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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 10°-fold greater catalytic proficiency
by AP for phosphate monoester hydrolysis relative to sulfate monoester hydrolysis. The primary 20O 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 Zn?* ion. Furthermore, the primary 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 Zn?* 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

An enzymatic attribute that has been emphasized in functional
work is “catalytic promiscuity”, the ability of an enzyme to

the past decades has revealed extensive evolutionary relationpatalyze' at a low level, a reaction other than its cognate reaction

ships between enzymes that form “families” and “superfami-
lies”.22Much 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 trans-
formations!~1°
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that is maintained via selective presstire.’ Catalytic promis-
cuity 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 promiscu-
ous enzyme can provide a head start in evolving a specialized
and highly functional new enzyme by optimizing the promiscu-
ous 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
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Scheme 1. AP Active Site with a Bound Transition State
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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 activitied? Furthermore, studies of evolution-

Table 1. Comparison of Properties for Phosphate and Sulfate
Monoesters?

phosphate sulfate

monoesters monoesters
P(S)-OR bond length (A) 1.56 0.02 1.60+ 0.01
P(S)-0 bond length (A) 1.52- 0.02 1.46+ 0.01
kw (M~1s72)b 3x 1071 9x 10712
transition state loose loose
charge -2 -1

aBond lengths are for ethyl phosphate and ethyl sufaté A
comparison of bond lengths for thenitrophenyl esters was not possible
because no structure is available for pNPSalues ofk,, the nonenzymatic
hydrolysis rate constants for pNPP and pNPS hydrolysis 4€2%are from
literature sourcedt?* ¢In a loose transition state, there is advanced bond
cleavage to the leaving group and little bond formation to the nucledhife.

Table 2. Comparison of Catalytic Proficiency of AP-Catalyzed
Reactions of pNPP and pNPS?

arily 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 outcomé&d41’Here, we take
advantage of another potential impact of catalytic promiscuity:

proficiency

enzyme pNPP pNPS ratio (P/S)
AP 1.1x 10'8 1.1x10° 1.0x 1
R166S AP 3.3« 10 1.6 x 107 2.1x 108

a Catalytic proficiencies are defined akd{{Kwu)/ky], the ratio of the
bimolecular rate constants for the enzymatic and corresponding solution
hydrolysis reactions for thp-nitrophenyl esters at 25C. Rate constants

its use to elucidate the underlying mechanisms that provide thefor enzymatic reactiod$223335and solution reactiod§2433 are from
enormous rate enhancements and reaction specificities ofliterature sources. The catalytic proficiency for the reaction of R166S AP

enzymes via direct comparisons between cognate and promiscu

ous reactions.
The primary, cognate activity d. coli alkaline phosphatase
(AP) is phosphate monoester hydroly$isAP carries out

phosphoryl transfer in a two-step reaction via a covalent enzyme-

phosphate intermediaté Structural and mechanistic work has
led to the following model for active site interactions (Scheme
1).1920 The nucleophilic serine residue is positioned adjacent
to one of two ZA" atoms in the bimetallocluster. The other
Zn?" atom interacts with the leaving group oxygen atom, and
one of the nonbridging phosphoryl oxygen atoms is situated
between the two ZT atoms in the transition state. Arg166 at
the active site interacts with the other two nonbridging phos-
phoryl oxygen atoms.

In addition to its cognate phosphatase activity, AP has

promiscuous activities toward sulfate monoesters, phosphate

diesters, and phosphit&:22 A comparison of the phosphatase
and sulfatase reactions is particularly intriguing. In solution,
phosphate and sulfate monoester hydrolysis reactions occur wit
similar rate constant&;24and both reactions proceed through
loose transition state€§-32 Furthermore, the structural properties
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h

with pNPS was determined at 3C€, and control reactions indicated that
there was no significant effect of temperature on the catalytic proficiency
between 25 and 36C.32 The proficiency ratio is the catalytic proficiency
for phosphate monoester hydrolysis divided by the catalytic proficiency
for sulfate monoester hydrolysis.

Scheme 2. Substrates Used in This Study and Sites of Isotope
Labeling
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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 reactiochfdl@ 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?Ziions in the
transition staté3 The linear dependence of the free energy of
transition state stabilization (relative to the uncatalyzed reaction)

(33) Nikolic-Hughes, I.; O'Brien, P. J.; Herschlag, D.Am. Chem. So2005
127, 9314-9315.
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with a slope of 31 kcal/mol/unit charg&{ = 0.98) suggested
an important electrostatic contribution to catalysis arising from
interactions between the Zhions and a nonbridging oxygen
atom (Scheme 1).

effects on the two reactions. Specifically, we compare our
measurements of the heavy atom KIEs for AP-catalyzed
hydrolysis ofp-nitrophenyl sulfate (pNPS) angtnitrophenyl

phosphate (pNPP) to those obtained previously for the corre-

The correlation described above was obtained with the R166S sponding solution reactions. The KIEs were determined by the

mutant of AP to avoid differential effects from interactions of
the other nonbridging atoms with Arg166 (Schemé&3lhdeed,

competitive method and are therefore effectsvidid (i.e., keaf
Kw) for the enzymatic reactiorf§. Effects on VIK reflect

these interactions have been demonstrated to provide preferentiatlifferences between the enzymatic transition state and the
catalysis for the phosphate ester reaction over the sulfate esteground state in which the enzyme and substrate are free in
reaction. Nevertheless, Argl66 is responsible for only a small solution.

fraction of the discrimination between phosphate and sulfate

Analysis of Interactions with the Leaving Group Oxygen

ester substrates observed in wild type (wt) AP, and R166S AP Atom. AP, because of its open active site that presumably

still discriminates 18fold between phosphate and sulfate ester

evolved to generate inorganic phosphate from a wide array of

substrates (Table 2). Mutation of Arg166 to Ser decreases thephosphorylated substrat¥s'®is an ideal enzyme for determin-

rate of p-nitrophenyl phosphate (pNPP) hydrolysis 0%
fold.?2234 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 pNPPFor alkyl

phosphate substrates for which the chemical step is rate-

ing linear free energy relationships (LFERs). The valuggf
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?’48 Previous work showed that the values @ for

determining, removal of Arg166 decreases the hydrolysis rate reactions of substituted phenyl phosphorothiddtasd substi-

by ~10%fold.36 In contrast, mutation of Argl66 to Ser has a
~10-fold effect on hydrolysis ofp-nitrophenyl sulfatesl-33
indicating that Arg166 provides a-10>-fold preference for

tuted phenyl sulfates are identical within error to each other for
both nonenzymatic and AP-catalyzed reactief#d.However,
the enzymatigsy values were less negative than those for the

phosphate monoesters over sulfate monoesters when chemistryeactions in solution. There is considerable evidence suggesting
is rate-determining. Thus, other active site interactions must be that the decreased Bransted slopes for the enzymatic reactions

responsible for the large reactivity difference.
To further probe the interactions of AP with the leaving group

do not originate from a more compressed transition state; rather,
the values obtained are in line with expectations for reactions

and nonbridging oxygen atoms of phosphate and sulfate estemwith a stronger nucleophile than in the solution reactions (serine
substrates, we have compared heavy atom isotope effects foloxide vs water) and an electrostatic interaction of the leaving

these reactions in solution and at the AP active site. Kinetic

group oxygen atom with an active siteZratom3%51 Neverthe-

isotope effect (KIE) measurements for the enzymatic reactions less, there are assumptions in and limitations to the analysis of
reported herein are combined with previous measurements forf, to distinguish contributions from bond cleavage and elec-
the corresponding solution reactions to make these comparisonstrostatic interaction4?:48

The results suggest that, while active site interactions at the To further probe active site catalytic interactions with the
leaving group oxygen atom are similar for phosphate and sulfateleaving group oxygen atom and to test whether differential

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

interactions at this position might account for the greatly reduced
catalytic proficiency of AP as a sulfatase, we determined the

180 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

to catalysis have been probed by site-directed mutagenesis, bupNPP and kinetic isotope effects are suppre$sétRemoval

interpretation of these experiments in terms of quantitative
contributionsto catalytic proficiency is fraught with difficulti&s 4>

of Arg166, which interacts with two of the nonbridging oxygen
atoms (Scheme 1), substantially slows catalysis but does not

Instead, we have taken a distinct approach, comparing two of affect the value offy for reactions of both alkyl phosphates
the activities of AP: the cognate phosphate monoesteraseand phenyl phosphorothioates, suggesting that this residue does
activity and the promiscuous sulfate monoesterase activity. We not perturb interactions with the leaving groth#3Wt AP was

consider, in turn, interactions of AP with the leaving group and

used to determine KIEs for enzymatic pNPS hydrolysis, as

with the nonbridging oxygen atoms. These comparisons have chemistry is rate-determining for this substrate and it was not
allowed us to determine catalytic features that may have different practical to measure KIEs for the reaction of R166S AP with
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(36) O'Brien, P. J.; Herschlag, D. Am. Chem. S0d999 121, 11022-11023.

(37) Knowles, J. RSciencel987, 236, 1252-1258.
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294, 327-340.
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Table 3. Kinetic Isotope Effects for Solution and Enzymatic A) 25 B)
Reactions of pNPP and pNPS2
enzymatic reactions? substrate B(VIK) B(VIK)origge B(VIK)nonbrigge <y %
wt AP33 pNPP~  1.0003(2) 1.0003(4) 0.9982 (1) g =
R166S AP pNPP  1.0007 (1) 1.0091(6) 0.9925 (11) ° g
wt AP pNPS~ 1.0019 (4) 1.0084 (10) 0.9946 (4) o &
uncatalyzed reactions ~ substrate % Bpridge Bronbridge E l'g
at 95°C> pNPE~ 1.0028 (2) 1.0189(5) 0.9994 (5) =
at 85°C52 pNPS~ 1.0026 (1) 1.0210(10) 0.9951 (3) 1.0
§ § & &
a Standard errors for the last decimal place(s) are in parentheses. Data éf ff § fg aj s &
for the reaction of wt AP with pNPP and for solution reactions are from VY f £ 3@1 g qv‘?
previous worke254Data for all other reactions were obtained for this work. A h
KIEs for wt AP-catalyzed pNPP hydrolysis are close to unity because PNPP PNPS PNPP PNPS

: : i i i ) .
the chemical step is not rate-determiniftg? ® Enzymatic reactions with Figure 1. Comparison of KIEs for nonenzymatic and AP-catalyzed

pNPFP-~ were conducted at 2%, and those with pNPS were conducted : .
at 35°C (see Methods). Although differences in temperature can affect the '€actions of pNPP and pNPS. Values for #@ bridge KIEs are plotted

observed KIEs, these effects are small and do not affect the conclusionsn (A), and values for thé%0 nonbridge KIEs are plotted in (B). Isotope
drawn hereir8.72 effects are expressed as a percentage difference from unity, FIEKIE ops

. . . e — 1)*100]. Values for nonenzymatic reactions are shown in black, and
long reaction times that would be required to observe significant yajues for AP-catalyzed reactions are shown in gray.

product formation.

Table 3 lists the results of the enzymatic isotope effects for  Functional data support an important energetic interaction of
the leaving group oxygen atom&¥\/K)uidgd of PNPS and  this oxygen atom with the active site bimetallocluster. R166S
pPNPP and the values for the corresponding nonenzymatic AP exhibits a remarkable correlation between the amount of
reactions kyriagd. As noted previously, the nonenzymatic charge on this oxygen atom and the observed rate enhancement.
isotope effects 0f~2% (1.02) for pNPP and pNPS suggest The correlation holds for six substrates investigated and gives
substantial bond cleavage in the transition staté>*consistent a slope of 31 kcal/mol per unit charg&?(= 0.98)32 Thus, AP
with the body of work on phosphoryl and sulfuryl transfer that appears to be enormously sensitive to electrostatic interactions
supports a loose transition state for these reacfioris. in the active site, leading to the suggestion that the enzyme and

The isotope effect for R166S AP-catalyzed hydrolysis of its bimetallocluster establish a region of extraordinarily high
PNPP is reduced relative to that in solution, with a value of positive charge density that preferentially stabilizes transition
~1% (Table 3). As linear free energy relationships give values states with higher negative charge density on the oxygen atom
of fig consistent with the same extent of bond cleavage for that is situated between the two Znions.
nonenzymatic and AP-catalyzed reactions of phosphate, phos- Nevertheless, there are many other bimetalloenzymes that
phorothioate, and sulfate monoest&r¥;°0>15%ve suggestthat  preferentially hydrolyze substrates that have less charge situated
the reduced isotope effect results from transition state interac-between the two metal i0A85657 |t is possible that other
tions between the leaving group oxygen and the active sit€ Zn features of the AP active site lead to a strong electrostatic
ion (Scheme 1). A similar decrease in this isotope effect is interaction energy at this position, such as the nearb¥ Nt
observed in reactions in which the leaving group oxygen is that is present in AP but absent in other members of the AP
protonated in the transition stetehut the effect reported herein  superfamilyt0195859t is also possible that there is an alternative
probably has a different origin. Leaving group stabilization by explanation for the observed correlation that is unrelated to local
interaction with a zinc ion does not result in a new covalent electrostatics.
bond, so that no new vibrational modes are introduced. To probe interactions with the nonbridging oxygen atom, we
However, coordination to zinc may stiffen bending modes, determined the KIEs for the AP-catalyzed reactions of pNPP
contributing an inverse effect to lower the observed isotope and pNPS with!80 substitutions at the nonbridging positions
effect. Regardless of the origin, here we emphasize that the(Scheme 2) and compared these values to those obtained for
isotope effect is reduced to the same extent for the sulfatasethe corresponding nonenzymatic reactions (Table 3). There is
reaction catalyzed by AP (Table 3 and Figure 1A). These results a significant difference for the nonenzymatic and AP-catalyzed
suggest that AP has the same catalytic interactions with thereactions of pNPP (Figure 1B). THEO nonbridge KIE for
leaving group in its phosphatase and sulfatase reactions. ThuspNPP hydrolysis becomes much more inverse, frof06%
differential interactions with other portions of the substrates are for the nonenzymatic hydrolysis reaction-®.75% for the AP-
presumably responsible for the large difference in AP’s catalytic catalyzed reaction. As described above in the case of the
efficiency for these reactions. bridging oxygen, the interaction between an oxygen atom and

Analysis of Interactions with the Nonbridging Oxygen the Zr#+ bimetallo site does not result in new covalent bonds,
Atoms. In the transition state model for the AP-catalyzed so that no new vibrational modes are introduced, and the large
phosphoryl transfer, one of the nonbridging phosphoryl oxygen inverse effect probably arises from a strong interaction with the
atoms is situated between the two?Zratoms of the bimetal-  active site ZA" ions that stiffens or freezes some bending and
locluster (Scheme 1). Evidence in support of this model comes
from X-ray structures with covalently and noncovalently bound (55) Y%“fgiyééf‘ Stec, B.; Ma, L.; Kantrowitz, E. Rat. Struct. Biol1997

phosphate and with a bound pentacoordinate vanadate transitionse) Strater, N.; Lipscomb, W. N.; Klabunde, T.; Krebs,&hgew. Chem., Int.
20,55 Ed. Engl.1996 35, 2024-2055.
state analogué. (57) Wiicox, D. E.Chem. Re. 1996 96, 2435-2458.
(58) Hanson, S. R.; Best, M. D.; Wong, C. Mngew. Chem., Int. EQ004 43,
(54) Hoff, R. H.; Larsen, P.; Hengge, A. @.Am. Chem. So2001, 123 9338— 5736-5763.
9344, (59) Galperin, M. Y.; Jedrzejas, M. Proteins2001, 45, 318-324.
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torsional mode&? In contrast to the isotope effect for the pNPP  of the behavior of the vibrational modes that give rise to the
reaction, the isotope effect for the pNPS reaction is the same,observed KIEs even for the reactions in solution.
within error, for the enzymatic and nonenzymatic reactions, The proposal that the bimetallo site of AP provides electro-
providing no evidence for a special or strong interaction of the static discrimination to allow preferential catalysis of phosphate
sulfuryl group with the ZA* ions (Figure 1B). The pNPS KIEs  monoester hydrolysis immediately raises the question of how
are consistent with a similar transition state on and off the the bimetallo site in AP is adapted for this preference, given
enzyme and an absence of strongly perturbing interactions withthat many other bimetallo enzymes act preferentially on
the Zr+ bimetallocluster that stiffens bending and torsional substrates with less charge than phosphate monoé%pé&fs.
vibrational modes of the nonbridging=® bonds. Furthermore, there are enzymes in the AP superfamily known
The different effect of AP on the nonbridge KIEs for as arylsulfatases that preferentially catalyze sulfate ester hy-
phosphoryl versus sulfuryl transfer reactions supports a modeldrolysis. Although there are several conserved features between
in which there are differential active site interactions. As there the AP and arylsulfatase active sites, there are also prominent
is evidence that both reactions occur in the same active site indifferences. In particular, the AP active site contains three metal
AP and require the presence of Ser102 and Argi6& suggest ions, two of which directly contact the substrdlewhereas
that the effect arises due to differing strengths of the interaction arylsulfatases contain only a single metal ion and have a lysine
between a nonbridging oxygen atom and the active sife Zn residue in place of one of the missing metal ihisevertheless,
ions. Indeed, this interpretation of the KIE data supports a there are several other residues in the arylsulfatase active site
previously proposed model in which the high positive charge that could potentially bear a positive chaf§enaking it difficult
density in the AP active site leads to stronger interactions with to assess the differences in active site electrostatics between
a nonbridging oxygen atom of highly negatively charged AP and arylsulfatase by comparison of the structures alone.
substrates, such as phosphate monoesters, relative to less KIEs for arylsulfatase-catalyzed reactions may offer additional
negatively charged substrates, such as sulfate mono&stérs. insight into the differences between the AP and arylsulfatase
Alternative models to account for the differing behavior of active sites. The simplest expectation for arylsulfatase-catalyzed
the nonbridge KIEs for pNPP and pNPS have been consideredPNPS hydrolysis would be that there are strong active site
as follows. One possibility is that the different behavior interactions with the transferred sulfuryl group, leading to an
originates because the data for pNPP were obtained with R1665nverse contribution t8%(V/K)nonbriage Similar to that observed
AP, whereas the data for pNPS were obtained with wt AP. for AP-catalyzed pNPP hydrolysis. KIEs for pNPS hydrolysis
However, one might have anticipated a greater inverse contribu-catalyzed by two different arylsulfatases have been deterrfiined.
tion to the KIE with Arg166 present, contrary to the observed The values of*8(V/K)nonbriage are small and normal (0.69
effects. Furthermore, removal of the active site arginine residue 0.24%), distinct from the small inverse effects observed for
in protein tyrosine phosphatases has no significant effect on uncatalyzed hydrolysis and AP-catalyzed hydrolysis. The small
the value of the!®O nonbridge KIES® Another possibility is normal aryl sulfatase values could reflect differences in nu-
that, because the nonbridge KIE for pNPS hydrolysis in solution cleophilic participation and/or weaker electrostatic interactions
is already significantly inverse{0.5%), interactions with Z&t with the sulfuryl group in the aryl sulfatase transition state than
ions in the AP active site cannot provide any additional inverse in the AP transition state. Further experimental work is needed
contribution. Physically, this model suggests that vibrational before conclusions can be drawn about the comparative nature
modes for the nonbridging-S0 bonds are already stiffened or ~ and strength of interactions in the active sites of arylsulfatase
frozen in the transition state for solution hydrolysis and that versus AP.
the enzymatic transition state does not provide any additional Continued comparative structural and functional studies on
tightening of the vibrational modes. However, there is no evolutionarily related enzymes in the AP superfamily will reveal
theoretical basis for assuming tha0.5% represents an upper more about how these similar active sites discriminate between
limit in the magnitude of a secondakO KIE, and secondary ~ phosphate ester, sulfate ester, and other substrates. In addition
180 KIEs that are significantly more inverse thai).5% have  to comparisons within the AP superfamily, comparisons with
been observetf Nevertheless, this model cannot be explicitly ~unrelated enzymes that catalyze phosphoryl and sulfuryl transfer

ruled out because we lack a complete, quantitative descriptionréactions may ultimately help identify features of the AP active

site that make important contributions to its electrostatic
(60) Bgcayse Ithe lélEs _re_p(()j(}f pnlchagges in strletqhing, é)endirr:g, anckiJ t_grsjonal behavior and reveal common mechanistic strategies that underlie
vibrational modes, it is difficult to draw conclusions about the nonbridging frogem ; - p
P—0 bond order in the transition state. While it is possible that the increased the remarkable specificities and catalytic proficiencies of
inverse effect on the nonbridge KIE reflects changes in the nature of the enzymes.
transition state in the AP active site relative to that in solution, prior LFER
studies provide no indication of such a chafg®:50-51.53\We therefore Methods
suggest that the increased inverse effect in the enzymatic reaction arises
ifg?]rg_ the interaction hetween a nanbridging oxygen afom and tfié Zn Materials. The plasmids for expression of wt and R166S AP and
(61) See ref 21 and Table 2. the phoA" strain of E. coli (SM547) were provided by Evan Kantrow-
(62) We have also measured ##© nonbridging isotope effect for AP-catalyzed it7 34 i i
-nitrophenyl phosphorothioate (pPNPPS) hydrolysis. The observed KIE of itz.* Natural abundgnce and Isqtoplcally labeled salts of pNPP and
—29% s significantly more inverse than the value of 1% observed for the PNPS were synthesized as previously descriBéd.
nonenzymatic hydrolysis reactiéf® This observation supports the conclu- Alkaline Phosphatase Purification.Wild type and R166S AP were
sion that there is a strong interaction between the bimetallo site and a . h .
nonbridging oxygen atom for good substrates of AP, such as phosphate purified as previously des'crlt')ééi. .
and phosphorothioate monoesters. The KIEshq;or AP-catalyzed pNPPS  Isotope Effect Determinations.®0 KIEs were measured using
hydrolysis will be discussed extensively elsewhre. ; i i
(63) Hoff, R. H.. Wu, L.; Zhou, B.: Zhang, Z. Y. Hengge, A. C.Am. Chem. isotope ratio mass spectrometry by the remote label method, using the
Soc.1999 121, 9514-9521.
(64) Zalatan, J. G.; Catrina, I. E.; Mitchell, R.; Grzyska, P. K.; O'Brien, P. J.; (65) Gibby, S. G.; Younker, J. M.; Hengge, A. @. Phys. Org. Chen2004
Herschlag, D.; Hengge, A. C., submitted. 17, 541-547.
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nitrogen atom as a reporter for isotopic fractionation at the bridge or ~ The p-nitrophenol product at partial reaction was isolated from the
nonbridge oxygen atoms. The experimental procedures used to measureriginal 20 mL reaction mixture as described for the pNPS reaction.

these isotope effects were similar to those previously repdtted. Residual pNPP in the aqueous layer was hydrolyzed by titration to pH
Isotope Effects on the Alkaline Phosphatase Reaction with pNPS. 9 and overnight reaction after addition of commercial alkaline phos-

Reactions were carried out at 36 using 100umol of pNPS in 1.0 phatase. Subsequentfynitrophenol was isolated by titration to pH 4

mL of 0.1 M MOPS buffer, pH 7.0, containing 1M alkaline and ether extractions as described above.

phosphatase. Reactions were allowed to proceed fe21@ays, giving Calculation of Isotope Effects.Isotope effects were calculated from

fractions of reaction ranging from 17% to 35%. A side-by-side control the isotopic ratios at partial reaction in the prodiRd)(in the residual
reaction under identical conditions but without enzyme showed only a substrateR), and in the starting materiaRy).

negligible amount of nonenzymatic hydrolysis of pNR&10 of the KIE = lloa(1 — H/{ loall — f 1
total). The reactions were then diluted with water to a volume of 20 flog( JIlogl (RpIR")]} @
mL. To determine the fraction of reaction, two aliquots were removed. KIE = lloa(1 — H1/{ loal(1 — f 2
One was assayed f@rnitrophenol from the absorbance at 400 nm of flog( JWlogl( JRIRS)T} @
a sample added to 3 mlf @ N NaOH. The other aliquot was made 1 Equations 1 and 2 were used to calculate the observed isotope effect

N in HCI and heated for 12 h at 8GC, which control experiments eithqr fromR, an'dRo or from RsandRo, respectively, at the meagured
showed resulted in complete hydrolysis of pNPS. This aliquot was then fraction of reactprﬁe The observed isotope effects from experiments
similarly assayed fop-nitrophenol, and the ratio of the two assays to determine®O isotope effects were corrected for tibl effect and

gave the fraction of enzymatic hydrolysis at the time the reaction was for incomplete levels of isotopic incorporation in the starting material

stopped. as previously describéd The independent calculation of each isotope
The original 20 mL aqueous reaction mixture was titrated to pH 4 €ffect usingR, and R, and usingRs and R, from eqgs 1 and 2,
with HCI, and p-nitrophenol was extracted with ether (3 20 mL). respectively, provided an internal check of the results. These values

The ether extracts were dried over MgS@nd the solvent was removed ~ agreed within experimental error and were averaged to give the values
by rotary evaporation. The remaining pNPS in the aqueous layer was reported in Table 3.

hydrolyzed by addition of 2.2 mL of concentrated HCI and heating for
12 h at 80°C. Thep-nitrophenol thus released was isolated by ether
extraction as described. Thenitrophenol samples were purified by
sublimation before analysis using a Europa 20-20 isotope ratio mass
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