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Many phosphatases make use of metal ions to aid catalysis of phosphate ester hydrolysis. Here, we
investigate the impact of metal ions on the potential energy surface (PES), and hence the preferred
reaction mechanism, for a simple model for hydrolysis of phosphate ester monoanions. We show that,
while both associative (4y + Dy) and dissociative (Dy + Ay) mechanisms are represented on the
potential energy surfaces both in the presence and absence of metal ions, the Dy + Ay process is
favoured when there are no metal ions present and the Ay + Dy process is favoured in the presence of
two metal ions. A concerted (AyDy) process is also available in the presence of two metal ions, but
proceeds via a high-energy transition state. In the presence of only a single metal ion the Ay Dy process
is the most favoured, but still proceeds via a high-energy transition state. Thus, we conclude that
metallo-enzyme phosphatases are likely to utilise an associative process, while those that function

without metal ions may well follow a dissociative process.

Introduction
Importance of phosphate ester hydrolysis

Hydrolysis of phosphate esters is of crucial importance to biolog-
ical systems, being involved in energy transduction, biosynthesis,
control of secondary messengers and regulation of protein func-
tion. Inevitably, a wide range of enzymes has evolved to catalyse
this deceptively simple reaction, operating via a range of different
mechanisms and under a wide range of different conditions. Thus,
there are enzymes that function in high pH and low pH, that utilise
direct attack by water or employ an enzyme-derived nucleophile in
a double displacement reaction, that employ metal ions in catalysis
and others that do not. Phosphate ester hydrolysis has also become
the focus of much effort in the design of artificial catalysts,"” many
of which draw inspiration from known enzyme structures.

Mechanisms for the hydrolysis of phosphate esters differs fun-
damentally from the mechanism for the hydrolysis of equivalent
carboxylate esters on account of the availability of low-lying d-
orbitals on the phosphorus atom. Thus, pentavalent phosphorus
species are available as intermediates in the hydrolysis mechanism.
As a result, hydrolysis may proceed via either a pentavalent
(often described as “associative”) or trivalent (described as
“dissociative”) intermediate. Alternatively, a concerted process, in
which bond-making and bond-breaking occur in a single reaction
step, passes through a single transition state structure without an
intermediate (Scheme 1).

These three processes may be formally termed Ay + Dy, Dy + Ax
and Ay Dy, respectively, though the latter, concerted, process may
also be regarded as either associative or dissociative, depending
on the bond-orders at the transition state. In addition, our earlier
work® suggested that there might also be equivalent non-inline
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Scheme 1 Ay + Dy, Dy + Ay and Ay Dy mechanisms.

processes for each of the mechanisms described above, for a total
of eight distinct mechanisms. However, our work also suggested
that the non-inline processes had broadly similar reaction barriers
to their inline equivalents so, for the purpose of this paper, they
have been ignored. The remaining four inline mechanisms can all
be described on a More O’Ferrall-Jencks plot, Fig. 1, in which
reactants are located at the lower right corner, products at the
upper left. A dissociative process (Dy + Ay) would then proceed
via the upper left region of the plot, whereas an associative process
(Ax + Dy) would proceed via the lower right region. Concerted
processes (AxDy) are often depicted as heading across the middle
of the plot, but can pass though any part of the plot, being either
associative or dissociative in character depending on the total bond
orders for the making and breaking bonds at transition state.
The key distinction for concerted processes is the absence of an
intermediate (local minimum) along the reaction pathway.

Here we present 2-dimensional energy surfaces for the identity
reaction involving water exchange on the phosphate monoanion
as a model for phosphate ester hydrolysis. The dimensions of
the plot represent formation of the P-O bond to the incoming
nucleophile and breaking of the P-O bond to the leaving group.
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Fig.1 More O’Ferrall-Jencks plot showing the routes across the potential
energy surface followed by AxDy, Ay + Dy and Dy + Ay processes.

As these 2-dimensional surfaces are, in reality, simply projections
of the full PES onto 2-dimensions, there are multiple points
from the full surface corresponding to each individual point on
our 2-dimensional surface; points with different coordinates that
are not directly related to the bond-making and bond-breaking
events of interest. Variation in these other coordinates adds noise
to the 2D plots and can obscure key features of the potential
energy surface. It is, therefore, essential to keep the number of
additional coordinates to a minimum and to investigate multiple
conformations corresponding to each point on the plot to ensure
that the true lowest energy 2D plot is obtained. Thus by focusing
on the water exchange reaction, we are able to avoid complications
that may arise from variation in the orientation of the leaving
group. Also, by exploiting an identity reaction, the potential energy
surface will be symmetrical about the P-O,,. : P-O,, diagonal. A
consequence of this symmetry is that any reaction pathway will
cross this diagonal exactly once and thus by simply plotting the
diagonal, the number of valid pathways across the surface can
be identified simply from the number of valleys on the diagonal.
This relationship between the diagonal and the 2D surface is not
necessarily true for non-symmetrical systems.

These 2-dimensional potential energy surfaces allow us to
determine which mechanisms are available to the systems under
study and provide an indication of their relative barrier heights. In
particular, we are interested in whether the presence of metal ions
has an impact on the preferred mechanism.

Solution and enzyme-bound mechanisms

For monoesters in aqueous solution, hydrolysis has generally been
accepted as following a largely dissociative mechanism,* ™ citing
large negative f, and little participation of the nucleophile in the
rate-limiting step as evidence to support this."? It was also assumed
for quite some time that enzyme catalysis would somehow drive
the mechanism towards a more associative process in keeping
with the compact nature of most enzyme active sites.”*** More
recently, there has been extensive experimental investigation into
the catalytic mechanisms of a number of phosphatases alongside
many computational studies of various model systems. It is clear
from these results that a number of different reaction mechanisms
are employed by various enzymes. Thus, KIE results have been

used to postulate a dissociative transition state for various
phosphotyrosine phosphatases (PTPases).'® Alkaline phosphatase
has been shown to exhibit a large negative S, for both phosphate
and sulfate substrates (both —0.76)'"'® compared with —1.23 for
phosphate ester hydrolysis in solution'>—evidence that has been
used to support a dissociative mechanism for this enzyme also.!”!®
However, a similarly large f,, (—1.38)" has be shown for dinuclear
Co catalysts, for which KIEs indicate a concerted associative
mechanism.” Unfortunately, KIEs for alkaline phosphatase are
around 1 for a wide range of substrates, indicating a non-chemical
rate-limiting step.?

In addition, perusal of the literature reveals that a variety
of mechanisms have been proposed for metallo-phosphatases
and their dinuclear biomimetic equivalents.”'** Essentially,
these mechanisms can be boiled down to two, differing in the
arrangement of the metal ions with respect to nucleophile and
leaving group (Scheme 2). Generally, these mechanisms have been
proposed on the basis of X-ray crystal structures and type 1
(Scheme 2) has been applied to purple-acid phosphatase, Ser/Thr
protein phosphatases and many small dinuclear catalysts,”"**
whereas type 2 has been applied to alkaline phosphatase and inos-
itol monophosphatase.?'**2* Recent crystal structures of enzymes
with bound transition state analogues have been used to argue
in favour of a dissociative mechanism for phosphoserine protease
(PSP),” which does not utilise metal ions, and for an associative
mechanism for the metallo-enzyme, B-phosphoglucomutase,®
though interpretation of the latter structure has lead to some
controversy.?”*
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Scheme 2 Proposed reaction mechanisms for protein phosphatase 1
(type 1) and inositol monophosphatase (type 2), both shown as concerted
AxDy processes.

Phosphate ester hydrolysis has also been extensively investigated
using a variety of theoretical methods and model systems.?*
Unfortunately, most previous work considers only a single pos-
sible mechanism for the particular system under consideration.
Furthermore, it is rare to find the same system considered across
several studies, thus it is difficult to come to any mechanistic
conclusion based on computational work alone. Where both
associative and dissociative mechanisms have been considered,”
dissociative transition states have been determined in the absence
of a nucleophile, so the two mechanisms are not directly compa-
rable. Thus both Ay + Dy*3* and Dy + Ax*® mechanisms have
been proposed for the solution reaction based on computational
results. Computational studies of the reaction mechanism in
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enzymes have been similarly inconclusive as, again, methods
such as coordinate-following with QM/MM systems require an
assumption of the type of mechanism in advance. Thus Dy +
Ay pathways have been claimed for phosphotyrosine protein
phosphatases (PTPases)*****? in addition to both dissociative*® and
associative’” Ay Dy pathways® as well as an 4y + Dy pathway for
monoanions.® It should be noted that the latter study identified
a Dy + Ay pathway for dianions.® Only one other study* has
effectively considered the possibility of a variety of different
mechanisms for any given system and, in common with the
results presented here, that paper also determined 2-dimensional
potential energy surfaces for phosphate ester hydrolysis. Kldhn*
et al. consider non-symmetrical reactions in which leaving group
# nucleophile and so, barrier heights cannot be compared
directly with those here. In addition, they consider dianions,
and do not look at the role of metal ions coordinating to both
nucleophile and leaving group. However, Kldhn’s results show
that simple dianions prefer associative pathways with no clear
intermediates. Pyrophosphate trianions, on the other hand, show
both associative and dissociative concerted (AyDy) mechanisms
with the dissociative mechanism preferred. The only consideration
of metal ions lies in the inclusion of a single ion, binding to a
non-bridging oxygen in a triphosphate. This is a model for ATP
hydrolysis, and so represents a rather different system from those
considered here.

Methodology

Model reaction

Water exchange involving the phosphate monoanion (H,PO,™)
has been taken as the model system for this study, though, as
there is both experimental and computational evidence to support
the possibility of proton transfer during the reaction, proton
positions have been allowed to optimise during the calculations
(Scheme 3). As a result, this same model is able to able to
describe the hydroxide exchange on neutral phosphate. From a
consideration of pK,, the reaction might be expected to involve
the phosphate dianion (HPO,*") in aqueous solution; involvement
of the dianion in gas-phase calculations is both unrepresentative
and leads to problems with optimisation. In aqueous solution,
phosphate oxygen atoms participate in a number of hydrogen
bonds, serving to attenuate substantially any negative charge;
similarly while bound in an enzyme active site phosphate groups
are frequently in close association with positively charged amino
acids. It has also been argued that the hydrolytic reaction may well
prefer the monoanion.” Thus, it is appropriate to reduce the charge
on the phosphate group in a gas-phase calculation. In addition,
optimisation of strongly negatively-charged species frequently
leads to positive energies for occupied orbitals leading to unbound
electrons. Trial calculations showed that the system described here

H,O0 + H,POy ——— H,PO, +H,0
Equivalent to:
H,0 + H,PO4 —= HO" + H;PO4 — H;3P0O4 + HO” — H,PO4 + H,0

Scheme 3 Model reaction considered in this work.

(H;PO,/OH"™ or H,PO, /H,O) gave stable optimisation both in
the presence and absence of metal ions.

As Mg?* ions do not possess any valence electrons, do not show
redox behaviour in this context and are found in a number of
phosphatase enzymes, they represent the metal ion of choice for
this work.

In order to compare associative mechanisms directly with the
corresponding dissociative mechanism, 2-dimensional potential
energy surfaces (PES) have been determined with specified P-O,,
and P-O,, distances as the two dimensions, all other geometrical
variables (including proton positions) being allowed to optimise,
so adding energy contours to the More O’Ferrall-Jencks plot,
Fig. 1. By considering dissociative reactions in the presence of
the nucleophile in this way, the number and nature of the atoms
involved remains constant and barrier heights taken from the PES
for the various processes are now directly comparable.

As a consequence of considering a symmetrical reaction (nucle-
ophile and leaving group are identical), the PES for the reaction
should also be symmetrical about the diagonal (P-O,, = P-O,,)
of the plot. Furthermore, a consequence of this symmetry is
that any reaction pathway for hydroxide exchange must itself
be symmetrical about the diagonal and is therefore constrained
to cross the diagonal only once. Thus a simple one-dimensional
plot of the diagonal of the PES will reveal the number of distinct
reaction pathways available for the system—each minimum on
this one-dimensional plot will correspond to either a transition
state or an intermediate along a distinct reaction pathway. A
frequency calculation on each of these points will distinguish
between transition states on concerted pathways and intermediates
on stepwise pathways. Determination of the full PES will be
required to identify transition states for stepwise processes along
with reactant and product complexes, which will then allow
determination of reaction barriers for the various pathways.

Solvation has been simulated by means of correction to SCF
energy, rather than by inclusion of explicit solvent molecules, as
the latter approach introduces additional degrees of freedom into
the system, both complicating the 2-dimensional surfaces and sub-
stantially increasing computer time. Furthermore, introduction
of loosely bound species renders transition state determination
impossible on account of the large number of soft vibrations
brought about by the weak non-bonding interactions. Thus, it
is also not possible to introduce counter charges to offset the
charge of the Mg** ions without also preventing transition state
determination in their presence.

Computation

All calculations have been performed using Gaussian 03*' and
the 6-31++G(d,p)** basis set thus placing diffuse and polarisation
functions on all atoms in the system. Second order Moller—Plessett
pertubation* has been applied to Hartree—Fock optimisations and
frequency calculations whilst DFT calculations have made use of
a combination of Barone’s 1-parameter modified Perdew—Wang
91 exchange functional* and the Perdew—Wang 91 correlation
functional (MPWI1PW91).* Discussions are based primarily on
results obtained using DFT, but attention is drawn to any situation
in which MP2-based calculations gave different results. Solvation
effects have been simulated by applying a PCM* correction to key
DFT stationary points with Gaussian 03. The PCM calculations
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made use of the UFF model rather than the default UAO model as
a number of transition states also included some degree of proton
transfer.

In the absence of metal ions, starting points for the diagonal of
the PES are quite simple to determine. When P-O,, = P-O,,. (as
required for the diagonal), the structures possess C,, symmetry
(considering only the heavy atoms) so starting points were
constructed, constraining both P-O,, and P-O,, to the specified
distance at 0.2 A intervals and adding hydrogen atoms maintain
C,, symmetry. Structures were subjected to free optimisation with
only P-O,, and P-O,,. constrained to their specified values.

Adding two metal ions to the system complicates matters. It
is possible to obtain structures with both C, and C,, symmetry
for the same values of P-O,, and P-O,,, these structures differing
only in the positioning of the metal ions. Thus, for short P-O
distances at least, starting points were generated with each of the
two possible symmetries and optimised with only P-O,, and P-O,,
constrained. (At long P-O distances, the C, structures optimised
to C,, analogues so additional starting points were not required).
In cases where optimisation from C, and C,, starting points gave
different optimised results, the lower energy result has been taken
for the plot.

With only a single metal ion, all structures are asymmetric so
the metal ion was initially placed 2.0 A from one hydroxide ion,
designated (somewhat artificially) as the nucleophile.

Starting points for the full PES were generated in a similar
manner but with P-O,, and P-O,, specified and constrained
independently. In this case, points are taken at 0.1 A intervals.

Accurate determination of stationary points started from the
nearest constrained optimised structure on the PES and subjected
it to a fully unconstrained optimisation (also no symmetry
constraints). Transition states and local minima were verified by
means of a frequency calculation on the optimised geometry at the
same level of theory as was used for the geometry optimisation.

Results and discussion
Phosphate ester hydrolysis in the absence of metal ions

Calculations with P-O bond distances constrained to values
greater than 3.6 A failed to converge in SCF, but it is clear from
both the diagonal (Fig. 2a) and full PES (Fig. 2b) that there are two
distinct reaction paths—one with a minimum at P-O,, = P-O,,.
~ 1.8 A, the other with a minimum, both P-O distances >3.4 A.

Unconstrained optimisation of the points closest to each mini-
mum produced structures for a pentavalent Ay + Dy intermediate
(Fig. 3a) with P-O bond lengths of 1.77 A and a trivalent Dy + Ay
intermediate with P-O bond lengths of 3.42 A (Fig. 3b). Both
intermediates show C,, symmetry. As optimisation of the reactant
complex (Fig. 3c) showed the reaction to involve both a water
molecule and the phosphate monoanion, both pathways involve
a proton transfer, concerted with either P-O bond breaking or
making. In the case of the Ay + Dy pathway, this proton is
transferred from the nucleophile to one of the phosphate oxygen
atoms along a pre-existing hydrogen bond, whereas in the Dy + Ay
example, proton transfer occurs from a phosphate oxygen atom to
the departing leaving group.

An approximate transition state could be identified from the
2-dimensional PES for the Ay + Dy process: this led to a fully

Relative Energy (kcal mol™)
8

T T T T T
1.0 15 20 25 3.0 35 4.0

a P-0,gyn, Distance(A)

P-O,, Distance (A)

20 25 30 35
b P-O, Distance (A)

Fig. 2 DFT-Calculated PES in the absence of metal ions. (a) Diagonal;
(b) 2-dimensional PES.

optimised transition state with P-O,,. = 2.18 A and P-0,=1.71 A
(Fig. 4), resulting in a barrier height of 38.4 kcal mol~'. Though the
2-dimensional PES is suggestive of a Dy + Ay transition state with
P-O, ~ 22 A and P-O,, ~ 3.4 A, unconstrained optimisation
resulted in an increase in the value of P-O,,., leading eventually to
SCF failure. Thus, it was not possible to obtain an optimised Dy +
Ay transition state in the presence of the nucleophile. The apparent
shallow saddle point on the PES is an artefact arising from the fact
that the 2-dimensional PES is merely a projection of the full PES
into two dimensions. As a consequence of this projection, there
are a large number of structures that can correspond to each point
on the surface (i.e., they retain the specified values for P-O,, and
P-O,,. but other geometrical parameters can vary. Though these
variations generally result in small changes to the energy, they can
produce the appearance of spurious stationary points that are not
maintained under full optimisation). Thus, as the PES becomes
quite flat with increasing P-O distance at the extremes of the plot,
these small local variations can have an impact on the appearance
of the plot.

There seems to be a ridge developing at P-O,, = 2.0 A and P-
O, > 3.4 A, with the true transition state lying somewhere on the
ridge, but with a large value of P-O,,.. It is clear, however, that the
barrier for the Dy + Ay pathway, at around 28 kcal mol ™', is lower
than that of the 4y + Dy pathway. For comparison, the dissociative
reaction pathway (Dy step only) for H,PO,~ was also calculated in
the absence of nucleophile. This resulted in the transition state
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Fig. 3 DFT-Optimised structures in the absence of metal ions for
(a) associative intermediate, (b) dissociative intermediate, (c) reactant
complex.

Fig.4 DFT-Optimised transition state for an 4y + Dy mechanism in the
absence of metal ions.

(Fig. 5) with P-O,, = 2.08 A and a reaction barrier of 34.19
kcal mol™', suggesting either a small degree of stabilisation of the
transition state or a destabilisation of the reactant by the presence
of the nucleophile.

MP2 calculations give a remarkably similar picture to that
obtained via DFT, with only minimal differences in geometry
and barrier heights. Calculations employing MP2 were slightly less
effective at combating SCF problems at longer fixed P-O distances
while taking up more memory and CPU-time.

Applying a PCM correction to the key stationary points in
order to simulate solvation of the system produces a quantitative
change in the relative barrier heights for the two mechanisms but

1.19A T 1.26A

Fig. 5 DFT-Optimised transition state for P-O bond dissociation in the
absence of both metal ions and nucleophile.

no change in the preferred mechanism. Though transition states
could not be determined for the dissociative Dy + Ay process,
taking the point closest to the ridge on Fig. 2b, suggests that the
barrier for this process changes by less than 1 kcal mol™' whereas
the barrier height for the associative process is reduced by a little
over 2 kcal mol™'. By far the largest effect is the destabilisation of
the dissociative intermediate by 9 kcal mol™'

Table 1 shows a summary of the key geometric parameters and
energies of the stationary points.

Phosphate ester hydrolysis in the presence of two metal ions

The diagonal of the potential energy surface in the presence of
metal ions clearly shows at least two distinct reaction paths when
using DFT (Fig. 6a). These two paths correspond to the stepwise
Ax + Dy and Dy + Ay pathways described for the system without
metal ions. As in the previous case, SCF convergence problems
were experienced at long fixed P-O separations limiting the extent
to which the 2-dimensional PES could be plotted with the result
that the Dy + Ay intermediate lies beyond the reach of the plot
(Fig. 6b).

The Ay + Dy intermediate (Fig. 7a) shows only C, symmetry,
with a rotational axis running from the P-atom to the O-atom that
does not interact with either metal ion. There is no mirror plane
of symmetry. This contrasts topologically with the equivalent TS
in the absence of metal ions, which possesses a mirror plane of
symmetry and so has C,, symmetry. The presence of metal ions
extends P-O,, and P-O,, in the intermediate to 1.82 A (compared
with 1.77 A in their absence). The symmetry of this pathway differs
therefore from that of both pathways observed in the absence of
metal ions.

Examination of the full 2D-PES (Fig. 6b) reveals an Ay + Dy
transition state which optimises to P-O,,. = 2.29 A, P-0,=1.75 A
(Fig. 8) and a barrier-height of 24.53 kcal mol™'. Comparing this
structure with the optimised reactant complex (P—O,,. = 3.51 A,
P-O,=1.71 A, Fig. 7b) shows very little change in the length of
the breaking bond but a dramatic shortening of the making bond,
consistent with an associative process. Significantly, the metal—
metal distance also shortens dramatically as the reaction proceeds
(Table 2).

Though both the diagonal and full PES suggested the presence
of a Dy + Ay intermediate, SCF failure for P-O,, > 3.6 A
prevented optimisation of both the intermediate and transition
state. The shape of the full PES suggests however that the barrier
height for this process is likely to be in excess of 40 kcal mol™,
substantially greater than for the 4y + Dy process.
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Fig.8 DFT-Optimised transition state for an Ay + Dy mechanism in the
presence of two metal ions.

include points at 0.05 A intervals and reducing the contour interval
to 0.04 kcal mol™' reveals a saddle point for both MP2 and DFT
calculations (Fig. 9c,d). Unconstrained optimisation results in
a Ist order transition state corresponding to a concerted AyDy
pathway in which the P-O,,. bond is formed at the same time as
the P-O,, bond is broken. Both P-O,,. and P-O,, = 2.27 A and
the transition state as a whole has C,, symmetry (Fig. 10). The
barrier height for this process is 43.86 kcal mol~!, almost 20 kcal
mol~' greater than the 4y + Dy process. This 4yDy process also
differs from the Ay + Dy process in that the metal ion separation
increases as the reaction proceeds to the transition state.

The change in symmetry between the AxDy transition state
and Ay + Dy intermediate accounts for the abrupt change in the
gradient at P-O = 2.1 A. This point highlights the intersection of
two distinct surfaces: one based around C, symmetrical structures
and the other around C,, symmetrical structures. For P-O < 2.1 A,
the C, surface has lower energy whereas for P-O > 2.1 A the C,,
surface has lower energy and the abrupt change in gradient occurs
as the favoured structures switch from one surface to the other.

Adding Mg** ions inevitably changes the overall charge of the
system, and here we see an impact on the overall mechanism:
as both leaving group and nucleophile are coordinated by metal
ions, there is no need for proton transfer between phosphate
and nucleophile/leaving group, contributing acid-catalysis to the
reaction. Rather the metal ions can be thought to act to some
extent as Lewis acid catalysts.

Once again, including solvation has an impact on the individual
barrier heights, but not to the extent of changing the preferred
mechanism. The preferred Ay + Dy mechanism is stabilised to the
greatest extent, solvation reducing the barrier to 14.89 kcal mol~!
while the A\ Dy process is stabilised to a lesser extent (barrier now
41.05 kcal mol™"). The dissociative intermediate is destabilised
to such an extent that its energy is raised above the notional
“transition state” for this process. As the relative energy of the
dissociative intermediate is now some 95 kcal mol~" higher than
the reactant complex, the Dy + Ay process is no longer observed.

A summary of key geometric variables and energies of stationary
points for both MP2 and DFT calculations are presented in
Table 2.

One metal ion

When the reaction occurring in the presence of a single metal
ion is considered, the 2D-PES is no longer symmetrical about the
diagonal and the assumption regarding the separation of pathways
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Fig. 10 DFT-Optimised transition state for an 4y Dy mechanism in the
presence of two metal ions.

along the diagonal does not necessarily hold true in this case. For
the purposes of this discussion, the metal ion is considered to be
interacting with the nucleophilic oxygen (Fig. 11) though it could
just as easily be regarded as interacting with the oxygen of the
leaving group by simply exchanging the labels on the 2D-PES
plot.

It is clear from the PES that there is no Ay + Dy intermediate in
this case (Fig. 12), rather the reaction proceeds via a concerted
AxDy pathway. Optimisation of this transition state gave an

Fig. 11 DFT-Optimised reactant complex with one metal ion showing
the relative positions of metal ion, nucleophile and leaving group.

asymmetric TS with P-O,,, = 2.09 A and P-O,, = 2.28 A (Fig. 13).
A proton has been spontaneously transferred from the phosphate
to the leaving group in this structure. The barrier height for this
processis41.07 kcal mol™!, remarkably similar to that for the 4y Dy
process with two metal ions. Frequency and IRC calculations both
confirmed that this transition state is a first order transition state,
with the transition vector corresponding to making and breaking
correct P-O bonds. A composite calculation involving following
the IRC for a small number (6) of steps in each direction followed
by unconstrained energy optimisation also resulted in reactant

This journal is © The Royal Society of Chemistry 2007
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Fig. 13 DFT-Optimised transition state for an 4y Dy mechanism in the
presence of one metal ion.

and product structures rather than an associative intermediate, so
we can be confident that the 4y + Dy pathway does not exist for
this system with only a single metal ion present.

No Dy + Ay intermediate can be observed on the PES
though, once again, problems with SCF at long P-O distances
for making and breaking bonds may have prevented the plot
extending sufficiently. However, it is clear from the plot that
should a dissociative intermediate exist, the barrier height along
the pathway towards it will be greater than that for the concerted
AnDy pathway. Energies and geometries of key stationary points
are given in Table 3.

Approximate transition states and intermediate for the Dy + Ay
were determined from the 2-dimensional potential energy surface
(Fig. 12) and along with reactant, product and Ay Dy transition
state, had a PCM correction applied to simulate solvation.

By far the most dramatic effect of the solvent was to almost
abolish the thermodynamic component of the reaction. Following
expectations, the barrier height for the AyDy process was also
reduced. By way of contrast, barrier heights for the disfavoured
Dy + Ay process were increased by a small amount (approximately
3 kcal mol™!' for the bond-breaking event) as was observed for
two metal ions. The dissociative intermediate was destabilised
sufficiently to abolish the transition state for the subsequent bond-
breaking event and as its energy was now some 50 kcal mol™'
above that of the reactant complex, it is safe to say that the Dy +
Ay process will not be followed for this reaction.

As this reaction is no longer fully symmetrical, there is a
potentially a thermodynamic contribution to this reaction, which
is not present in the other two cases. As it is somewhat arbitrary to
assign the reactants and products as described above, the reverse
assignment could apply equally well and would give a barrier
height of just 11.5 kcal mol™" before consideration of solvation.
However, once solvation is taken into account, the thermodynamic
contribution is just 2.8 kcal mol™" and thus forward and reverse
barriers are comparable at around 35 kcal mol .

Conclusions

Potential energy surfaces for the hydroxide exchange reaction in
all three cases (no metal ions, two metal ions, one metal ion) show
the existence of multiple reaction pathways converging on the
same reactant and products. However, though multiple pathways
were present for each set of conditions, the individual pathways
show rather different barrier heights and in each case, a single
pathway would be preferred. The identity of this preferred reaction
pathway depends on the number of metal ions present. Applying
a PCM correction to simulate the effects of solvent changes the
numerical values of barrier heights but does not lead to any change
in preferred mechanism for any of the processes. With either one or
two metal ions present, the dissociative intermediate is sufficiently
destabilised relative to the transition state for conversion to
product, to abolish the pathway.

Transition states optimised both in the presence of metal ions
and their absence showed the metal ions serving principally to
bring about a change in reaction mechanism. In their absence, the
preferred mechanism is a stepwise Dy + Ay process whereas, in the
presence of metal ions, a stepwise Ay + Dy process is preferred.
This change is achieved by both increasing the barrier height
of the Dy + Ay process and decreasing the barrier height for
the Ay + Dy process. There appears to be only a small change
in barrier height for the preferred process in each circumstance
(from 28 kcal mol™" without metal ions to 24 kcal mol™' with

Table 3 DFT energies and key geometric parameters of stationary points in the presence of one metal ion. Geometries and energies for stationary points

in the presence of one metal ion

(a) DFT

Reactant complex AxDy transition state Product complex
P-0,./A 3.29 2.09 1.83
P-0,/A 1.58 2.8 3.34
Total energy/Hartree —918.04698 —917.98153 —-917.99986
Relative energy/kcal mol ! 0 +41.07 +29.57
PCM energy/kcal mol™ 0 +34.88 +2.83
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metal ions—though the “without metal ions” case should be
regarded as an upper limit only). Though the presence of metal
ions allowed a concerted AyDy reaction pathway with a C,,
symmetrical transition state, this pathway has a much larger
barrier height than the geometrically-similar stepwise pathway
and so is unlikely to contribute in any way to the overall reaction.
Allowing for solvation leads to a more dramatic change in barrier
height, reducing the barrier for the preferred Ay + Dy process in
the presence of metal ions to 14.89 kcal mol~' while having only a
minimal effect on the barrier in the absence of metal ions.

Curiously, the single-metal-ion case shows the largest barrier
height of the three examples. The presence of a single metal
ion is able to hinder either loss of leaving group or approach
of nucleophile (depending on which it interacts with) without
producing the activation of an Ay + Dy process as is achieved
in the presence of two metal ions. Indeed only the concerted 4y Dy
process could be observed, occurring with a similar barrier height
to that with two metal ions, the equivalent stepwise process being
completely absent. Even inclusion of solvation does not bring the
barrier height below that of the other two examples.

These results are consistent with experimental evidence re-
garding the mechanisms for phosphate ester hydrolysis. Though
most experimental procedures are unable to distinguish concerted
from stepwise mechanisms in this context, there is evidence to
support a dissociative hydrolysis mechanism in aqueous solution
(corresponding to our model in the absence of metal ions).
Similarly, enzymes that do not employ metal ions in catalysis
have quite open active sites (as exemplified by the protein tyrosine
phosphatases) and can quite easily accommodate transition states
and intermediates forming a dissociative mechanism. In contrast,
a number of mechanisms have been proposed for metallo-enzyme
phosphatases, most of which involve an associative mechanism
(again, not usually distinguishing between stepwise and con-
certed processes). In particular, a number of metallo-enzyme
phosphatases, such as inositol monophosphatase, completely
enclose their substrates in the active site, an approach that would
be inconsistent with a dissociative mechanism. Examination of
metal-metal distances in the X-ray crystal structures of various
metallo-enzyme phosphatases shows the values obtained for our
Ay + Dy pathway coming close those seen in the crystal structures.
In particular, this process shows a steady decrease in metal
ion separation as the reaction proceeds to the intermediate and
this structure shows the closest comparison to the experimen-
tal structures (Table 4). Of the enzymes listed, both alkaline

Table 4 Metal-metal distances in representative metallo-phosphatase
crystal structures and key stationary points for the model reaction in
the presence of two metal ions. Purple acid phosphatase and protein
phosphatase 1 have both been proposed to follow a type 1 (Scheme 2)
mechanism while alkaline phosphatase and inositol monophosphatase
have both been proposed to follow a type 2 mechanism

System Metal-metal distance/A
Protein phosphatase 1 (1fjm) 3.27
Purple acid phosphatase (1kbp) 3.32
Inositol monophosphatase (1imd) 4.04
Alkaline phosphatase (1alk) 4.12
Calculated reactant complex (DFT) 7.92
Calculated Ay + Dy intermediate (DFT) 5.59
Calculated Ay + Dy transition state (DFT) 6.18
Calculated 4y Dy transition state (DFT) 8.07

phosphatase® and inositol monophosphatase* have been argued
to utilise a mechanism similar to the one identified here,*' namely
with one metal ion assisting attack of the nucleophile, the other
aiding departure of the leaving group (Scheme 2). However,
an alternative mechanism has been proposed for both Ser/Thr
protein phosphatases® and certain organometallic catalysts’ in
which the nucleophile is a p-bridging hydroxide, and so bound
to both metal ions. In this mechanism, leaving group departure
is aided by an enzyme-derived general acid and it is, therefore,
not surprising that these systems show a rather shorter metal-ion
separation. Configurations corresponding to transition state-like
structures for this mechanism proved not to be stable for our simple
model systems—on optimisation, the leaving group and metal ions
would rearrange themselves to interact with each other, giving one
of the transition state structures described earlier. Of course, this
observation does not mean that such a mechanism is not viable,
as both the enzyme and organometallic systems have additional
functional groups and structural constraints not present in our
system.

Interestingly, though a large number of phosphatases employing
two metal ions in catalysis and those that do not involve metal
ions have been identified, there are currently no examples of true
phosphatases employing a single metal ion in catalysis. The results
shown here suggest a rationale for this observation, namely that
whereas the presence of two metal ions leads to a reduction in
barrier height compared with the reaction in the absence, inclusion
of only a single metal ion leads to an increase in barrier height.
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