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Abstract

Enzyme-catalyzed phosphoryl transfer reactions have frequently been suggested to proceed
through transition states that are altered from their solution counterparts, with the alterations
presumably arising from interactions with active site functional groups. In particular, the
phosphate monoester hydrolysis reaction catalyzed by Escherichia coli alkaline phosphatase (AP)
has been the subject of intensive scrutiny. Recent linear free energy relationship (LFER) studies
suggest that AP catalyzes phosphate monoester hydrolysis through a loose transition state, similar
to that in solution. To gain further insight into the nature of the transition state and active site
interactions, we have determined kinetic isotope effects (KIEs) for AP-catalyzed hydrolysis
reactions with several phosphate monoester substrates. The LFER and KIE data together provide a
consistent picture for the nature of the transition state for AP-catalyzed phosphate monoester
hydrolysis and support previous models suggesting that the enzymatic transition state is similar to
that in solution. Moreover, the KIE data provides unique information regarding specific
interactions between the transition state and the active site Zn2* ions. These results provide strong
support for a model in which electrostatic interactions between the bimetallo Zn2* site and a
nonbridging phosphate ester oxygen atom make a significant contribution to the large rate
enhancement observed for AP-catalyzed phosphate monoester hydrolysis.

Introduction

Phosphoryl transfer reactions play a fundamental role in a wide range of biological
processes including basic metabolism, energy transduction, gene expression, and cell
signaling. Uncatalyzed phosphoryl transfer reactions are extremely slow, but enzymes can
provide rate enhancements of >1029-fold to allow these reactions to occur on a biologically-
relevant timescale.! As enzymatic rate enhancements can be considered to arise from
preferential stabilization of the transition state relative to the ground state,2© characterizing
the structure of the transition state is a critical step towards understanding how enzymes
interact with and stabilize the transition state to provide the enormous rate enhancements
typically associated with biological catalysis.
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Escherichia coli alkaline phosphatase (AP) is an ideal enzyme for detailed structure-function
analysis directed at understanding the nature of the enzymatic transition state. The AP active
site contains two Zn2* jons and an arginine residue that are positioned to interact with the
substrate, and a serine alkoxide that displaces the leaving group in the first step of the
reaction to produce a covalent enzyme-phosphate intermediate (Scheme 1).7-2 This
intermediate is hydrolyzed in the second step of the reaction.? Of particular importance for
mechanistic analysis is AP’s relatively low substrate specificity, which has allowed linear
free energy relationship (LFER) studies to be performed. These studies have suggested that
the transition state for AP-catalyzed phosphate monoester hydrolysis is loose, similar to that
in solution.!0-13 The results obtained with AP are consistent with an emerging body of
experimental data in a few well-studied enzyme systems suggesting that the transition states
for enzyme catalyzed phosphoryl transfer reactions are similar to those in solution.!4

Suggestions that enzymes alter the nature of the transition state for phosphoryl transfer
reactions remain widespread,'® despite the increasing number of experimental studies
suggesting otherwise. Thus, we sought to further test the conclusions of the LFER analysis
by measuring kinetic isotope effects (KIEs) for AP-catalyzed reactions with several
substrates. KIEs report on the nature of the transition state as well as interactions between
the transition state and enzyme functional groups and provide information complementary to
that obtained from LFER studies.!® The KIE approach involves the smallest possible
perturbation to a specific site in the substrate, and thus circumvents many of the limitations
of site-directed mutagenesis in providing information about specific active site
interactions.!’

The results described herein are consistent with the conclusion from LFER studies
suggesting that the transition state for AP-catalyzed phosphate monoester hydrolysis is
loose, similar to that in solution. The KIE data further provide strong evidence in support of
a model in which electrostatic interactions between the bimetallo Zn?* site and a
nonbridging phosphate ester oxygen atom make a significant contribution to the large rate
enhancement observed for AP-catalyzed phosphate monoester hydrolysis.

The plasmids for expression of wt and R166S AP and the phoA™ strain of E. coli (SM547)
were provided by Evan Kantrowitz.!8 Natural abundance and isotopically labeled p-
nitrophenyl phosphate (pNPP), p-nitrophenyl phosphorothioate (pNPPS), and m-nitrobenzyl
phosphate (nNBP) were synthesized as previously described.!9-2! All other reagents were
obtained from commercial sources.

Purification of Wild Type and R166S AP

Wild type and R166S AP were purified as previously described,?? except that the dialysis
step was omitted. Protein concentration was determined by absorbance at 280 nm using a
calculated extinction coefficient of 3.14 x 10* M~! cm™! (in monomer units).23

AP-catalyzed mNBP Hydrolysis

Reactions were performed with 0.1 M NaMOPS, pH 8.0, 0.5 M NaCl, 1 mM MgCl,, and 0.1
mM ZnSOy at 25 °C. Reactions were monitored using a malachite green assay to detect
release of inorganic phosphate. Malachite green solutions were prepared and inorganic
phosphate was assayed as previously described,?* except that Triton X-100 was used in
place of Sterox. Appearance of inorganic phosphate was monitored by removing 100 ul
aliquots from the enzymatic reaction and quenching in 800 ul of the malachite green
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solution, which contains strong acid. After 1 minute, 100 pl of a 34% sodium citrate solution
was added. After 30 minutes, absorbance at 644 nm was measured in a Uvikon 9310
spectrophotometer. Rate constants for R166S AP-catalyzed pNPP hydrolysis obtained from
the malachite green assay agreed within 10% with those obtained by continuously
monitoring release of p-nitrophenolate at 400 nm.

Reactions of mNBP were typically followed to completion (=10 half lives). Rate constants
were obtained by nonlinear least-squares fits to a single exponential to yield kg, Which is
the product of the enzyme concentration and the apparent second-order rate constant k¢, K
under the subsaturating reaction conditions used herein. Reactions were shown to be first
order in substrate and enzyme by varying their concentrations over at least a 10-fold range.
To ensure that reactions of wt AP were conducted under k,/K); conditions, these reactions
were conducted in the presence of 1 mM sodium tungstate, an inhibitor of AP.!2 The value
of kc,/Ky could then be calculated from the observed second order rate constant with
inhibition and the known inhibition constant for tungstate (Ky = 1.1 uM at pH 8.0).12

Isotope Effect Determinations

180 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.1®

All kinetic isotope effect experiments were run at least in triplicate. Tests were run to
determine enzyme and substrate concentrations to ensure that the enzymatic rates of reaction
were at least 50 times faster than the aqueous hydrolysis. Background nonenzymatic
hydrolysis was a concern with pNPPS but not with mNBP, since the uncatalyzed hydrolysis
of the latter substrate is extremely slow.

Isotope effects were calculated from the isotopic ratios at partial reaction in the product (Rp),
in the residual substrate (R;), and in the starting material (R,).

KIE= [log (1 - )] / {log [ 1 = £ (Ro/Ro)]} W

KIE=[log (1 — f)]/{log[(1 = f) (R /R)]} @)

Equations 1 or 2 were used to calculate the observed isotope effect either from R, and R, or
from R, and Ry, respectively, at the measured fraction of reaction.Z> The observed isotope
effects from experiments to determine 30 isotope effects were corrected for the 1°N effect
and for incomplete levels of isotopic incorporation in the starting material as previously
described.® The independent calculation of each isotope effect using R, and R,, and using
R and R, from Eqs. 1 and 2, respectively, provided an internal check of the results.

KIEs for AP-catalyzed pNPPS Hydrolysis

The reactions catalyzed by wt AP were performed in 10 mL of 0.1 M Tris-HCI, pH 9.0, 1
mM MgCl,, 1 mM ZnSOy, and 10 mM pNPPS at 35 °C. The reactions catalyzed by R166S
AP were performed in a 2.5 mL volume of 0.5 M Tris-HCI, pH 8.0, 100 uM MgCl,, 10 uM
ZnSOy, and 40 mM pNPPS at 25 °C. The enzyme concentration was 1 uM. After partial
hydrolysis (ranging from 35 to 65%), the reactions were stopped by lowering the pH to 5.5
through addition of cold 0.2 M glycine buffer (pH 2) and placed on ice. From each reaction
mixture, two aliquots were taken; one 50 uL aliquot was added to a cuvette containing 3 mL
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of 0.1 N NaOH and the absorbance at 400 nm was used to determine the concentration of p-
nitrophenol at partial hydrolysis. The second aliquot was adjusted to pH 2 in glycine buffer
and allowed to react at 50 °C for 12 hours to completely hydrolyze the remaining substrate.
Control experiments showed that 12 hours corresponds to >10 times the half-life for pNPPS
hydrolysis under these conditions. Subsequently, a 50 uL aliquot of this sample was added
to 3 mL of 0.1 N NaOH and the absorbance at 400 nm was used to determine the
concentration of p-nitrophenol product at complete hydrolysis, which corresponds to the
initial concentration of substrate. The concentration of p-nitrophenol at partial hydrolysis
and the initial concentration of substrate were used to determine the fraction of reaction.

The reaction solutions at pH 5.5 were extracted three times with an equal volume of diethyl
ether to quantitatively remove the product of the partial hydrolysis, p-nitrophenol. The water
layers were titrated to pH 2 and allowed to react overnight at 50° C to completely hydrolyze
the residual substrate. The p-nitrophenol formed was then extracted using the same
procedure as described above. The ether layers were dried over MgSQy, filtered, and
evaporated until dryness. The p-nitrophenol was sublimed under vacuum at 90 °C, and 1-1.5
mg samples were prepared for isotopic analysis using an ANCA-NT combustion system
coupled with a Europa 20-20 isotope ratio mass spectrometer.

KIEs for AP-catalyzed mNBP Hydrolysis

AP-catalyzed mNBP hydrolysis reactions were performed in 5 mL of NaMOPS, pH 8.0, 1
mM MgCl,, 100 uM ZnSOy, and 20 mM mNBP at 30 °C and an enzyme concentration of
0.3 uM. 3'P NMR was used to monitor reaction progress. After partial reaction (ranging
from 40 to 80%), the reactions were stopped by titration to pH 4. NMR was used to obtain
the fraction of reaction from integrations of the signals from substrate and inorganic
phosphate. The reaction mixtures were extracted with 25 mL of diethyl ether four times to
obtain the m-nitrobenzyl alcohol product. The ether layers were dried over MgSQOy, filtered,
and evaporated until dryness. The aqueous layer was titrated to pH 8 and about 1 mg of
commercial alkaline phosphatase was added to hydrolyze the remaining substrate. After 12
hours, this mixture was titrated to pH 4 and treated as before to recover the liberated m-
nitrobenzyl alcohol. The m-nitrobenzyl alcohol samples were further purified by distillation
under vacuum at ~105 °C onto a cold finger apparatus, and samples were then subjected to
isotopic analysis, as described above.

Results and Discussion

Decades of extensive mechanistic studies have strongly suggested that phosphate monoester
hydrolysis in solution proceeds through a loose transition state, with nearly complete bond
cleavage to the leaving group and little bond formation to the nucleophile (Scheme
2).19-27-31 Results from linear free energy relationship (LFER) experiments suggest that
AP-catalyzed phosphate monoester hydrolysis also proceeds through a loose transition state,
indistinguishable from that in solution.!%-13-32 To gain further insight into the nature of the
transition state for AP-catalyzed phosphate monoester hydrolysis, we have compared the
reactivity of AP with several classes of phosphate ester substrates and determined KIEs for
representative members of these classes. The KIEs were determined by the competitive
method and are therefore effects on V/K (i.e., keo/Kpp)'0 that reflect differences between the
enzymatic transition state and the ground state in which the enzyme and substrate are free in
solution.

In addition to characterizing the nature of the transition state, the KIE data have allowed us
to compare AP-catalyzed reactions of alkyl and aryl phosphates. AP catalyzes reactions of
alkyl phosphates with significantly greater catalytic proficiency than reactions of aryl
phosphates.33 To probe the origin of this effect, we have obtained KIEs with two phosphate
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monoester substrates with significantly different leaving groups: p-nitrophenyl phosphate
(pNPP) and m-nitrobenzyl phosphate (mNBP) (Figure 1). Both of these substrates have
nitrogen containing functional groups that allows high precision KIE measurements using
the remote-label method.!® The pK,, of the p-nitrophenyl leaving group of pNPP is 7.1,34
and this substrate has been routinely used in studies of phosphatase enzymes such as AP.12
In contrast, mNBP has not previously been studied as a substrate of AP. The high pK, of the
m-nitrobenzyl leaving group of mNBP (pK, = 15)33 is expected to lead to reactivity
analogous to that of alkyl phosphates, which have similar leaving group pK, values. The m-
nitrobenzyl leaving group has been used previously in studies of both solution and enzyme-
catalyzed phosphoryl transfer reactions and has been particularly valuable in allowing KIE
comparisons between alkyl and aryl phosphates.2!- 33-37 We first compare the reactivity of
aryl, alkyl, and benzyl phosphates in AP-catalyzed reactions and then analyze the KIE data
in the context of these reactivity comparisons. Finally, we consider KIE data for AP-
catalyzed p-nitrophenyl phosphorothioate (pNPPS) hydrolysis, and the results reinforce the
conclusions from the analysis of phosphate monoester substrates.

Reactivity Comparisons of Nonenzymatic Reactions

Before comparing the reactivity of AP with alkyl, benzyl, and aryl phosphates, it is
important to determine whether these compounds react via similar mechanisms in solution.
The dianionic forms of the phosphate esters (Scheme 3) are the substrates for AP,12 but
kinetic constants for the corresponding nonenzymatic reactions of alkyl and benzyl
phosphate dianions cannot be readily measured, as these reactions are extremely slow and
can proceed via C-O bond cleavage instead of P-O cleavage.!- 3840 The nonenzymatic
reactions of alkyl, aryl, and benzyl phosphate monoanions react via P-O cleavage and rates
can be measured, however.

Reactions of phosphate monoester monoanions have been proposed to proceed with proton
transfer from the phosphoryl group to the leaving group in the transition state, thereby
neutralizing the charge that would otherwise develop on the leaving group

oxygen. !9 21,28, 3841 The available literature data for alkyl, aryl, and benzyl phosphate
monoanions suggest that each of these classes of compounds react via this mechanism.
Hydrolysis reactions of alkyl and aryl phosphate monoanions follow the same leaving group
dependence, with little change in the hydrolysis reaction rate with leaving group pK,,
consistent with the long-standing mechanistic proposal for proton transfer in the transition
state.28: 41 The hydrolysis of benzyl phosphate has a similar rate constant and pH-
dependence with that observed for alkyl phosphate hydrolysis, except under strong acid
conditions in which the neutral benzyl phosphate reacts via C-O cleavage.38: 3% 42 Thus,
there appears to be no substantial difference in the intrinsic reactivity of alkyl, aryl, and
benzyl phosphates, beyond effects from the differential stability of the leaving groups that is
reflected in the different pK, values.

Reactivity Comparisons of AP-Catalyzed Reactions

Figure 2 shows a compilation of kinetic data for the reactions of wild type (wt) AP and a
mutant of AP with the active site Arg replaced by Ser (R166S AP), represented by closed
and open symbols, respectively. R166S AP has been used in a number of mechanistic
studies of AP,10-32.43.44 iy part because it is not subject to the severe product inhibition that
has often complicated mechanistic studies of wt AP.12 The different substrate classes and
the symbols used to represent them in Figure 2 are depicted in Scheme 3. Rate constants for
reactions of mNBP2~ with wt and R166S AP (circles) were determined in this work, and all
other rate constants are from previous work. 0 12

J Am Chem Soc. Author manuscript; available in PMC 2011 September 12.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Zalatan et al.

Page 6

The rates of reaction of the alkyl, aryl and benzyl phosphates with AP differ considerably,
even after accounting for differential leaving group stability. Reactions of substrates with
low pK, leaving groups, such as aryl phosphates, with wt AP are limited by binding rather
than the chemical step and are independent of leaving group pK, (dashed line).12 43- 46 Rate
constants for alkyl phosphates with good leaving groups such as trifluoroethyl phosphate
and propargyl phosphate (leaving group pK, values of 12.4 and 13.6, respectively) also fall
on the dashed line, suggesting that these reactions may not be limited by the chemical step.
In contrast, the rate constants for less reactive alkyl phosphates are smaller and depend on
leaving group pK,, suggesting that the chemical step is rate-determining. The slope of the
line correlating the log of the rate constant with the pK, of the leaving group (the Brgnsted
coefficient, Byg) is —0.85.12 The values of Pig for alkyl phosphates are nearly the same for wt
and R166S AP (Figure 2), suggesting that the interaction of the Arg side chain with the
nonbridging phosphoryl oxygen atoms does not alter the nature of the transition state.°
Further, the values of By, for reactions of aryl phosphorothioate monoesters with both wt and
R166S AP are the same and similar to those for the alkyl phosphates.!!- 32 These results are
consistent with a similar loose transition state with substantial charge buildup on the leaving
group oxygen for reactions of all phosphate monoester substrates, possibly with some
lessening of the value of By, relative to solution reactions due to the electrostatic interaction
of the leaving group oxygen atom with an active site Zn2* ion (see also below).1% 13

The enzymatic reactivity of mNBP2™~ can be directly compared with that of simple alkyl
phosphates, as the leaving groups for these compounds fall in the same pK, range. The rate
constants for mNBP2™ hydrolysis by wt and R166S AP are 1.8 x 107 and 2.3 x 103 M~ 1571,
respectively. These values deviate positively from the correlation line for alkyl phosphates
for both wt and R166S AP, falling ~10-fold above their expected values (Figure 2; open and
closed circles and double-headed arrows). The simplest model for the increased reactivity of
mNBP2~ is additional binding interactions with the larger benzyl leaving group (Scheme 3)
within the AP active site. In this model, the charge buildup on the bridging oxygen in the
transition state for mNBPZ~ hydrolysis is likely to be similar to that for simple alkyl
phosphates.

An alternative explanation for the enhanced reactivity of mNBP is a distinct catalytic
mechanism involving the monoanion as the substrate for catalysis with intramolecular
protonation of the leaving group, although previous studies of both alkyl and aryl
phosphates with wt and R166S AP indicate that the dianion is the substrate for

catalysis.!% 22 To examine this possibility, we determined the pH-rate profile for the
reaction of mNBP with R166S AP over the pH range of 7-9. These data were sufficient to
confirm that the pH dependence was identical to that observed previously for pNPP and
other phosphate monoester substrates, which react as the dianion,!?- 22 and strongly suggests
that mNBP also reacts as a dianion (Supporting Information). If mNBP were to react as a
monoanion, the pH dependence would have been predicted to deviate substantially from that
observed for pNPP. Thus, there is no indication from the pH-rate profile of a change in rate-
limiting step or mechanistic path for the mNBP reaction from that previously observed for
other AP-catalyzed reactions.

In contrast to the positive deviation observed with mNBP2~, the rate constant for R166S
AP-catalyzed pNPPZ™ hydrolysis falls ~103-fold below the correlation line for the alkyl
phosphate rate constants extrapolated to lower pK, (Figure 2, dotted line and single-headed
arrow). This comparison can only be made for R166S AP, as the reaction of pNPP2~ with wt
AP is limited by a non-chemical step (Figure 2, dashed line).!2 Because the leaving group
oxygen for pNPP2™ is attached to a secondary carbon whereas the alkyl phosphate leaving
groups are primary alkoxides, the deviation could arise from a steric effect. However, rate
constants for substrates with p-nitrophenyl leaving groups also deviate negatively with

J Am Chem Soc. Author manuscript; available in PMC 2011 September 12.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Zalatan et al.

Page 7

respect to other aryl leaving groups in AP-catalyzed reactions of aryl

phosphorothioates,!1- 32 aryl sulfates,!3 methyl phenyl phosphate diesters,** and in several
solution reactions.** This effect presumably arises from greater delocalization of the
negative charge into the aromatic ring for p-nitrophenolate than for other aryl leaving
groups.** Thus, the deviation of the rate constant for pPNPP2~ hydrolysis relative to that
expected from alkyl phosphate reactions could arise because of differing amounts of
negative charge localized on the leaving group oxygen. Alkyl phosphates cannot delocalize
charge into an aromatic ring as in aryl phosphates, and are expected to have greater charge
localization on the leaving group oxygen in the transition state. Nevertheless, we cannot rule
out steric contributions to the deviation observed for pNPPZ™.

Kinetic Isotope Effects for AP-catalyzed Reactions

Determination of KIEs for reactions of alkyl and aryl phosphates with AP could provide
insight into the nature of the transition state and active site interactions for AP-catalyzed
phosphate monoester hydrolysis that is complementary to the information obtained from
LFER studies. Because a remote N label is required to achieve the precision needed for
these measurements,® we used the benzyl phosphate mNBP2~ (Figure 1), which contains a
nitro group that can be used as the remote label. mNBPZ™ has a leaving group pK, of 15,
similar to most alkyl leaving groups and substantially greater than the pK, of 7 for the aryl
leaving group of pNPP2™. As noted, above, the electronic properties of the leaving group
oxygen for mNBPZ™ are expected to be similar to alkyl phosphates and the KIEs for
mNBP2~ reactions with AP should provide a reasonable model for the behavior of alkyl
phosphates in the AP active site.

Heavy atom KIEs were determined at three different positions in each substrate (Figure 1).
The 180 nonbridging effect [18(V/K)n0nbridge] is a secondary KIE reporting on changes in
both hybridization and bond order. This effect can be diagnostic of the looseness or tightness
of the transition state, but can also be perturbed by interactions with the nonbridging oxygen
atoms.!® The 130 bridging effect [18(V/K)bridge] is a primary KIE that reports on the extent
of bond cleavage to the leaving group, and is also sensitive to interactions that stabilize
charge buildup such as protonation.!® Finally, the !N label allows 180 KIE determination
by the remote label method. With p-nitrophenyl leaving groups, the 19N effect [13(V/K)] also
reports on charge delocalization into the aromatic ring.!® No bonding changes at the nitro
group are expected during mNBP2™~ hydrolysis, however, and 13(V/K) for mNBP2~ should
be close to unity and can serve as an internal control.2!

KIEs for AP-catalyzed reactions and corresponding solution reactions are reported in Table
1. KIEs for the reaction of wt AP with pPNPPZ™ have been previously reported and are all
near unity, consistent with a non-chemical rate-determining step.!® The KIEs for the
reaction of mNBP2~ with wt AP differ from unity, but are significantly smaller than the
KIEs determined for the reaction with R166S AP (see below). The reaction of mNBP2~ with
wt AP is presumably partially limited by a non-chemical step, as the value of k.,/Kpp is
close to the limit at which chemistry is no longer rate-determining (Figure 2) and the full
isotope effects appear to be masked relative to the isotope effects with a slower, mutant
enzyme, R166S AP. Reactions of R166S AP with pNPP2~ and mNBPZ™ are likely to be
limited by the chemical step, as the values for k,/Ky are well below the limiting values
observed for wt AP (Figure 2). Consistent with this expectation, several of the observed
KIEs for these substrates are significantly different from unity (Table 1).

KIEs for R166S AP-catalyzed pNPP2~ Hydrolysis

KIEs for the reaction of R166S AP with pNPPZ™ have been previously reported and
discussed in the context of reactivity comparisons with p-nitrophenyl sulfate.*’ Here we
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discuss the implications of the pNPPZ™ reaction KIEs for the nature of the transition state
and for comparisons of alkyl and aryl phosphates.

The value of '8(V/K)pyigge KIE for R166S AP-catalyzed pNPP2~ hydrolysis is 1.0091,
significantly reduced from the value of 1.0189 observed for pPNPP2~ hydrolysis in solution
(Table 1). Similarly, the value of 3(V/K) of 1.0007 is significantly reduced from its solution
value of 1.0028. Both values are closer to those observed for monoanion than dianion
hydrolysis in solution, but the pNPP dianion is the substrate for AP and no proton transfer to
the leaving group in the transition state is expected.!2- 22 One possible interpretation of these
results is that the transition state for AP-catalyzed pNPP2~ hydrolysis is tighter than that in
solution, with less bond cleavage to the leaving group. However, previous LFER and KIE
data suggest that the transition state for AP-catalyzed phosphate monoester hydrolysis is
loose, similar to that in solution.!0-13- 32,48 Fyrthermore, if the enzymatic transition state
were tighter than that in solution, a normal contribution to the nonbridge KIE would be
expected (Figure 3).16 Instead, the observed value of 18(V/K)nonbridge for R166S AP-
catalyzed pNPPZ™ hydrolysis is 0.9925, significantly more inverse than the solution value of
0.9994 (Table 1). Thus, when taken together the KIEs for R166S AP-catalyzed pNPP2~
hydrolysis do not suggest a change in the nature of the transition state from that in solution.

We suggest an alternative model in which strong interactions between the substrate and the
active site Zn2* ions (Scheme 1) result in the observed reductions in the KIEs for R166S
AP-catalyzed pNPP2™ hydrolysis relative to the values for the uncatalyzed reaction.
Interactions with the leaving group oxygen atom would be reflected in both '8(V/K)pidee
and 13(V/K), and interactions with the nonbridging oxygen atom would be reflected in 1g8(V/
K)nonbridge- The observed inverse contribution to the 180 isotope effects could arise if
coordination to Zn2* were to stiffen bending modes or introduce new vibrational modes that
involve motions of the substrate oxygen atoms. Coordination of the leaving group oxygen
by Zn2* would also decrease electron delocalization into the nitro group, leading to the
observed decrease in the !N isotope effect relative to that in solution (Table 1).

KIEs for R166S AP-catalyzed mNBP2~ Hydrolysis

Interpretation of the KIEs for enzymatic mNBP2~ hydrolysis is complicated by the fact that
corresponding KIEs for mNBP dianion hydrolysis in solution cannot be measured. The
observed reaction of mNBP in solution is expected to be dominated by reaction of mNBP as
a monoanion and reaction of the dianion with C-O rather than P-O cleavage.!- 3840 In the
absence of measured KIEs for the uncatalyzed reaction, reasonable estimates can be made
based on available literature data. The value of 18kn0r1bridge for mNBP2~ is likely to be small
and inverse, similar to that for p)NPP2~ in solution, because the nonbridging P-O bonds are
chemically equivalent in mNBP2~ and pNPP2™. The value of lgkbridge, however, should be
significantly larger for an alkyl leaving group than for an aryl leaving group. The maximum
expected 180 isotope effect for cleavage of a p-nitrophenyl leaving group is ~1.03, based on
the equilibrium isotope effect for p-nitrophenyl acetate hydrolysis.*? This value is consistent
with values of 130 KIEs of ~1.02—1.03 observed for pNPP2~ hydrolysis under a variety of
solution and enzymatic conditions.!® In contrast to the behavior of aryl leaving groups,
departure of a methoxide leaving group in the hydrazinolysis of methyl formate and methyl
benzoate gives leaving group 80 KIEs of 1.06 and 1.04, respectively.3- 3! Furthermore, C-
O cleavage reactions catalyzed by fumarase and crotonase give leaving group 30 KIEs of
1.07 and 1.05, respectively.5% 53 Finally, maximum KIE values for C-O and P-O cleavage
reactions with alkyl leaving groups of ~1.05 have been predicted based on vibrational
stretching frequencies.’% 3 Thus, the value of lgkbridge for mNBP2™~ hydrolysis in solution
proceeding through a loose transition state with nearly complete leaving group bond
cleavage is likely to be in the range of ~1.04—1.06, significantly larger than lgkbridge for
nonenzymatic pNPPZ™ hydrolysis.
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For R166S AP-catalyzed mNBPZ~ hydrolysis, the value of 18(V/K)bridge is 1.0199. While
this value is larger than the value of 1.0091 observed for R166S AP-catalyzed pNPP%~
hydrolysis, it represents a significant decrease from the estimated value of ~1.04—1.06 for
the mNBPZ™ hydrolysis in solution. As for pNPPZ™, the reduced value of 1S(V/IQbridge for
the enzymatic reaction relative to the solution reaction probably reflects an inverse

contribution to the observed KIE from interactions with a Zn2* ion in the transition state
(Figure 3).

The value of '8(V/K)ponbriage for R166S AP-catalyzed mNBP2~ hydrolysis is 0.9933,
identical within error to the value of 0.9925 observed for R166S AP-catalyzed pNPP2~
hydrolysis. This result is consistent with the expectation that the values of lgknonbridge for the
solution reactions of pNPPz_ and mNBP2~ should be similar. Moreover, the value of 0.9933
is significantly more inverse than the expected value in solution and may reflect an inverse
contribution to the KIE from interactions with Zn2* ions in the transition state, as noted
above for the pNPP2™ reaction (Figure 3).

The Effect of Metal lon Coordination on KIEs

The data for AP-catalyzed reactions described herein suggest that coordination to metal ions
can lead to stiffening of the vibrational environment of phosphoryl oxygen atoms and an
inverse contribution to the observed KIEs.? It is well-established that coordination of
oxygen to divalent metal ions can give rise to inverse isotope effects both in solution>%: >’
and in enzymatic reactions.”® Moreover, vibrational spectroscopy studies have demonstrated
that metal ion coordination to phosphoryl oxygen atoms can lead to significant perturbations
in the frequencies of vibrational modes involving phosphoryl groups.’*-62 This model does
not require metal ion coordination to lead to an increase in P-O bond order and a
corresponding increase in the frequency of the P-O stretching vibration. Rather, the inverse
contribution to the KIE due to metal ion coordination arises from a stiffening of the overall
vibrational environment of the phosphoryl oxygen atoms, and this stiffening can involve
change in stretching, bending, and torsional vibrational modes.

While literature precedents support the idea that coordination to metal ions in the AP active
site leads to inverse contributions to the observed KIEs, such effects may not be a general
consequence of metal ion coordination. For example, no significant isotope effect was
observed for coordination of MgZ* to inorganic phosphate in solution.®3 Suppression of the
bridging isotope effect [IS(V/K)bridge] due to metal ion interactions has not been previously
reported in other systems, although it has been suggested as a possible explanation for the
observed bridging KIE for A protein phosphatase.®* The available data for the nonbridging
KIEs [18(V/K)n0nbridge] varies with the system studied. Only small inverse values of 13(V/
K)nonbridge Were observed with A protein phosphatase containing MnZ* or Ca2* in the active
site.* However, such studies may not accurately model binding interactions with the
bimetallo Zn2* cluster in the AP active site. Furthermore, large inverse values of 18(V/
K)nonbridge Were observed for the reactions of pNPPZ™ with calcineurin containing Mn%* or
MgZ* in the active site.95- 9© From the available literature data, it is reasonable to suggest
that the inverse contributions to KIEs observed for AP-catalyzed reactions arise from metal
ion coordination. Perhaps differences in isotope effects will ultimately aid in distinguishing
between different possible transition state coordination geometries in other binuclear
metalloenzymes that catalyze phosphoryl transfer reactions.

KIEs for wt and R166S AP-catalyzed pNPPS2~ Hydrolysis

We have also determined KIEs for the AP-catalyzed reaction of pNPPS2™, an aryl
phosphorothioate (Figure 1), and the results reinforce the above conclusions.
Phosphorothioate monoesters are analogs of phosphate monoesters with a single sulfur
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substitution at a nonbridging position (Scheme 3) and react through similar loose transition
states, although bond cleavage to the leaving group may be more advanced.!!- 2067
Comparisons of phosphate and phosphorothioate monoesters have previously provided
valuable insights into the AP reaction mechanism.!! 3243

The KIEs for AP-catalyzed pNPPS2™ hydrolysis are significantly different from unity (Table
1), confirming previous conclusions that the chemical step is rate-determining for
phosphorothioate hydrolysis catalyzed by both wt and R166S AP.!!- 32 Furthermore, the
KIEs for the wt and R166S AP-catalyzed reactions are identical within error. Indeed,
mutation of Argl166 to Ser has no significant effect on kqo/Kyp for pNPPSZ™ hydrolysis.®® A
similar situation was observed for reactions of AP with phosphate diesters, where reactivity
is unaffected by mutation of Argl66 to Ser.22 Both phosphate diesters and phosphorothioate
monoesters have large functional groups (either a second ester group or a sulfur atom) that
would result in unfavorable interactions with a positioned active site arginine. The absence
of rate effects upon mutation of Argl66 suggests that the arginine side chain can readily
move away from the active site to allow diester or phosphorothioate binding and reaction.
These data are consistent with pPNPPS2~ binding to the AP active site with a nonbridging
oxygen atom coordinated by the two Zn™ ions; the alternative in which the sulfur atom
coordinates the Zn* ions is discussed below.

The values of 8(V/K)pigge are 1.0094 and 1.0098 for wt and R166S AP-catalyzed pNPPS2~
hydrolysis, respectively (Table 1). These values are identical within error to that observed
for R166S AP-catalyzed pNPP2~ hydrolysis, which has the same leaving group, and
significantly smaller than the value of 1.0237 for uncatalyzed pNPPS2™ hydrolysis.2? As for
pNPP2~ and mNBP2™, these data support a model in which coordination of the leaving
group oxygen to an active site Zn2* suppresses the observed KIE.

The nonbridge 30 KIE for the uncatalyzed hydrolysis of pNPPS2™ in solution is 1.0135.20
This value is significantly larger than the small inverse values typically observed for
phosphate monoester hydrolysis (Table 1),'6 even though phosphate monoesters and
phosphorothioate monoesters react through similar loose transition states.!!- 20- 67 The large
normal value of lgknonbridge for pNPPSZ™ has been attributed to a dominant contribution
from loosening of bending modes in the transition state for phosphorothioate ester
hydrolysis.20

The values of 18(V/K)nonbri@lge for pNPPSZ™ hydrolysis catalyzed by wt and R166S AP are
0.9760 and 0.9768, respectively (Table 1). As for pPNPP2~ and mNBP2~, the enzymatic
reaction results in a large inverse contribution to the nonbridging KIEs, consistent with Zn%*
coordination to a nonbridging oxygen atom restricting bending modes. However, the inverse
contribution from AP to 18(V/K)nonbridge for pNPPSZ™ is far larger than that observed for
pNPP2~ and mNBP2", and suggests that in addition to fixing the position of a nonbridging
oxygen atom, the AP active site may more severely constrain bending and torsional
vibrations that involve the large sulfur atom of pNPPS2~.

An alternative possibility is that pNPPS2™ binds to the AP site with the sulfur atom
coordinated by the two 7Zn2* ions, which would lead to a different interpretation of the
observed KIEs. However, the larger size and correspondingly longer bond lengths of sulfur
relative to oxygen® suggest that sulfur coordination to the active site Zn2* ions would
require significant rearrangements of the active site, including perturbations of Zn%*
interactions with the nucleophile and leaving group. If significant rearrangements of the
active site coordination environment were to occur, then the values of 18(V/K)bridge for
pNPPS2~ and pNPP2~ would be expected to differ, as this KIE reflects interactions of the
leaving group with a Zn%* ion. Instead, the values of 18(V/K)bridge for pNPPS%™ and pNPP2~
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are the same within error when the chemical step is rate-determining (Table 1). Further,
structural studies of Klenow exonuclease, which has a bimetallo active site similar to that of
AP, suggest that the metal ions are displaced from the active site upon binding of a
phosphorothioate substrate in which the sulfur atom is oriented towards the bimetallo site by
remote binding interactions.”® Thus, it seems likely that pNPPS2™ binds the AP active site
with a nonbridging oxygen atom coordinated by the two Zn%* ions.

Implications for Catalysis

The KIEs observed for AP-catalyzed reactions are consistent with previous conclusions
from LFER experiments that the transition state for AP-catalyzed phosphate monoester
hydrolysis is loose and similar to that in solution. Furthermore, the KIEs suggest that strong
interactions with the active site Zn* ions restrict vibrational motions of the substrate. These
interactions occur at the position of bond cleavage, where extensive charge buildup is
expected in a loose transition state, and at the nonbridging positions (Figure 3). Previous
functional studies have implicated electrostatic interactions between a nonbridging
phosphate ester oxygen atom and the active site Zn2* ions as being especially important for
catalysis,*> 47 and the KIE data described herein strengthen these conclusions.

AP catalyzes reactions of substrates with poor leaving groups with significantly greater
catalytic proficiency than those with good leaving groups.’! The difference in catalytic
proficiency is reflected in the difference between the solution and enzymatic values of Big,
which are —1.23 and —0.85, respectively.!2- 28 This difference corresponds to smaller
catalytic proficiencies as the leaving group pK, decreases (i.e., for a given decrease in the
leaving group pK,, the rate of the solution reaction increases more than the rate of the
corresponding enzymatic reaction). A significant fraction of the difference in |, between
the solution and enzymatic reaction has been suggested to arise from interactions with an
active site Zn2* ion.!1-13 Le_, the large difference in catalytic proficiency could arise from
competing effects between stabilization of charge buildup by the leaving group itself and
stabilization by interaction with the active site Zn?*. These stabilizing effects are not simply
additive such that a leaving group that is better able to stabilize negative charge buildup
would consequently interact more weakly with the active site Zn%* than a poor leaving

group.

The KIE data for pPNPPZ~ and mNBP2™~ suggest that there are strong interactions between
the leaving group oxygen and an active site Zn2* ion, and it is possible that differences in
the strength of this interaction could be responsible for the differing catalytic proficiencies
observed for alkyl and aryl substrates. More direct support for this model could be provided
if the decrease in the value of 18(V/K)bridge relative to that in solution was larger for
mNBP2~ than for pNPPZ~. However, this comparison cannot be made due to the absence of
experimental KIE data for the mNBP2™ reaction in solution.

Mechanistic studies of other enzymes support the idea that differences in catalytic
proficiency for good and poor leaving groups could arise from differential interactions with
active site functional groups. The clearest evidence for this phenomenon has been obtained
with glycosyl and phosphoryl transfer enzymes that utilize general acid catalysis.”2~’7 For
these enzymes, mutation of the residue that acts as the proton donor has a larger deleterious
effect for the reactions of substrates with poor leaving groups —i.e., substrates with high pK,
leaving groups are more greatly impeded by the mutation than substrates with low pK,
leaving groups. These observations suggest that general acid catalysis makes a larger
contribution to catalytic proficiency for substrates with poor leaving groups than for those
with good leaving groups, as might be expected based on differential proton affinities.
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Enzymes that catalyze phosphoryl transfer reactions are generally observed to have general
acids, divalent metal ions, or other charged groups positioned to stabilize negative charge
buildup.©7- 78- 79 However, it is difficult to assign a precise contribution to catalysis from
specific active site interactions, as perturbing features of the active site by mutagenesis often
leads to disruption of multiple interactions and thus cannot be interpreted as evidence for the
importance of a particular interaction.!” The KIE approach circumvents this limitation of
site-directed mutagenesis by introducing the smallest possible perturbation to a specific site
in the substrate and provides information on both the nature of the transition state and
interactions between the active site and the transition state. The data support previous
models suggested from extensive structural and functional data that the active site Zn2* jons
in AP form strong interactions with oxygen atoms of the phosphate ester in the transition
state.’9- 12.43.47. 80 Nevertheless, challenges remain in quantitatively describing how the
various active site interactions contribute to catalysis and understanding how these
interactions work together to lead to the enormous rate enhancements achieved by enzymes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations
AP alkaline phosphatase
wild type
LFER linear free energy relationship
KIE kinetic isotope effect
pNPP p-nitrophenyl phosphate
mNBP m-nitrobenzyl phosphate
pNPPS p-nitrophenyl phosphorothioate
PTP protein tyrosine phosphatase
GoP glucose 6-phosphate
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NO, NO, NO.

p-nitrophenyl p-nitrophenyl m-nitrobenzyl
phosphate (pPNPP) phosphorothioate (pPNPPS) phosphate (MNBP)

Figure 1.

Phosphate and phosphorothioate esters for which isotope effects are reported: red, nonbridge
phosphoryl oxygen atoms [18(V/K)nonbridge]§ blue, bridge oxygen atom, site of bond fission
[18(V/K)bridge]; green, nitrogen atom of the leaving group ['3(V/K)]. The structures are
depicted with partial double bonds to emphasize that the nonbridging oxygen atoms that
contribute to 1S(V/Ianbridge are formally equivalent when the substrates are free in
solution. For simplicity, the P-S and P-O bonds of pNPPS are depicted with the same partial
double bond character, although it is likely that the P-S bond has more single bond character
than the P-O bonds.*3- 83
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Figure 2.

Compilation of kinetic data for the reactions of wt and R166S AP, represented by closed and
open symbols, respectively. Reactions of alkyl phosphates (m, 0) give values of B, of —0.85
+0.1 and —0.66 * 0.1 respectively for reactions with wt and R166S AP.10- 12 Reactions of
aryl phosphates (¢) with wt AP are limited by a non-chemical step (dashed line).1% The rate
constant for reaction of the aryl phosphate pNPP2~ (0) with R166S AP?2 deviates negatively
from the value expected by extrapolation from the line for alkyl phosphates (dotted line and
single-headed arrow). Rate constants for the reactions of mNBP2~ with wt and R166S AP
(@, 0) deviate positively from the values expected from the line for alkyl phosphates
(double-headed arrows).
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KIEs for AP-catalyzed reactions are different from the corresponding solution reaction. A)
Predicted direction of changes in KIEs relative to the solution reaction for two different
models for behavior of phosphate monoester substrates in the AP active site. In model 1, the
transition state is loose, similar to that in solution, and strong interactions with active site
metal ions lead to decreases in both 18(V/K)bridge and IS(V/K)nonbridge- In model 2, AP
catalyzes phosphate monoester hydrolysis through a tighter transition state than that in
solution. This model predicts a decrease in 18(V/K)bridge and an increase in IS(V/K)nonbridge
based on comparisons to corresponding solution reactions.!® B) The observed values of
both lS(V/K)bridge and IS(V/K)nonbridge for AP-catalyzed pNPPZ™ hydrolysis decrease
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relative to the corresponding solution reaction, consistent with model 2. Isotope effects are
expressed as a percentage difference from unity [KIE¢, = (KIEys —1)*100]. Values for the
nonenzymatic reaction are shown in black and values for the AP-catalyzed reaction are
shown in grey.
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Transition state model for phosphoryl transfer catalyzed by AP based on the structure with a
bound vanadate ligand.”- 8
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Scheme 2.

Phosphate monoester hydrolysis through a loose transition state.
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Table 1

Kinetic Isotope Effects®

Enzymatic Reactions? ~ Substrate 15(V/K) BV/K)priage  B(V/K)nonbridge

wt AP!? pNPP2- 1.0003 (2)  1.0003 (4) 0.9982 (1)
wt AP mNBP2~  0.9999 (4) 1.0072 (7) 0.9988 (4)
wt AP pNPPSZ™  1.0005(2)  1.0094 (4) 0.9760 (22)
R166S AP*7 pNPP2~ 1.0007 (1)  1.0091 (6) 0.9925 (11)
R166S AP mNBPZ™  4¢ 1.0199 (13)  0.9933 (4)
R166S AP pNPPS2~  1.0006 (1)  1.0098 (3) 0.9768 (25)
Uncatalyzed Reactions ~ Substrate 15k 18 dee 18 onbri dge
At 95 °C! pNPP>~ 1.0028 (2) 1.0189 (5) 0.9994 (5)
Estimated® mNBP2~ 1.0000 ~1.04-1.06  ~1.00

At 50 °C20 pNPPS2~  1.0027 (1)  1.0237 (7) 1.0135 (13)
At 95 °C!® pNPP!~ 1.0004 (2)  1.0087 (3) 1.0184 (5)
At 115 °C? mNBP!~ 1.0000 (1)  1.0157 (9) 1.0151 (2)
At 30 °C20 pNPPS!=  1.0005 (1)  1.0091 (7) 1.0221 (4)

“Standard errors for the last decimal place(s) are in parenthesis. The nonbridge KIEs are the overall effects per molecule. The corresponding per-
atom isotope effects are the cube roots (in the case of phosphate esters) or the square roots (in the case of phosphorothioate esters) of the values

reported above. Data for the reaction of wt and R166S AP with pNPPz_ and for solution reactions are from previous work. 19-21, 47 pata for all
other reactions were obtained for this work. The value of lskbridge of 1.0157 for mNBP1 ™ has been corrected from the value originally reported

in Grzyska et al., 2003.21’ 81

b . . . — . . . — . .
Enzymatic reactions with pNPP2 were conducted at 25 °C, and enzymatic reactions with mNBP2 ™ were conducted at 30 °C. The reactions with
pNPPSz_ were conducted at 35 °C for wt AP and 25 °C for R166S AP. Although differences in temperature can effect the observed KIEs, these

effects are small and do not affect the conclusions drawn herein.20 82
c .
Not determined.

d _
KIEs for mNBP2 hydrolysis in solution cannot be measured because hydrolysis is dominated by alternative reaction pathways.l’ 38-40 pe
estimates shown were obtained as described in the main text.
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