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Abstract
The catalytic promiscuity of E. coli alkaline phosphatase (AP) and many other enzymes provides a
unique opportunity to dissect the origin of enzymatic rate enhancements via a comparative approach.
Here we use kinetic isotope effects (KIEs) to explore the origin of the 109-fold greater catalytic
proficiency by AP for phosphate monoester hydrolysis relative to sulfate monoester hydrolysis. The
primary 18O KIEs for the leaving group oxygen atoms in the AP-catalyzed hydrolysis of p-
nitrophenyl phosphate (pNPP) and p-nitrophenylsulfate (pNPS) decrease relative to the values
observed for nonenzymatic hydrolysis reactions. Prior linear free energy relationship results suggest
that the transition states for AP-catalyzed reactions of phosphate and sulfate esters are ‘loose’ and
indistinguishable from that in solution, suggesting that the decreased primary KIEs do not reflect a
change in the nature of the transition state but rather a strong interaction of the leaving group oxygen
atom with an active site Zn2+ ion. Furthermore, the KIEs for the two reactions are identical within
error, suggesting that the differential catalysis of these reactions cannot be attributed to differential
stabilization of the leaving group. In contrast, AP perturbs the KIE for the nonbridging oxygen atoms
in the reaction of pNPP but not pNPS, suggesting a differential interaction with the transferred group
in the transition state. These and prior results are consistent with a strong electrostatic interaction
between the active site bimetallo Zn2+ cluster and one of the nonbridging oxygen atoms on the
transferred group. We suggest that the lower charge density of this oxygen atom on a transferred
sulfuryl group accounts for a large fraction of the decreased stabilization of the transition state for
its reaction relative to phosphoryl transfer.

Introduction
The explosion of structural and sequence information over the past decades has revealed
extensive evolutionary relationships between enzymes that form ‘families’ and ‘superfamilies’.
1, 2 Much recent work in enzymology has investigated these relationships from a functional
perspective and has yielded insights into changes in and around active sites that allow enzymes
with the same overall fold and often with active site residues in common to catalyze different
chemical transformations.1-10
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An enzymatic attribute that has been emphasized in functional work is ‘catalytic promiscuity’
– the ability of an enzyme to catalyze, at a low level, a reaction other than its cognate reaction
that is maintained via selective pressure.11-17 Catalytic promiscuity is thought to provide an
important foothold for the evolution of new enzymes as follows. Under new selective pressures
and following a gene duplication event, the promiscuous enzyme can provide a head start in
evolving a specialized and highly functional new enzyme by optimizing the promiscuous
activity. The advantage arises because fewer mutations would be needed to reach a threshold
that would provide a selective advantage and allow natural selection to guide the remainder of
the optimization process, relative to an enzyme lacking the promiscuous activity. Catalytic
promiscuity thus has implications for understanding evolution and evolutionary relationships
and may provide lessons for the design of enzymes with new, useful activities.14 Furthemore,
studies of evolutionarily related enzymes have revealed how common mechanistic features can
be utilized in different chemical transformations and how the presence or absence of additional
catalytic groups can result in different reaction outcomes.12, 14, 17 Here we take advantage
of another potential impact of catalytic promiscuity: its use to elucidate the underlying
mechanisms that provide the enormous rate enhancements and reaction specificities of
enzymes via direct comparisons between cognate and promiscuous reactions.

The primary, cognate activity of E. coli alkaline phosphatase (AP) is phosphate monoester
hydrolysis.18 AP carries out phosphoryl transfer in a two-step reaction via a covalent enzyme-
phosphate intermediate.18 Structural and mechanistic work has led to the following model for
active site interactions (Scheme 1).19, 20 The nucleophilic serine residue is positioned adjacent
to one of two Zn2+ atoms in the bimetallocluster. The other Zn2+ atom interacts with the leaving
group oxygen atom, and one of the nonbridging phosphoryl oxygen atoms is situated between
the two Zn2+ atoms in the transition state. Arg166 at the active site interacts with the other two
nonbridging phosphoryl oxygen atoms.

In addition to its cognate phosphatase activity, AP has promiscuous activities toward sulfate
monoesters, phosphate diesters, and phosphite.21-23 A comparison of the phosphatase and
sulfatase reactions is particularly intriguing. In solution, phosphate and sulfate monoester
hydrolysis reactions occur with similar rate constants,21, 24 and both reactions proceed through
loose transition states.25-32 Furthermore, the structural properties of phosphate and sulfate
monoesters are highly similar (Table 1). Thus, the observation that AP has some detectable
sulfatase activity may not be surprising. However, AP's catalytic proficiency is dramatically
different for the two reactions, with catalysis of the cognate phosphatase reaction 109-fold more
proficient than the sulfatase reaction (Table 2). Given the similarity of the two types of
substrates (Scheme 2), how does AP so robustly distinguish between them?

A prominent difference between phosphate and sulfate monoesters is the amount of total
charge. Phosphate monoesters carry two negative charges while sulfate esters have only a single
negative charge (Scheme 2). Prior work with AP revealed a strong correlation of the catalytic
proficiency for several substrates with the amount of charge on the nonbridging oxygen atom
that would be situated between the Zn2+ ions in the transition state.33 The linear dependence
of the free energy of transition state stabilization (relative to the uncatalyzed reaction) with a
slope of 31 kcal/mol/unit charge (R2 = 0.98) suggested an important electrostatic contribution
to catalysis arising from interactions between the Zn2+ ions and a nonbridging oxygen atom
(Scheme 1).

The correlation described above was obtained with the R166S mutant of AP to avoid
differential effects from interactions of the other nonbridging atoms with Arg166 (Scheme 1).
33 Indeed, these interactions have been demonstrated to provide preferential catalysis for the
phosphate ester reaction over the sulfate ester reaction. Nevertheless, Arg166 is responsible
for only a small fraction of the discrimination between phosphate and sulfate ester substrates
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observed in wild type (wt) AP, and R166S AP still discriminates 108-fold between phosphate
and sulfate ester substrates (Table 2). Mutation of Arg166 to Ser decreases the rate of p-
nitrophenyl phosphate (pNPP) hydrolysis by ∼102-fold.22, 34 However, this decrease does
not reflect the full contribution of Arg166 because the chemical step is not rate-determining in
the reaction of wt AP with pNPP.35 For alkyl phosphate substrates for which the chemical step
is rate-determining, removal of Arg166 decreases the hydrolysis rate by ∼104-fold.36 In
contrast, mutation of Arg166 to Ser has a ∼102-fold effect on hydrolysis of p-nitrophenyl
sulfate,21, 33 indicating that Arg166 provides a ∼102-fold preference for phosphate
monoesters over sulfate monoesters when chemistry is rate-determining. Thus, other active
site interactions must be responsible for the large reactivity difference.

To further probe the interactions of AP with the leaving group and nonbridging oxygen atoms
of phosphate and sulfate ester substrates, we have compared heavy atom isotope effects for
these reactions in solution and at the AP active site. Kinetic isotope effect (KIE) measurements
for the enzymatic reactions reported herein are combined with previous measurements for the
corresponding solution reactions to make these comparisons. The results suggest that while
active site interactions at the leaving group oxygen atom are similar for phosphate and sulfate
esters, the interactions with the nonbridging oxygen atom differ significantly, consistent with
the prior electrostatic model for discrimination.

Results and Discussion
Traditionally, the contributions of various active site groups to catalysis have been probed by
site-directed mutagenesis, but interpretation of these experiments in terms of quantitative
contributions to catalytic proficiency is fraught with difficulties.37-45 Instead, we have taken
a distinct approach, comparing two of the activities of AP – the cognate phosphate
monoesterase activity and the promiscuous sulfate monoesterase activity. We consider, in turn,
interactions of AP with the leaving group and with the nonbridging oxygen atoms. These
comparisons have allowed us to determine catalytic features that may have different effects on
the two reactions. Specifically, we compare our measurements of the heavy atom KIEs for AP-
catalyzed hydrolysis of p-nitrophenyl sulfate (pNPS) and p-nitrophenyl phosphate (pNPP) to
those obtained previously for the corresponding solution reactions. The KIEs were determined
by the competitive method and are therefore effects on V/K (i.e., kcat/KM) for the enzymatic
reactions.46 Effects on V/K reflect differences between the enzymatic transition state and the
ground state in which the enzyme and substrate are free in solution.

Analysis of interactions with the leaving group oxygen atom
AP, because of its open active site that presumably evolved to generate inorganic phosphate
from a wide array of phosphorylated substrates,18, 19 is an ideal enzyme for determining linear
free energy relationships (LFERs). The value of βlg determined from a LFER measures the
sensitivity of the transition state to charge buildup at the position of bond cleavage and can
reflect the extent of bond cleavage in the transition state.47, 48 Previous work showed that the
values of βlg for reactions of substituted phenyl phosphorothioates49 and substituted phenyl
sulfates are identical within error to each other for both nonenzymatic and AP-catalyzed
reactions.50, 51 However, the enzymatic βlg values were less negative than those for the
reactions in solution. There is considerable evidence suggesting that the decreased Brønsted
slopes for the enzymatic reactions do not originate from a more compressed transition state;
rather, the values obtained are in line with expectations for reactions with a stronger nucleophile
than in the solution reactions (serine oxide vs. water) and an electrostatic interaction of the
leaving group oxygen atom with an active site Zn2+ atom.35, 51 Nevertheless, there are
assumptions in and limitations to the analysis of βlg to distinguish contributions from bond
cleavage and electrostatic interactions.47, 48
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To further probe active site catalytic interactions with the leaving group oxygen atom and to
test whether differential interactions at this position might account for the greatly reduced
catalytic proficiency of AP as a sulfatase, we determined the 18O leaving group heavy atom
isotope effects for AP-catalyzed hydrolysis of pNPS and pNPP (see Methods). For the pNPP
reaction it was necessary to use the R166S variant of AP, as chemistry is not rate-determining
for the reaction of wt AP with pNPP and kinetic isotope effects are suppressed.35, 52 Removal
of Arg166, which interacts with two of the nonbridging oxygen atoms (Scheme 1), substantially
slows catalysis but does not affect the value of βlg for reactions of both alkyl phosphates and
phenyl phosphorothioates, suggesting that this residue does not perturb interactions with the
leaving group.36, 53 Wt AP was used to determine KIEs for enzymatic pNPS hydrolysis, as
chemistry is rate-determining for this substrate and it was not practical to measure KIEs for
the reaction of R166S AP with pNPS due to the extremely large enzyme concentrations and
long reaction times that would be required to observe significant product formation.

Table 3 lists the results of the enzymatic isotope effects for the leaving group oxygen atoms
(18(V/K)bridge) of pNPS and pNPP and the values for the corresponding nonenzymatic reactions
(18kbridge). As noted previously, the nonenzymatic isotope effects of ∼2% (1.02) for pNPP and
pNPS suggest substantial bond cleavage in the transition state,46, 52, 54 consistent with the
body of work on phosphoryl and sulfuryl transfer that supports a loose transition state for these
reactions.25-32

The isotope effect for R166S AP-catalyzed hydrolysis of pNPP is reduced relative to that in
solution, with a value of ∼1% (Table 3). As linear free energy relationships give values of
βlg consistent with the same extent of bond cleavage for nonenzymatic and AP-catalyzed
reactions of phosphate, phosphorothioate, and sulfate monoesters,35, 36, 50, 51, 53 we suggest
that the reduced isotope effect results from transition state interactions between the leaving
group oxygen and the active site Zn2+ ion (Scheme 1). A similar decrease in this isotope effect
is observed in reactions in which the leaving group oxygen is protonated in the transition state,
46 but the effect reported herein probably has a different origin. Leaving group stabilization
by interaction with a zinc ion does not result in a new covalent bond, so that no new vibrational
modes are introduced. However, coordination to zinc may stiffen bending modes, contributing
an inverse effect to lower the observed isotope effect. Regardless of the origin, here we
emphasize that the isotope effect is reduced to the same extent for the sulfatase reaction
catalyzed by AP (Table 3 and Figure 1A). These results suggest that AP has the same catalytic
interactions with the leaving group in its phosphatase and sulfatase reactions. Thus, differential
interactions with other portions of the substrates are presumably responsible for the large
difference in AP's catalytic efficiency for these reactions.

Analysis of interactions with the nonbridging oxygen atoms
In the transition state model for the AP-catalyzed phosphoryl transfer, one of the nonbridging
phosphoryl oxygen atoms is situated between the two Zn2+ atoms of the bimetallocluster
(Scheme 1). Evidence in support of this model comes from x-ray structures with covalently
and noncovalently bound phosphate and with a bound pentacoordinate vanadate transition state
analog.19, 20, 55

Functional data support an important energetic interaction of this oxygen atom with the active
site bimetallocluster. R166S AP exhibits a remarkable correlation between the amount of
charge on this oxygen atom and the observed rate enhancement. The correlation holds for six
substrates investigated and gives a slope of 31 kcal/mol per unit charge (R2 = 0.98).33 Thus,
AP appears to be enormously sensitive to electrostatic interactions in the active site, leading
to the suggestion that the enzyme and its bimetallocluster establish a region of extraordinarily
high positive charge density that preferentially stabilizes transition states with higher negative
charge density on the oxygen atom that is situated between the two Zn2+ ions.

Catrina et al. Page 4

J Am Chem Soc. Author manuscript; available in PMC 2008 September 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Nevertheless, there are many other bimetalloenzymes that preferentially hydrolyze substrates
that have less charge situated between the two metal ions.10, 56, 57 It is possible that other
features of the AP active site lead to a strong electrostatic interaction energy at this position,
such as the nearby Mg2+ ion that is present in AP but absent in other members of the AP
superfamily.10, 19, 58, 59 It is also possible that there is an alternative explanation for the
observed correlation that is unrelated to local electrostatics.

To probe interactions with the nonbridging oxygen atom we determined the KIEs for the AP-
catalyzed reactions of pNPP and pNPS with 18O substitutions at the nonbridging positions
(Scheme 2) and compared these values to those obtained for the corresponding nonenzymatic
reactions (Table 3). There is a significant difference for the nonenzymatic and AP-catalyzed
reactions of pNPP (Figure 1B). The 18O nonbridge KIE for pNPP hydrolysis becomes much
more inverse, from −0.06% for the nonenzymatic hydrolysis reaction to −0.75% for the AP-
catalyzed reaction. As described above in the case of the bridging oxygen, the interaction
between an oxygen atom and the Zn2+ bimetallo site does not result in new covalent bonds, so
that no new vibrational modes are introduced, and the large inverse effect probably arises from
a strong interaction with the active site Zn2+ ions that stiffens or freezes some bending and
torsional modes.60 In contrast to the isotope effect for the pNPP reaction, the isotope effect
for the pNPS reaction is the same, within error, for the enzymatic and nonenzymatic reactions,
providing no evidence for a special or strong interaction of the sulfuryl group with the Zn2+

ions (Figure 1B). The pNPS KIEs are consistent with a similar transition state on and off the
enzyme and an absence of strongly perturbing interactions with the Zn2+ bimetallocluster that
stiffens bending and torsional vibrational modes of the nonbridging S-O bonds.

The different effect of AP on the nonbridge KIEs for phosphoryl versus sulfuryl transfer
reactions supports a model in which there are differential active site interactions. As there is
evidence that both reactions occur in the same active site in AP and require the presence of
Ser102 and Arg166,61 we suggest that the effect arises due to differing strengths of the
interaction between a nonbridging oxygen atom and the active site Zn2+ ions. Indeed, this
interpretation of the KIE data supports a previously proposed model in which the high positive
charge density in the AP active site leads to stronger interactions with a nonbridging oxygen
atom of highly negatively charged substrates, such as phosphate monoesters, relative to less
negatively charged substrates, such as sulfate monoesters.33, 62

Alternative models to account for the differing behavior of the nonbridge KIEs for pNPP and
pNPS have been considered as follows. One possibility is that the different behavior originates
because the data for pNPP were obtained with R166S AP, whereas the data for pNPS were
obtained with wt AP. However, one might have anticipated a greater inverse contribution to
the KIE with Arg166 present, contrary to the observed effects. Furthermore, removal of the
active site arginine residue in protein tyrosine phosphatases has no significant effect on the
value of the 18O nonbridge KIE.63 Another possibility is that because the nonbridge KIE for
pNPS hydrolysis in solution is already significantly inverse (−0.5%), interactions with Zn2+

ions in the AP active site cannot provide any additional inverse contribution. Physically, this
model suggests that vibrational modes for the nonbridging S-O bonds are already stiffened or
frozen in the transition state for solution hydrolysis and that the enzymatic transition state does
not provide any additional tightening of the vibrational modes. However, there is no theoretical
basis for assuming that −0.5% represents an upper limit in the magnitude of a secondary 18O
KIE, and secondary 18O KIEs that are significantly more inverse than −0.5% have been
observed.64 Nevertheless, this model cannot be explicitly ruled out because we lack a
complete, quantitative description of the behavior of the vibrational modes that give rise to the
observed KIEs even for the reactions in solution.
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The proposal that the bimetallo site of AP provides electrostatic discrimination to allow
preferential catalysis of phosphate monoester hydrolysis immediately raises the question of
how the bimetallo site in AP is adapted for this preference, given that many other bimetallo
enzymes act preferentially on substrates with less charge than phosphate monoesters.10, 56,
57 Furthermore, there are enzymes in the AP superfamily known as arylsulfatases that
preferentially catalyze sulfate ester hydrolysis. Although there are several conserved features
between the AP and arylsulfatase active sites, there are also prominent differences. In
particular, the AP active site contains three metal ions, two of which directly contact the
substrate,19 whereas arylsulfatases contain only a single metal ion and have a lysine residue
in place of one of the missing metal ions.58 Nevertheless, there are several other residues in
the arylsulfatase active site that could potentially bear a positive charge,58 making it difficult
to assess the differences in active site electrostatics between AP and arylsulfatase by
comparison of the structures alone.

KIEs for arylsulfatase-catalyzed reactions may offer additional insight into the differences
between the AP and arylsulfatase active sites. The simplest expectation for arylsulfatase-
catalyzed pNPS hydrolysis would be that there are strong active site interactions with the
transferred sulfuryl group, leading to an inverse contribution to 18(V/K)nonbridge similar to that
observed for AP-catalyzed pNPP hydrolysis. KIEs for pNPS hydrolysis catalyzed by two
different arylsulfatases have been determined.65 The values of 18(V/K)nonbridge are small and
normal (0.09% to 0.24%), distinct from the small inverse effects observed for uncatalyzed
hydrolysis and AP-catalyzed hydrolysis. The small normal aryl sulfatase values could reflect
differences in nucleophilic participation and/or weaker electrostatic interactions with the
sulfuryl group in the aryl sulfatase transition state than in the AP transition state. Further
experimental work is needed before conclusions can be drawn about the comparative nature
and strength of interactions in the active sites of arylsulfatase versus AP.

Continued comparative structural and functional studies on evolutionarily related enzymes in
the AP superfamily will reveal more about how these similar active sites discriminate between
phosphate ester, sulfate ester, and other substrates. In addition to comparisons within the AP
superfamily, comparisons with unrelated enzymes that catalyze phosphoryl and sulfuryl
transfer reactions may ultimately help identify features of the AP active site that make important
contributions to its electrostatic behavior and reveal common mechanistic strategies that
underlie the remarkable specificities and catalytic proficiencies of enzymes.

Methods
Materials

The plasmids for expression of wt and R166S AP and the phoA- strain of E. coli (SM547) were
provided by Evan Kantrowitz.34 Natural abundance and isotopically labeled salts of pNPP and
pNPS were synthesized as previously described.52, 54

Alkaline Phosphatase Purification
Wild type and R166S AP were purified as previously described.22

Isotope Effect Determinations
18O KIEs were measured using isotope ratio mass spectrometry by the remote label method,
using the nitrogen atom as a reporter for isotopic fractionation at the bridge or nonbridge oxygen
atoms. The experimental procedures used to measure these isotope effects were similar to those
previously reported.46
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Isotope effects on the alkaline phosphatase reaction with pNPS
Reactions were carried out at 35 °C using 100 μmoles of pNPS in 1.0 mL of 0.1 M MOPS
buffer, pH 7.0, containing 10 μM alkaline phosphatase. Reactions were allowed to proceed for
10 to 21 days, giving fractions of reaction ranging from 17 to 35%. A side-by-side control
reaction under identical conditions but without enzyme showed only a negligible amount of
nonenzymatic hydrolysis of pNPS (≪1% of the total). The reactions were then diluted with
water to a volume of 20 mL. To determine the fraction of reaction, two aliquots were removed.
One was assayed for p-nitrophenol from the absorbance at 400 nm of a sample added to 3 mL
of 1 N NaOH. The other aliquot was made 1 N in HCl and heated for 12 hours at 80 °C, which
control experiments showed resulted in complete hydrolysis of pNPS. This aliquot was then
similarly assayed for p-nitrophenol, and the ratio of the two assays gave the fraction of
enzymatic hydrolysis at the time the reaction was stopped.

The original 20 mL aqueous reaction mixture was titrated to pH 4 with HCl, and p-nitrophenol
was extracted with ether (3 × 20 mL). The ether extracts were dried over MgSO4, and the
solvent removed by rotary evaporation. The remaining pNPS in the aqueous layer was
hydrolyzed by addition of 2.2 mL of concentrated HCl and heating for 12 h at 80 °C. The p-
nitrophenol thus released was isolated by ether extraction as described. The p-nitrophenol
samples were purified by sublimation before analysis using a Europa 20-20 isotope ratio mass
spectrometer interfaced with an ANCA-NT combustion system.

Isotope effects on the R166S alkaline phosphatase reaction with pNPP
Reactions were carried out at 25 °C with 100 μmoles of pNPP in 2.5 mL of 0.5 M Tris·HCl
buffer, pH 8, containing 0.5 μM enzyme. At partial completion, reactions were stopped by
lowering the pH to 4 and diluting to 20 mL with ice water, and two aliquots were removed.
One aliquot was added to a solution of Tris·HCl at pH 9 containing excess wild type alkaline
phosphatase to hydrolyze remaining pNPP. The second aliquot was assayed for p-nitrophenol
immediately, and the other was similarly assayed after 24 hours, from the absorbance at 400
nm after addition of a sample to a cuvette containing 1 N NaOH. The ratio of the two assays
gave the fraction of enzymatic hydrolysis. A side-by-side control reaction under identical
conditions without enzyme showed only a negligible amount of nonenzymatic hydrolysis of
pNPP (≪1% of the total).

The p-nitrophenol product at partial reaction was isolated from the original 20 mL reaction
mixture as described for the pNPS reaction. Residual pNPP in the aqueous layer was
hydrolyzed by titration to pH 9 and overnight reaction after addition of commercial alkaline
phosphatase. Subsequently, p-nitrophenol was isolated by titration to pH 4 and ether extractions
as described above.

Calculation of isotope effects
Isotope effects were calculated from the isotopic ratios at partial reaction in the product (Rp),
in the residual substrate (Rs), and in the starting material (Ro).

(1)

(2)

Equations 1 or 2 were used to calculate the observed isotope effect either from Rp and Ro or
from Rs and Ro, respectively, at the measured fraction of reaction.66 The observed isotope
effects from experiments to determine 18O isotope effects were corrected for the 15N effect
and for incomplete levels of isotopic incorporation in the starting material as previously
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described.67 The independent calculation of each isotope effect using Rp and Ro and using
Rs and Ro from Eqs. 1 and 2, respectively, provided an internal check of the results. These
values agreed within experimental error, and were averaged to give the values reported in Table
3.
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AP  

alkaline phosphatase

wt  
wild type

LFER  
linear free energy relationship

KIE  
kinetic isotope effect

pNPP  
p-nitrophenyl phosphate

pNPS  
p-nitrophenyl sulfate

pNPPS  
p-nitrophenyl phosphorothioate
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Figure 1.
Comparison of KIEs for nonenzymatic and AP-catalyzed reactions of pNPP and pNPS. Values
for the 18O bridge KIEs are plotted in (A) and values for the 18O nonbridge KIEs are plotted
in (B). Isotope effects are expressed as a percentage difference from unity [KIE% = (KIEobs –
1)*100]. Values for nonenzymatic reactions are shown in black and values for AP-catalyzed
reactions are shown in grey.
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Scheme 1.
AP active site with a bound transition state model.19, 20
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Scheme 2.
Substrates used in this study and sites of isotope labeling.
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Table 1
Comparison of Properties for Phosphate and Sulfate Monoesters.a

Phosphate Monoesters Sulfate Monoesters

P(S)-OR Bond Length (Å) 1.56 ± 0.02 1.60 ± 0.01
P(S)-O Bond Length (Å) 1.52 ± 0.02 1.46 ± 0.01
kw (M-1s-1)b 3 × 10-11 9 × 10-12

Transition Statec Loose Loose
Charge −2 −1

a
Bond lengths are for ethyl phosphate and ethyl sulfate.69-71 A comparison of bond lengths for the p-nitrophenyl esters was not possible because no

structure is available for pNPS.

b
Values of kw, the nonenzymatic hydrolysis rate constants for pNPP and pNPS hydrolysis at 25 °C, are from literature sources.21, 24

c
In a loose transition state, there is advanced bond cleavage to the leaving group and little bond formation to the nucleophile.25-32
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Table 2
Comparison of Catalytic Proficiency of AP-catalyzed Reactions of pNPP and pNPS.a

Enzyme pNPP pNPS Proficiency Ratio (P/S)

wt AP 1.1 × 1018 1.1 × 109 1.0 × 109

R166S AP 3.3 × 1015 1.6 × 107 2.1 × 108

a
Catalytic proficiencies are defined as [(kcat/KM)/kw], the ratio of the bimolecular rate constants for the enzymatic and corresponding solution hydrolysis

reactions for the p-nitrophenyl esters at 25 °C. Rate constants for enzymatic reactions21, 22, 33, 35 and solution reactions21, 24, 33 are from literature
sources. The catalytic proficiency for the reaction of R166S AP with pNPS was determined at 30 °C, and control reactions indicated that there was no

significant effect of temperature on the catalytic proficiency between 25 and 30 °C.33 The proficiency ratio is the catalytic proficiency for phosphate
monoester hydrolysis divided by the catalytic proficiency for sulfate monoester hydrolysis.
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Table 3
Kinetic Isotope Effects for Solution and Enzymatic Reactions of pNPP and pNPSa

Enzymatic Reactions b Substrate 15(V/K) 18(V/K) bridge
18(V/K)nonbridge

 wt AP33  pNPP2- 1.0003 (2) 1.0003 (4) 0.9982 (1)
 R166S AP  pNPP2- 1.0007 (1) 1.0091 (6) 0.9925 (11)
 wt AP  pNPS1- 1.0019 (4) 1.0084 (10) 0.9946 (4)

Uncatalyzed Reactions Substrate 15k 18kbridge
18knonbridge

 At 95 °C52  pNPP2- 1.0028 (2) 1.0189 (5) 0.9994 (5)
 At 85 °C52  pNPS1- 1.0026 (1) 1.0210 (10) 0.9951 (3)

a
Standard errors for the last decimal place(s) are in parenthesis. Data for the reaction of wt AP with pNPP2- and for solution reactions are from previous

work.52, 54 Data for all other reactions were obtained for this work. KIEs for wt AP-catalyzed pNPP2- hydrolysis are close to unity because the chemical

step is not rate-determining.35, 52

b
Enzymatic reactions with pNPP2- were conducted at 25 °C and with pNPS1- were conducted at 35 °C (see Methods). Although differences in temperature

can effect the observed KIEs, these effects are small and do not affect the conclusions drawn herein.68, 72

J Am Chem Soc. Author manuscript; available in PMC 2008 September 8.


