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Prediction of transition state structure in protein tyrosine phosphatase
catalysis using a hybrid QM/MM potential
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The transition state for tyrosine phosphate hydrolysis by the
enzyme protein tyrosine phosphatase (PTP1B) has been
determined using a hybrid QM(PM3)/MM potential, show-
ing that the  reaction is dissociative with essentially no P–S
bond formation in the transition state.

The reversible phosphorylation of proteins is the major form of
post-translational modification and is a key control mechanism
in biochemistry for processes such as cell regulation.1,2 Protein
tyrosine phosphatases (PTPases) are a large family of enzymes
that catalyse the hydrolysis of phosphotyrosine (pTyr) residues
in specific proteins.3,4 Structural5 and kinetic6 studies have
provided a molecular understanding of PTPase activity. In brief,
the enzyme active site is conserved for all PTPases and contains
catalytic Cys (215 in PTP1B) and Asp (181 in PTP1B) residues.
The former residue exists as the anion and acts as the
nucleophile, the latter having the role of a general acid. The
reaction involves the formation of a phosphoenzyme inter-
mediate (with Cys 215 in PTP1B). Hydrolysis of this inter-
mediate results in the regeneration of the active site.4

Two extreme mechanisms of phosphate ester hydrolysis are
usually invoked, either dissociative or associative3,7 which
depend on the size of the negative charge on the phosphate
group. In aqueous solution, kinetic data have led to the
conclusion that phosphate monoesters hydrolyse via a transition
state with little bond formation to the attacking nucleophile and
extensive bond cleavage to the leaving group characteristic of a
dissociative mechanism.8 Retention of chiral properties rules
out a true diffusable metaphosphate intermediate. At physio-
logical pH monoesters such as pTyr exist as dianions and kinetic
data, particularly heavy atom isotope measurements, have led to
the general conclusion that PTPase catalysis proceeds via a
dissociative transition state6 similar to that observed in
solution.8 The characterisation of the transition state at a
molecular level is naturally central to understanding the mode
of action of PTPases and to the design of PTPase specific
inhibitors.

The use of combined quantum mechanical/molecular me-
chanical (QM/MM) methods to model macromolecular re-
activity is now well established,9213 and we have shown how
such methods can be used to locate transition states for enzyme
catalysed reactions14 employing our hybrid QM/MM code15

which couples the QM code GAUSSIAN9416 with the MM
code AMBER 4.0.17 To further aid the understanding of the
mode of action of PTPases we here describe a hybrid QM/MM
study of the mechanism of phosphate hydrolysis by the enzyme
PTP1B. We utilise the crystal structure of PTP1B (Ser-215) and
a phosphotyrosine substrate5 to study phosphoryl transfer
between pTyr and the Cys residue (replacing Ser-215),
involving proton transfer from Asp-181 to the Tyr leaving
group.  In our model, the pTyr substrate in the crystal structure
was replaced by 4–methylphenyl phosphate to allow for
substrate mobility. This enzyme–substrate structure was first
energy minimised (using the AMBER 4.0 force field) and was
then employed in a QM(PM3)/MM calculation, the QM part of
the structure being shown in Fig. 1. The bulk of the enzyme was
kept fixed during the modelling of the reaction, with the

positions of the majority of the QM atoms, including the whole
substrate, being allowed to vary. The QM link atoms, as well as
the QM atoms of the protein backbone, were kept fixed. We
chose to use the PM318 Hamiltonian due to its success in
modelling studies of phosphate hydrolysis.7

We have mapped out the potential energy surface for the
dissociative reaction by minimising the substrate active site
structure for a range of P–O (bridge) distances (while allowing
the remaining QM atoms to optimise). This led to an
approximate structure of the transition state, which was
subsequently refined and characterised by calculation of the
harmonic frequencies. The reactant and transition state struc-
tures thus obtained are shown in Fig. 2. It is clear that the
transition state is largely dissociative, with a lengthened P–O
bond and effectively no increase in S–P interaction compared to
the reactant structure. The calculated partial atomic charges
reveal a developing negative charge on the Tyr leaving group
during the course of the reaction. The formal charge on this
group increases from 0.80e in the reactant to 0.92e in the
transition state, 0.07e of the total increase of 0.12e being
associated with the bridge oxygen. In both reactant and
transition state structures the proton of Asp-181 interacts with
two oxygen atoms of the substrate (Fig. 2). The effect of this
developing negative charge on the leaving group is to increase
the interaction with the bridge oxygen compared to that

Fig. 1 QM region of active site–substrate

Fig. 2 Active site–substrate geometry. Reactant structure (Å) and, in
parenthesis, transition state structure.
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involving the terminal oxygen. However, we do not find proton
transfer from the asparate group to have occurred at the
transition state. The energy barrier between the reactant and
transition state structures is 27.2 kJ mol21. Further along the
reaction pathway to the product, there is a second barrier
corresponding to proton transfer to the leaving OPh group along
with S–P bond formation. However, this second barrier is at
lower energy than the dissociative transition state that we have
identified so that the P–O bond cleavage is rate determining in
line with experiment.6

Thus, the first theoretical prediction of the nature of the
transition state for a PTP–catalysed reaction, which we have
presented here where the transition state corresponds to
considerable P–O bond lengthening, with little P–S bond
formation, is in general agreement with the conclusions from
kinetic measurements. Of particular interest is the quite flat
potential energy profile in the region of the transition state with
a change of only 7 kJ mol–1 when the P–O length changes from
2.10 Å to the optimal value of 2.55 Å in the transition state
(Fig. 2). This flat energy surface is also reflected in the low
value of the imaginary frequency of the transition state (114i
cm–1). Such a flat surface suggests that there will be
considerable geometric freedom in the design of suitable
inhibitors of this enzymic reaction.
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