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Many enzymes (and ribozymes) require one or more metal ions
as cofactors in catalyzing phosphate ester hydrolysis and trans-
esterification. However, despite a large knowledge base of
metalloenzyme crystal structures, kinetic and binding data, and
extensive studies with model systems, the detailed role the metal
ions play is still unclear.1 In particular, there are several reports
concerning metallophosphatases with contrasting proposals on
how the metal ions might be used to catalyze phosphate monoester
hydrolysis.2 Most fundamentally, the issue has been raised whether
the metal ions stabilize the transition state of the solution reaction
(the most energetically efficient way of catalyzing a reaction) or
a significantly different transition state (which may be more
sensitive to catalysis). In this communication, we report how the
combination of multiple metal ions reveals a significant role for
Mg(II) ions in promoting ATP hydrolysis which is not otherwise
observed in solution.3

In previous work, we have shown that phosphate monoesters
bound to a dinuclear Co(III) complex are efficiently hydrolyzed
through an associative mechanism,4 so we have made1. The γ
phosphate bridges the two Co(III) ions and shows a characteristic
∼15 ppm downfield shift in the31P NMR; theR andâ phosphates
show no significant change in shift.5 In aqueous solution,31P NMR
shows that this complex is cleanly hydrolyzed to release ADP
and leave inorganic phosphate bridging the Co(III) centers; this
resembles the reaction catalyzed by purple acid phosphatases and
pyrophosphatases.

In basic solution, complex1 hydrolyzes in a specific base
catalyzed reaction, with a second-order rate constant 0.027(
0.001 M-1 s-1 at 25°C and ionic strength 1.0 M (KCl). At lower
pH values, hydrolysis was too slow to measure accurately by
continuous UV analysis as expected by extrapolating these data
(31P NMR shows that the complex is unchanged after 1 month at
pH 8 and ambient temperature). This behavior parallels the

reaction observed with similar complexes of aryl phosphates and
the analogous mechanism is shown in Scheme 1.

However, maintaining the ionic strength at 1.0 M at pH values
from 8.1 to 10 with varying ratios of KCl and MgCl2, we observe
pseudo-first-order rate constants which increase both with increas-
ing pH and with increasing Mg(II) composition. These data are
plotted in Figure 1, and we fit these data to a reaction scheme in
which Mg(II) binds to1 with an equilibrium constantK, and1‚
Mg(II) hydrolyzes with an observed rate constantk at each pH
(Scheme 2). We also measured binding between1 and Mg(II)

independently using31P NMR at pH 7.2. All three signals show
shifts of about 0.5 ppm as the Mg(II) ion concentration varies
from 0 to 0.33 M and were fit to a single binding event scheme.
As neither Mg(II) nor the complex have ionizable groups over
this pH range, the equilibrium constant is pH independent under
these conditions, so we take the mean of all the kinetic and NMR
measurements to obtainK ) 0.35( 0.1 M. Refitting the kinetic
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Figure 1. The dependence on the concentration of MgCl2 of the observed
rate constants for hydrolysis of1 (I ) 1.0 M (KCl), 25°C): open circles,
pH 9.97; filled circles, pH 9.60; open squares, pH 9.23; filled squares,
pH 9.02; open triangles, pH 8.85; filled triangles, pH 8.20 The solid curves
are obtained by fitting the data tokobs ) k[Mg]/(K + [Mg]) with K )
0.35 M.

Scheme 1.Proposed Mechanism of Hydrolysis

Scheme 2.Proposed Mechanism for Hydrolysis Catalyzed by
Mg(II)
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data with this parameter fixed still yields good fits (solid curves
shown in Figure 1;r g 0.99), and provides a set ofk values
which correspond to the rate of hydrolysis of1‚Mg(II) at each
pH. These rate constants are plotted as a pH-rate profile in Figure
2, and fitting the data to a slope of 1 gives the second-order rate
constant for hydroxide catalyzed hydrolysis of the1‚Mg(II)
complex as 80( 4 M-1 s-1. Remarkably, the rate of hydrolysis
of the Mg(II) coordinated complex is 3000-fold faster than that
of 1 in 1.0 M KCl solution.

Most mechanistic proposals for biological phosphoryl transfer
where metal ion cofactors are implicated are based (either
explicitly or implicitly) on an associative transition state.6

Catalysis is rationalized by clustering the metal ions round all
the phosphoryl oxygens to stabilize the highly negatively charged
transition state. However, in aqueous solution, the hydrolysis of
ATP follows a dissociative mechanism, where the bond to the
leaving group (ADP) is largely broken before the bond to the
incoming water forms to any extent. Maintaining this transition
state structure for the catalyzed reaction suggests that metal ions
will have the most catalytic effect if they interact primarily with
the leaving group: interaction at the nonbridging oxygens would
be anticatalytic. Supporting evidence for this hypothesis comes
from recent detailed mechanistic studies which show that the hy-
drolysis of phosphate monoesters7 and anhydrides8 is notsensitive
to the presence of Mg(II) ions in aqueous solution even though
the Mg(II) is associated with theγ phosphate (and so is apparently
poised to catalyze an associative reaction). The Mg(II) ions
preferentially bind between theâ andγ phosphates, making the
dianionicγ phosphate less effective at expelling the ADP leaving
group, but do not facilitate an alternative associative pathway.

In our model, theγ phosphate is coordinated to the two Co-
(III) ions, making an associative hydrolytic pathway available.
Our data show that by providing this environment for ATP to
react through, a substantial catalytic role for Mg(II) ions is
revealed, an observation not previously directly made in simple
aqueous solutions. Clearly, an associative transition statecanbe
sensitive to stabilization by Mg(II) ions. A possible role for the
Mg(II) is shown in Scheme 2. Coordinating the ADP leaving
group decreases the pKa of ADP by 2 units;9 a similar sensitivity
to the leaving group as for phosphate monoesters would provide
100-fold acceleration. Interaction between the Mg and theγ
phosphate, stabilizing developing negative charge in the transition
state, could provide the additional acceleration observed.

It has also been proposed that Mg(II) may play a significant
role as an enzyme cofactor through an outer-sphere electrostatic
effect, instead of through direct coordinate bonds between the
ion and substrate. Evidence for this proposal comes from reports
that Co(III) hexamine can be used instead of Mg(II) to support
nuclease- and ribozyme-catalyzed hydrolysis and transesterifica-
tion of phosphate diesters.10 As the ammonia ligands only
exchange extremely slowly with water, the Co(III) hexamine
cannot form direct coordinate bonds with the substrate. Black
and Cowan11 have reported similar binding affinities to DNA for
this ion and Mg(II) so we investigated whether Co(III) hexamine
shows similar activity to Mg(II) with our model. The reaction is
still hydroxide catalyzed, but 0.165 M Co(III) hexamine only
accelerates the reaction by a factor of 2 relative to 1.0 M KCl.
At this concentration, Mg(II) accelerates the reaction by about
1000-fold. In this context, which (unusually for ATP hydrolysis
in a simple model system) we have shown to be sensitive to
catalysis by Mg(II), outer-sphere activation is not a significant
factor.

In conclusion, we have demonstrated that ATP hydrolysis
promoted by multiple metal ions in an associative mechanism is
highly sensitive to catalysis by Mg(II) ions in aqueous solution;
this activation is not due to an outer-sphere interaction.
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Figure 2. pH-rate profile for the hydrolysis (I ) 1.0 M (KCl), 25 °C)
of 1 (open circles) and1‚Mg(II) (closed circles). The solid lines are
obtained by fitting the data to a line of slope 1.
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