-atom
link hydrogen bond length was set to 1 Å.

The quantum cluster obtained after the molecular mechanics
optimization was further energy-minimized using the PM325 semi-
empirical Hamiltonian within Gaussian,26 and this energy-minimized
structure served as the starting structure for further higher level
calculations. Some constraints were imposed during the PM3 energy
minimization to account for the attachment of these moieties to the
rest of the protein. Atoms of the ethane-thiolate part of the ethane
thiophosphate group and atoms of the acetate group were not allowed
to move. The internal degrees of freedom of the guanidinium ion were
frozen, but rotation about the N13-H14 bond was allowed and the angle
formed by C15-N13-H14 was unconstrained. The position of the
phosphorus atom and the oxygens bonded to it were fully unconstrained,
except that the dihedral formed by P-S-C2-C1 was constrained to
its initial value. All atoms of the water nucleophile could move, but
the P-OW distance was constrained to the value obtained with molecular
mechanics minimization.

DFT Calculations. The Amsterdam Density Functional (ADF)
program (version 2.3)27-29 was used for all the reaction path and energy

calculations (see below). In the present study, we chose the VWN
parametrization30 for the local density approximation and Becke’s31

gradient correction for the nonlocal exchange and Perdew’s32 gradient
correction for the nonlocal correlation. The basis sets in our calculations
were double-ú Slater type orbitals (STO) for H, C, and N, and triple-ú
STOs for the O, S, and P atoms and the water protons. A polarization
function (single-ú, 3d) was added for the S, P, and O atoms and the
water protons. The inner core orbitals (1s for C, N, O and 1s, 2s, 2p
for S and P) were described by the frozen core approximation. This
level of basis set was used for all our linear transit/reaction path
calculations and single-point energy evaluations. In some preliminary
tests on model reactions, the geometry optimizations and zero-point
energy calculations were performed without the polarization functions,
but heats of reaction were evaluated with the full basis.

Reaction Path Calculations.The linear transit (LT) method was
used for mapping the energy surface for the reaction. In this method,
a particular internal coordinate, such as a bond length, is designated as
the LT parameter, which is stepped from an initial to a final value
during the calculation. At each transit point, the LT parameter is
constrained and the remaining coordinates optimized, subject to the
above-mentioned protein-attachment constraints. Thus, an LT calcula-
tion is a sequence of geometry optimizations along some selected
reaction coordinates. As described below under Results, a strategy
involving the OW-P distance as a primary reaction coordinate and the
OA-HW distance as a secondary reaction coordinate (Figure 1) was
used to map out a 2-D energy surface.

In the LT optimization, a quasi-Newton approach with the Broyden-
Fletcher-Goldfarb-Shanno scheme for Hessian updating33 was used.
As in the earlier work,8 convergence tolerance required that the change
in energy, energy gradients, bond lengths, and angles be simultaneously
less than 10-3 Hartree, 5‚10-3 Hartree/Å, 0.01 Å, and 0.5°, respectively.
The SCF convergence was accepted when the maximum element of
the commutator of the Fock matrix and the density matrix fell below
10-4.

Environment Effects. The self-consistent reaction field (SCRF)
approach was used to account for the environmental (protein and
solvent) effect on the energetics of the quantum cluster.34 Computational
aspects and parameter sets that were used were as in the earlier work.8

Briefly, the quantum cluster is merged back into the protein in the
appropriate orientation, retaining the link hydrogen atoms in the cluster
and removing the corresponding heavy atom from the protein. Alterna-
tive methods of treating the link atoms, namely, deleting them before
merging the quantum cluster into the protein, gives very similar results.8

However, the present approach of retaining link hydrogens is simpler
to implement.

The protein, with its partial charge distribution, and the solvent are
described as continuous media with dielectric constants of 4 and 80,
respectively. The quantum cluster has a dielectric constant of 1. The
reaction field due to the charges in the quantum cluster and the protein
field make additional contributions to the cluster Hamiltonian. An
updated electron density is computed with this new Hamiltonian and
the cycle is repeated to self-consistency. The quantity of interest is the
free energy at some linear transit point i relative to that at the first
transit point:

whereEi is the gas-phase electronic energy, and∆Genv is the free energy
of interaction with the environment.
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Figure 1. Schematic of the quantum cluster. The solid lines with arrows
depict the two reaction coordinates used in the study.

Wi ) Ei + ∆Genv(i) - [E1 + ∆Genv(1)] (1)

Aspartate in the Hydrolysis of Tyrosine Phosphatase A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 39, 2004 12679



3. Results and Discussions

We first present calculations on simple model reactions to
validate our choice of the density functional and basis set. Next,
we present the results of the initial structural modeling and
compare them with an experimentally determined structure.
Then, the linear transit calculations for the reaction are presented
and discussed in terms of the energetics and mechanism of the
reaction. Last, we address proton transfer and the role of the
conserved aspartate in the catalytic process.

3.1 Validation of Chosen Density Functional.Heats of
reaction were computed for the following model reactions whose
chemistries are similar to those in the enzymatic system under
study:

The calculated gas-phase heats of reaction are shown in Table
1. For reaction (rxn) 1, the gas-phase proton affinity is somewhat
overestimated without adjustment for basis set superposition
errors (BSSE), but BSSE-corrected values are in very good
agreement with experimental results. For rxn 2, again the
agreement with experiments is excellent. For this reaction, BSSE
is quite modest and hence disregarded. For rxn 4, there is some
question about the experimental estimate. In the table, we used
the most favorable experimental value for the heat of formation
of PO3

-, although others which differ by as much as 40 kcal/
mol have also been reported.14 As Keese and Castleman have
noted,35 a heat of formation around-230 to -240 kcal/mol
for PO3

- is most reasonable, and we find that this choice also
leads to heats of reaction for rxn 4 that are quite close to
theoretical predictions. (Again BSSE is not considered as it is
likely small.) Earlier theoretical predictions for the heat of
reaction for rxn 4 are quite close to the value we calculate. Wu
and Houk36 compute a value of-23.2 using MP4/6-31+G**//
6-31+G*, whereas Ma et al.37 compute-18.2 using DZP+diff
SCF. Reaction 3 is just rxn 1- rxn 2. The calculated gas-
phase heat of reaction for this reaction is 48 kcal/mol, which is
in excellent agreement with the experimental value based on
rxn 1 and rxn 2 (Table 1).

For rxn 3, we also calculated the free-energy change in
aqueous solution using the self-consistent reaction field ap-
proach43 to calculate the electrostatic component of the solvation
free energies. This method is the solvent-only analogue of the
technique used here to model the protein/solvent environment.

For CH3COOH, CH3COO-, H2O, and HO-, we calculate
solvation free energies of-9.4,-81.0,-8.6, and-112.5 kcal/
mol, respectively. The calculated free-energy change for rxn 3
in solution is then 15.7 kcal/mol. Using an experimental pKa of
15.7 for H2O and 4.8 for CH3COOH, the corresponding
experimental free-energy change is 14.9 kcal/mol. Thus, it is
seen that our solution-phase values are also in good agreement
with experiment for rxn 3.

Hu and Brinck44 have compared a similar level of DFT
(B3LYP) with a sophisticated level of post-Hartree-Fock theory
(CCSD(T)) in calculations of barrier heights for methyl phos-
phate hydrolysis and found that DFT underestimates barrier
heights by 2.4-4.2 kcal/mol.

3.2 Initial Structural Model. At the end of the SBMD
molecular dynamics run, but before the subsequent minimization
of water positions, there were at least three water molecules in
the active site, one of which was hydrogen-bonded to both the
Asp-129 side chain and the phosphate group, a result similar to
that obtained by Alhambra et al.24 This water molecule was the
one that was finally retained after minimization to obtain an
active-site model with water positioned between Asp129 and
the phosphate group. The pertinent structural information from
this active-site model is listed in Table 2.

Although there is no crystallographic structure of wild-type
BPTP trapped in the covalent phosphoenzyme state, there is,
for the yeast low molecular weight phosphatase LTP1, a crystal
structure of an inorganic phosphate complexed with a Cys-to-
Ala mutant enzyme in the presence of an adenine molecule19

(PDB code 1d2a). In this crystal structure, it was found that
there is a water molecule that is hydrogen-bonded to the
conserved aspartate residue and to one of the oxygen atoms of
the phosphate group. This oxygen is distal to the arginine residue
that anchors the phosphate via two hydrogen bonds. The final
oxygen is pointed in the direction of cysteine residue, although
in the actual crystal structure there is an alanine in place of the
cysteine. The adenine tends to H-bond and anchor the water in

(35) Keese, R. G.; Castleman, A. W., Jr.J. Am. Chem. Soc. 1989, 111, 9015-
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(36) Wu, Y. D.; Houk, K. N.J. Am. Chem. Soc. 1993, 115, 11997-12002.
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H2O h HO- + H+ (rxn 1)

CH3COOHh CH3COO- + H+ (rxn 2)

H2O + CH3COO- h HO- + CH3COOH (rxn 3)

PO3
- + H2O h H2PO4

- (rxn 4)

Table 1. Heats of Model Reactions (kcal/mol)

expt this work

rxn 1 390.8a 391.3d

394.7e

rxn 2 343.2b 343.3f

rxn 3 47.6 48
rxn 4 -19.1c -19.5

a References 14 and 38.b References 14 and 39.c Based on the following
heats of formation:-312.7( 6.4 for H2PO4

-, -235.8( 6 for PO3
-, and

-57.8 for H2O (refs 14, 40, 41).d Corrected for basis set superposition
errors (BSSE).e Non-BSSE value.f Non-BSSE value, although in this case
BSSE is small.42

Table 2. Selected Geometrical Parameters of the Starting
Structure (Å and Degrees)

LTP1a MMb PM3c

P-OW 3.3 3.4 3.4
OA-HW 2.8 3.0 2.8
O4-OW 2.4 3.2 2.8
∠OAHWOW 173.3 166.7 172.1

a Values from the LPT1 crystal structure19 with a crystallographic water
molecule.b Molecular mechanics minimization of whole protein.c Mini-
mization of the cluster using the semiempirical PM3 Hamiltonian (see text).
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place. Key distances and angles from this structure are also
presented in Table 2, where it can be seen that they are quite
similar to those of the energy-minimized structures.

3.3 Reaction Path and Energy Surface.The P-OW distance
was chosen as the primary reaction coordinate, consistent with
an attack by either water or hydroxide (see Figure 1 for atom
labels). Since the extent of proton transfer from water to the
base discriminates between the extremes of attack by water and
by hydroxide, the OA-HW distance was chosen as a secondary
reaction coordinate. Thus, P-OW and OA-HW map out a two-
dimensional energy surface that provides information on the
reaction surface. For the sake of tractability, this approach limits
the dimensionality of the space to be searched, and it is possible
that alternative paths are missed. However, it is clear that the
attack of the a water oxygen atom on the phosphorus and the
cleavage of a water O-H bond must be central to the hydrolysis
reaction, so it is likely that our approach captures the main
features of the reaction. Starting from the optimized geometries
resulting from selected steps along the primary LT path,
secondary LTs were done using the OA-HW distance as the
LT coordinate, while keeping the primary LT coordinate fixed.
The energies of the resulting geometries were then calculated
in the protein active-site environment using the SCRF method.
The resulting energy profiles are shown in Figure 2. The energy
gradient opposing proton transfer is initially quite steep but
decreases as the water oxygen nears the electrophilic phosphorus
center. BeyondR(P-OW) ) 2.15 Å, the free-energy changes
for the proton transfer are within about 5 kcal/mol. The profiles
corresponding toR(P-OW) ) 1.85 and 1.75 Å are substantially
flattened with respect to proton transfer, and forR(P-OW) )
1.75, the final LT point in the present calculations, proton
transfer becomes favorable.

An overall energy profile in the space of the primary and
secondary reaction coordinates was compiled by locating, for

each value of the primary reaction coordinate, the value of the
secondary coordinate for which the calculated free energy was
lowest. This profile is shown as a function of the primary
coordinate in Figure 3. This procedure predicts that the transition
state occurs at anR(P-OW) ) 2.25 Å. The discontinuity of the
slope at that point appears to involve the difficulty of relaxing
a large number of degrees of freedom under multiple constraints
and the difference between the vacuum model used in geometry
optimization and the protein/solvent environment model used
for the single-point calculations making up the profiles. The
calculated barrier height of 17.6 kcal/mol is close to the
experimentally observed value of 16 kcal/mol for the hydrolysis
of the phosphoenzyme intermediate.6 Given the tendency of
DFT to slightly underestimate barriers, and the approximate
treatment of the environment, this level of agreement is better
than expected.

3.4 Structural Evolution. Figure 4a shows the evolution of
the P-S distance as the transfer of metaphosphate to the water
nucleophile progresses (reading from right to left in the graphs).
From a P-OW distance of 2.45 Å to the final point at 1.75 Å,
the P-S distance increases as the P-OW distance decreases.
At the transition state we predictR(P-S) ) 2.66 Å andR(P-
OW) ) 2.25 Å. For comparison, in our previous study of the
first step of the catalytic pathway we foundR(P-S) ) 3.0 Å
andR(P-Op) ) 2.7 Å at the transition state, where Op is the
bridging oxygen in the phenyl phosphate group. The analogous
plot in that case showed a nearly linear, highly dissociative
pathway. In the present plot of the hydrolysis reaction, we
predict a somewhat abrupt transition at aroundR(P-OW) ) 2.25
Å, beyond which the profile is once again linear.

Figure 4b shows the evolution of the OW-HW distance along
the optimal reaction path, that is, the set of primary and
secondary reaction coordinates corresponding to a local free-
energy minimum in the secondary coordinate. Since the
calculated energy surface is flat in the proton-transfer direction
near some values of the primary reaction coordinateR(P-OW),
we attempt to quantify its effect on the proton (HW) position as
follows. Proton positions (or OW-HW distances) for which the
energy is 1 RT (0.59 kcal/mol) above the minimum are
considered accessible and shown with the bars in Figure 4b.
The principal conclusion of this approximate analysis is that
the proton-OW bond is substantially elongated after the
transition state, but not before.

For proton-transfer pathways, vibrational effects are expected
to lower the activation barrier but present methods do not allow
a rigorous calculation of these effects or of proton-tunneling

Figure 2. Energy profiles along the proton-transfer pathway for various
values ofR ) R(P-OW). The proton transfers from right to left. As one
progresses from the top curve to the bottom curve, the reaction of water
with the phosphorus center progresses. The profile forR ) 2.25 Å could
not be completed down to aR(OA-HW) ) 1.0, as it proved difficult to get
a credible optimum geometry.

Figure 3. Energy profile as the water nucleophile reacts with the
phosphorus center. Note the reactant state is in the lower right corner of
the plot.
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effects. For the proton transfer to the acid along a nearly linear
H-bond, vibrational effects can lower the barrier by as much as
1-3 kcal/mol. Regardless of the exact number, which is likely
less than 3-4 kcal/mol, it is clear that beyond the transition
state, proton transfer is favored, but before the transition state,
the proton transfer to the acid is strongly disfavored (Figure 2).

Figures 5 and 6 depict the cluster configuration for the initial,
transition, and final states. Despite the somewhat shorter P-O
and P-S bond lengths compared to those observed in the highly
dissociative first step,8 the figures are consistent with a
dissociative metaphosphate-like intermediate that transfers from
the phosphocysteine residue to the water nucleophile. Moreover,
the charge on the PO3 fragment in the phosphocysteine

intermediate changes by about+0.2 as the system moves from
the initial state to the transition state. This reduction in (negative)
charge is again suggestive of a dissociative process leading to
the formation of the metaphosphate (see, for example, ref 45).

That the pathway found in the present calculation is only
modestly dissociative is likely attributable, in part, to omission
from the quantum cluster of the Ser-19 residue that H-bonds
the thiolate nucleophile. (Vibrational effects will also play a
part.) Although Ser-19 is included in the classical region, the
effects of hydrogen bonding are likely to be underestimated since
delocalization of charge across the H-bond cannot occur, and
electrostatic effects are screened by the protein dielectric. Such
a hydrogen-bonding interaction would tend to lower the orbital
energies of the thiolate, which, in the present context, would
make the thiolate a better leaving group, resulting in a more
dissociative mechanism. Such a facilitating role of Ser-19 in
BPTP is seen in kinetic experiments using S19A mutants.46

Residues that occupy a position analogous to S19 in other
phosphatases also play a similar role in facilitating the easy
removal of the metaphosphate from the phosphoenzyme inter-
mediate. For example, in theYersiniaPTPase, removal of the
conserved H-402 (analogous to S19 in BPTP) resulted in an
enhanced nucleophilicity of the thiolate.47 In the dual specificity
protein tyrosine phosphatase VHR, the S131A mutation actually

(45) Maegley, K. A.; Admiraal, S. J.; Herschlag, D.Proc. Natl. Acad. Sci. 1996,
93, 8160-8166.

(46) Evans, B.; Tishmack, P. A.; Pokalsky, C.; Zhang, M.; Van Etten, R. L.
Biochemistry1996, 35, 13609-13617.

(47) Zhang, Z.-Y.; Dixon, J. E.Biochemistry1993, 32, 9340-9345.

Figure 4. Variation of the P-S bond length (a) and the OW-HW bond length (b) along the primary reaction coordinate, the P-OW bond length. The
hydrolysis reaction proceeds from right to left in the plots. The transition-state point is indicated by the vertical broken line in both plots. The error bars in
(b) specify the uncertainty in the proton’s position based on 1 RT energy variation from the minimum-energy position (see text).

Figure 5. Structure of the quantum cluster at the initial state (top figure)
and the transition state (bottom figure).

Figure 6. Structure of the quantum cluster at the final state.
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inverted the rate-determining step, making the breakdown of
the intermediate rate-limiting.48 Cdc25, a PTPase that appears
to regulate the progression of cells through the cell cycle, lacks
this conserved serine/threonine residue (see, for example, refs
4 and 5). This protein is also several order of magnitude slower
than other PTPases, when measured with a common substrate
such as pNPP.5

3.5 Isotope Effects and Role of the Aspartate.As noted
earlier, solvent deuterium kinetic isotope effect experiments on
the low molecular weight enzymes find little or no solvent
isotope effect in the hydrolysis of aryl substrates.9,18The present
result that the proton is not transferred to Asp 129 until after
the transition state is consistent with these experimental findings,
since this would clearly lead to a lack of kinetic isotope
signature. There could be other explanations for the lack of KIE,
such as coupling of proton motions to heavy-atom motions, but
the lack of positive experimental evidence for a general base
role of Asp 129 and the lack of proton transfer in the transition
state found here by computation leads us to conclude that general
base catalysis by the aspartate is not a likely mechanism.

During most of the molecular dynamics simulation, a water
molecule is H-bonded to both Asp 129 and the phosphate.
Moreover, during the linear transit calculations along the OW-P
reaction coordinate, an O-H bond of the water molecule
remains oriented toward one of the Oδ atoms of the aspartate.
Thus, we propose that the importance of this aspartate is first
to position the water nucleophile for reaction with the transfer-
ring metaphosphate, then to keep the water molecule properly
oriented during the reaction, and finally, to serve as a sink for
the proton once the metaphosphate transfers to nucleophilic
water oxygen. Such a result is entirely consistent with the
proposed explanation of the increasedkcat of low molecular
weight PTPase in the presence of selected purines, including
adenine.19 The crystal structure of an adenine and phosphate
complex of the yeast PTPase (Figure 1 in ref 19) showed
adenine in an extensively hydrogen-bonded complex that
positioned a water molecule precisely in position to react with
the phosphate (metaphosphate) leaving group.

The positioning of Asp 129 proved important for the reaction.
During the quantum cluster calculations described above, the
aspartate is constrained to remain in its initial orientation
obtained from the molecular dynamics simulation and energy
minimization. This constraint is consistent with geometric
features seen throughout the dynamics and energy-minimization
procedure. Thus, it appears that the protein provides a steric
context in which Asp 129 remains oriented so that favorable
H-bonding to the attacking water is enhanced. If, however, in
the quantum cluster the carboxylate is allowed to rotate about
its C-C bond, thereby oversimplifying the steric context in
which the residue exists within the protein, the linear transit
calculations lead to a chemically unproductive state in which

the water oxygen is forced close to the phosphorus by the LT
procedure, but neither water hydrogen dissociates from the
oxygen (results not shown). Thus, excessive movement of the
Asp 129 carboxylate is predicted to reduce catalytic efficiency.
The positioning of the base is also thought be be important in
the PTPase fromYersiniawhere a hydrogen bond between the
base and a nearby aspartic acid residue appears to play a
functional role in keeping the base properly oriented.16

4. Concluding Remarks

The results of the present study can be summarized by
Scheme 1, which features a relatively dissociative, metaphos-
phate-like transition state, followed by proton transfer from the
water molecule to the carboxylate moiety.

Mildvan49 has suggested the use of Pauling’s formula for
fractional bond number as a function of bond length as a
quantitative measure of the associative or dissociative character
of transition states. By this measure, the transition state found
here is 80 dissociative. The role of the aspartate is not to
facilitate any energetically meaningful general base catalysis,
but to position the attacking water and accept a proton from
water after the transition state is passed. Not shown in Scheme
1 is the release of phosphate from the active-site pocket to form
free enzyme, completing the catalytic cycle. The energy barrier
for this final step is significantly smaller than barrier for
hydrolysis studied here.6 The deprotonated state of Asp 129
predominates in the free enzyme at neutral pH (pKa ) 5.3),
while the protonation state of the aspartate in the product-bound
form is not known. The negatively charged phosphate could
perturb the Asp 129 pKa causing it to remain protonated (an
analogous effect in the Michaelis complex has been seen both
experimentally and computationally in PTPases7), or Asp 129
could deprotonate prior to the release of phosphate. This
question would effect the energetics of the final product release
but not the rate-limiting hydrolysis step studied here. Scheme
1 is consistent with experimental studies on the low-Mr PTPases,
particularly kinetic isotope effect studies. The importance of
positioning the water molecule is also suggested by the increase
of kcat in the presence of adenine and structural studies showing
adenine involved in positioning the water molecule.19 The
spatiotemporal hypothesis, advanced earlier by Menger,50,51

emphasizes the role of such positioning in catalysis.
The mechanism our calculations support is similar to the

Scheme 2 mechanism proposed over a decade ago by Herschlag
and Jencks52 for the phosphorylation of glucose. A dissociative,
metaphosphate-like character for the transition state was also

(48) Denu, J. M.; Dixon, J. E.Proc. Natl. Acad. Sci. 1995, 92, 5910-5914.
(49) Mildvan, A. S.Proteins1997, 29, 401-416.
(50) Menger, F. M.Acc. Chem. Res. 1985, 18, 128-134.
(51) Menger, F. M.Biochemistry1992, 31, 5368-5373.
(52) Herschlag, D.; Jencks, W. P.J. Am. Chem. Soc. 1989, 111, 7587-7596.

Scheme 1

Aspartate in the Hydrolysis of Tyrosine Phosphatase A R T I C L E S

J. AM. CHEM. SOC. 9 VOL. 126, NO. 39, 2004 12683



found in our previous study of the preceding step in which a
phosphate group is transferred from the phenyl phosphate
substrate moiety to the nucleophilic cysteinate, Cys 12. These
results are consistent with the general expectation that the
enzymatic transition states and pathways do not differ greatly
from analogous phosphoryl transfer reactions in aqueous solu-
tion, which generally proceed through such a transition state.52-54

A dissociative character for the dephosphorylation step of
PTPase has also been inferred from analysis using linear free-
energy relationships of phosphate transfer between the phos-
phoenzyme and alcohols of varying pKa.13 Linear free-energy
relationships have also been used to explore the dissociative or
associative character of the first step of alkaline phosphatase
(AP) which hydrolyzes phosphate monoesters by a two-step
mechanism. It had been proposed that the thio effect in AP was
indicative of an associative mechanism similar to that of
phosphotriesters rather than phosphomonoesters in solution, but
measurements of Brønstedâlg in the wild type and a mutant
indicated that the thio effect did not characterize the transition
state of AP.55

Several computational studies relevant to the first step of
PTPase have been discussed in our previous publication on that
step.8 There have been some other computational studies of other
enzymatic phosphoryl transfers, somewhat analogous to the one
studied here. A high-level DFT study of phosphoryl transfer
from ATP to a substrate serine analogue in the protein kinase,
cAPK has found a reaction path analogous to that of the present
study.56 A dissociative transition state with metaphosphate
poised between theâ-phosphate and the oxygen atom of the
still-protonated substrate is found, and a conserved active-site

aspartate acts as a “proton trap” well after the transition state is
passed. More recent calculations on cAPK using DFT found a
similar path involving Asp 166 as a base but also located a
path with a much higher barrier involving proton transfer directly
from the substrate serine OH to the transferred phosphoryl
group.57 The latter (disfavored) pathway is more associative and
is similar to one proposed earlier as the principal pathway on
the basis of semiempirical calculations.58,59 Comparison of
model-compound calculations at various levels of theory
indicated that the DFT methods are more reliable for phosphoryl
transfer reactions than the semiempirical methods used in the
earlier calculations.57 A different DFT study found an associative
pathway with proton transfer directly to the phosphate in
agreement with the semiempirical results,60 but the calculations
omitted Asp 166 altogether, so a lower-barrier path involving
it as a proton acceptor could not have been found. Overall, the
higher-level calculations on cAPK have supported a dissociative
mechanism with proton transfer to an aspartate after the
transition state. The cAPK active site complex involves one or
two Mg(II) ions, and the reaction being catalyzed involves
different attacking and leaving groups, so its applicability to
the present PTPase mechanism may be limited.
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