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Alkaline Phosphatase Catalysis Is Ultrasensitive to Charge Sequestered
between the Active Site Zinc Ions
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Departments of Chemical Engineering, Chemistry, and Biochemistry, Stanford UniVersity,
Stanford, California 94305

Received March 13, 2005; E-mail: herschla@cmgm.stanford.edu

Escherichia colialkaline phosphatase (AP) employs a binuclear
metallocenter of two Zn2+ ions, approximately 4 Å apart, to
facilitate catalysis of phosphate monoester hydrolysis (Scheme 1).1,2

One Zn2+ ion is proposed to activate the Ser102 nucleophile, and
the other Zn2+ ion appears to stabilize the charge that develops on
the leaving group oxygen in the transition state.3 Additionally, both
metal ions presumably interact in close proximity (∼2 Å) with one
of the nonbridging oxygen atoms of the substrate in the transition
state for the reaction (Scheme 1B, shown in red).1b Many enzymes
employ seemingly analogous bimetalloclusters to catalyze a variety
of reactions.4 Indeed, AP has been found to catalyze reactions
beyond phosphate monoester hydrolysis. Earlier studies of catalytic
promiscuity and the AP catalytic mechanism suggested that
substrates with reduced charge on the nonbridging oxygen atoms
were less efficiently hydrolyzed relative to dianionic phosphate
monoesters.5 These observations led us to ask whether there is an
important catalytic role for the interaction of the nonbridging oxygen
atom with the Zn2+ ions. The experiments described in this
communication were designed to isolate and investigate this
interaction.

To determine the energetic properties of the electrostatic interac-
tion between the Zn2+ bimetallocluster and the nonbridging oxygen
atom, we investigated a series of AP substrates (Table 1) with
similar geometries, but systematically varying charge on the
nonbridging oxygen atom. To avoid differential effects from
interactions of the other nonbridging atoms with Arg166 (Scheme
1B, phosphoryl oxygen atoms facing down), reactions were carried
out with an Arg166 mutant (R166S).5c,6 The AP catalytic profi-
ciency, [CP) (kcat/KM)/kw], was used in the analysis to normalize
for differences in intrinsic reactivity.

Previously, second-order rate constantskcat/KM for R166S
AP-catalyzed hydrolysis were obtained for a phosphate monoester
and a phosphate diester.5b,c In this work, we determined rate
constants for R166S AP-catalyzed hydrolysis of a sulfate monoester,
an additional phosphate diester, and a phosphate triester. We further
took advantage of the perturbation in nonbridging oxygen charge
that arises from the presence of a nonbridging sulfur atom in
phosphorothioate esters7 and determined the value ofkcat/KM for
R166S AP-catalyzed hydrolysis of a phosphorothioate monoester
and a phosphorothioate diester. In these compounds, an oxygen
atom is presumed to take the position between the Zn2+ ions, rather
than the sulfur atom, due to the inability of the larger sulfur atom
to fit within the steric confines between the Zn2+ ions.8

The results are summarized in Table 1, and the log of the catalytic
proficiency is plotted against the nonbridging oxygen atom charge
in Figure 1.9 Remarkably, the data are well fit by a single linear
correlation over a range of more than 8 orders of magnitude of the
AP catalytic proficiency (R2 ) 0.98). The slope of the line is

extraordinarily steep (31( 2 kcal/mol per unit charge), indicating
that the AP active site greatly discriminates between differentially
charged substrates. We suggest that this discrimination arises via
an electrostatic interaction with the Zn2+ bimetallocluster, as
described below.

As Figure 1 represents a correlation and, as such, cannot prove
a cause-effect relationship, we considered whether other differences
between the compounds in this series might account for the observed
trend. Total substrate charge, P-O (nonbridging) bond length, and
substrate solution transition state character each correlates poorly
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Scheme 1 Nonenzymatic (A) and AP-Catalyzed (B) Hydrolysis of
Phosphate Monoesters

Table 1. AP Substrates, Their Nonbridging Oxygen Atom
Ground-State Charges,9 and the Respective R166S AP Catalytic
Proficiencies [CP ) (kcat/KM)/kw]a

AP substrate
oxygen
chargeb

catalytic
proficiencyc

p-nitrophenyl phosphate (pNPP) -0.67 1015.5

p-nitrophenyl phosphorothioate (pNPPS) -0.62 1013.1

bis(p-nitrophenyl) phosphate (bpNPP) -0.50 1010.8

methyl,p-nitrophenyl phosphate (MpNPP) -0.50 1011.5

methyl,p-nitrophenyl phosphorothioate (MpNPPS) -0.45 1010.7

p-nitrophenyl sulfate (pNPS) -0.33 107.2

diethyl,p-nitrophenyl phosphate (dEpNPP) 0 <105d

a MpNPP and MpNPPS were synthesized as previously described,10 and
their purity was confirmed via NMR and total hydrolysis. Other substrates
were purchased from Sigma.b See Supporting Information for estimation
of the nonbridging oxygen atom charge.c kcat/KM, the second-order rate
constant for the enzymatic reaction, was taken from literature for pNPP3b

and bpNPP3c and determined for the other substrates as described in the
Supporting Information.kw, the second-order rate constant in water, was
determined for pNPS and obtained from literature values for the other
substrates, as described in the Supporting Information.d See Supporting
Information.
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with AP catalytic proficiency, as shown in the Supporting Informa-
tion. These poor alternate correlations support our focus on the
importance of the nonbridging oxygen charge (Figure 1) and the
electrostatic model described below.

Literature values for charge perturbation effects are significantly
smaller than the slope of the correlation of Figure 1. Studies aiming
to investigate charge effects in other proteins, while minimizing
geometrical and other changes, on metal ion binding,12 transition
state analogue binding,13 protein stability,14 and catalysis15 report
electrostatic effects in these systems of 0.5 to 5 kcal/mol per unit
charge. Although much larger energetic effects have been obtained
in some computational studies, such as in the preferential binding
of Gln16 and Asp17 to their respective amino acyl-tRNA synthetases,
over Glu (14 kcal/mol) and Asn (15( 3 kcal/mol), respectively,
other studies have suggested smaller effects.18 Indeed, the enormity
of the dependence of the AP catalytic proficiency on the oxygen
atom charge, observed in Figure 1, appears to be unprecedented.

We suggest the following model to account for the high
sensitivity of catalytic proficiency to charge on the nonbridging
oxygen atom. There is electrostatic repulsion between the two Zn2+

ions bound only 4 Å apart, and this close spacing within the active
site may further render it difficult to effectively solvate the
metallocluster; AP presumably uses some of its folding energy and
the preference of Zn2+ for nitrogen rather than oxygen ligands to
localize the Zn2+ ions.11 In the ground state for AP-catalyzed
reactions, water molecules occupy the active site and solvate the
Zn2+ ions. The substrate’s proposed transition state geometry
positions the nonbridging oxygen atom to achieve optimal “sol-
vation” in the center of the Zn2+ ion metallocluster, with the Zn2+

ions simultaneously stabilizing the leaving group and the anionic
nucleophile, as described above and shown in Scheme 1B. The
solvation by the nonbridging oxygen atom can ameliorate electro-
static repulsion between the Zn2+ ions, but the effectiveness of this
interaction depends on the charge density of the solvating oxygen
atom. In principle, the solvation by this oxygen atom in the
transition state could be energetically favorable or unfavorable
relative to the solvation by water in the free enzyme ground state.
Regardless, a strong dependence of catalytic proficiency on the
charge of the nonbridging oxygen atom is predicted.

Given the large sensitivity of the AP active site to the nonbridging
oxygen atom charge, it will be of interest to explore the sensitivity
to electrostatic interactions of other known bimetalloenzymes from
the AP superfamily, especially those optimally catalyzing reactions
of substrates with less charge. These data will be critical in relating
the electrostatic environment of enzymes to their catalytic power
and specificity.

Although it is tempting to describe increased electrostatic
sensitivity, such as that observed in the AP active site, in terms of
a reduced dielectric constant relative to water, the bulk concept of

a dielectric is not applicable to idiosyncratic environments of atomic
scale such as enzyme active sites.19 Instead, we must find alternative
descriptions for these environments. Determination of the local
sensitivity to subtle electrostatic perturbations provides one such
powerful means of probing local electrostatic potential.
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Figure 1. Correlation of the R166S AP catalytic proficiency with the charge
on the nonbridging oxygen atom.9 Data from Table 1. The square denotes
a limit for dEpNPP and was not included in the fit.
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