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ABSTRACT. Dual-specificity phosphatases (DSPs) belong to the large family of protein tyrosine phosphatases
that contain the active-site motif (H/V)CxxGxxR(S/T), but unlike the tyrosine-specific enzymes, DSPs
are able to catalyze the efficient hydrolysis of both phosphotyrosine and phosphoserine/threonine found
on signaling proteins, as well as a variety of small-molecule aryl and alkyl phosphates. It is unclear how
DSPs accomplish similar reaction rates for phosphoesters, whose reactivityk(i.ef the leaving group)

can vary by more than $0Here, we utilize the alkyl phosphatenitrobenzyl phosphaterfNBP), leaving-

group Ka = 14.9, as a physiological substrate mimic to probe the mechanism and transition state of the
DSP, Vaccinia Htrelated (VHR). Detailed pH and kinetic isotope effects of YK value for mMNBP
indicates that VHR reacts with the phosphate dianiomdBP and that the nonbridge phosphate oxygen
atoms are unprotonated in the transition st&®.and solvent isotope effects indicate differences in the
respective timing of the proton transfer to the leaving group an@® Mission; with the alkyl ester substrate,
protonation is ahead of-FO fission, while with the aryl substrate, the two processes are more synchronous.
Kinetic analysis of the general-acid mutant D92N witiNBP was consistent with the requirement of
Asp-92 in protonating the ester oxygen, either in a step prior to significa@ Bond cleavage or in a
concerted but asynchronous mechanism in which protonation is aheaddbBnd fission. Collectively,

the data indicate that VHR and likely all DSPs can match leaving-group potential with the timing of the
proton transfer to the ester oxygen, such that diverse aryl and alkyl phosphoesters are turned over with
similar catalytic efficiency.

Dual-specificity phosphatases (DSPspnstitute a large  CxxGxxR(T/S) and a general-acid catalyst (Asp), the general
subfamily of the protein tyrosine phosphatases (PTPs). While features of the mechanism involve the cysteine nucleophile
PTPs dephosphorylate phosphotyrosine residues, DSPs efattacking the phosphorus atom of the substrate to form a
ficiently dephosphorylate all three major types of phospho- phosphoenzyme intermediaté, @). A general acid (con-
rylated residues found in eukaryotes: phosphoserine, phosserved aspartic acid residue) donates a proton to the leaving-
phothreonine, and phosphotyrosine. Many DSPs downregulategroup oxygen, releasing the dephosphorylated subs@ate (
mitogen-activated protein kinases (MAPKS) by hydrolyzing 12). Subsequently, the cysteinyl-phosphate intermediate is
phosphothreonine and phosphotyrosine residues within thehydrolyzed by a water molecule to generate inorganic
activation loop TxY motif 8, 4). Although there is sparse  phosphate.
sequence identity between the PTPs and DSPs, both families  Much of the detailed knowledge concerning the catalytic
share a similar overall structure and general catalytic mechanism of PTPs and DSPs has been deduced from studies
mechanism §, 6). Utilizing the active-site motif (H/V)-  ytilizing the substrat@ara-nitrophenyl phosphatepliPP).

: These studies included kinetic isotope effect (KIE) measure-
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threonine) hydrolysis with similar efficiency to that of aryl oa 180K
phosphate esters, such pPP or phosphotyrosine. For Tdp-0al (VK nontriage
instance, VHR readily hydrolyzes aryl and alkyl phospho- Ob  .oo- - (VI e

monoesters whose reactivity (leaving-group potential) can

vary by as much as 9 orders of magnitudg 14). The

common phosphatase substraléPP generates an excellent

leaving group [g-nitrophenol) with a K, of 7.1, whereas NO2 _

phosphotyrosine and phosphoserine generate leaving groupg Cec ¢ SRR EE St e H etred. Nonbridgin
with pK, values of 10 and 1.4’ respec.tlvely. HO.W do DSPs gxygen atoms are desigr?ated as a, and the bridginj oxygen gtor?ws
compensate for the huge difference in reactivity based on gre designated as b.

the leaving-group I;?

Because previous KIEs have been measured phNRP, 0 _189 9
transition-state information has been limited to aryl substrates "0-P-O 80-p-180 0-P-0
with good leaving groups, i.e., loma. Recently, Grzyska 18(|) 6 0
et al. have usethetanitrobenzyl phosphater(NBP, leaving-
group K, = 14.9) to examine the transition-state structure
for the solution hydrolysis reaction of this alkyl phosphate

ester {5). The results for the hydrolysis of the monoanion N0 15N0 1UNO,
of mMNBP were most consistent with a preequilibrium proton 2 2
transfer from the phosphoryl group to the ester oxygen atom, A B ¢

followed by rate-limiting P-O(R) bond fission. The transi-  FIGURE 2. Isotopic isomers synthesized for measurement of the
tion state formNBP hydrolysis (leaving-groupky = 14.9) bridge (A and C) and nonbridge (B and & isotope effects.

exhibits much less PO(R) bond fission than the reaction jnpitiated by adding VHR (0.160.4xM in a 1504L reaction

of the more labilepNPP (leaving-group 8, = 7.14). This  yojume), and the reaction was quenched with 8&0of

seemingly anti-Hammond behavior results from a weakening gg|ution containing a 1:6 ratio of 10% ascorbic acid isOH

of the P-O(R) ester bond induced by protonation, an effect ynd 0.42% ammonium molybda#é,0 in 1 N H,SO,. The

that calculations show to be much more pronounced for aryl quenched reaction was incubated at°@for 20 min, and

phosphates than for alkyl phosphatés)( the release of phosphate by VHR was detected spectropho-
To uncover differences in the transition state for the tometrically at 820 nm using a Shimadzu BioSpec-1601. The

hydrolysis of aryl versus the alkyl esters by DSPs, we concentration of released phosphate in the reaction was

analyzednNBP as a substrate for human phosphatase VHR, calculated based on a standard curve generated from known

measured the KIEs, and compared these results with thoseoncentrations of free phosphate. The data were fitted to eq

obtained previously fopNPP. Here, we demonstrate that 1 using the computer program Kaleidagraph (Abelbeck

VHR reacts with the dianionic form afiNBP. Previous pH  software). For the construction of the pH profils4K values

analysis of the kinetic parameters showed {dPP must  were determined at various pH values (pH-4%0) and the

be in the dianionic state for catalysis 13). The magni-  pH data were fitted to eq 2 using Kaleidagraghis the

tudes of thé®0 and solvent deuterium isotope effects in the pH-independent value &4/K, H is the proton concentration,

reactions opNPP andnNBP reveal differences in the timing  and K,;, Ka, and K,3 are the ionization constants of the

of protonation and PO fission in the transition states of groups involved in the reaction.

the alkyl versus the aryl substrate.
v = Ko fEloS(S+ K, (1)

v=Cl[(1 + HIK )L+ KJH)A+ HKI] (2

MATERIALS AND METHODS

Materials.Alkaline phosphatase from chicken spleen was

purchased from Sigma. Isotope Effect DeterminationSigure 1 shows the substrate

Diethyl ether was used as purchased. The bis(cyclohexyl-indicating the positions at which isotope effects were
ammonium) salt of natural abundance and isotopically measured!®0 KIEs were measured by isotope ratio mass
labeledmNBP were synthesized as previously descridé),( spectrometry by the remote label method, using the nitrogen
andpNPP was from Sigma as the disodium hexahydrate salt. atom as a reporter for isotopic fractionation at the bridge or
VHR and the D92N mutant were purified as previously nonbridge oxygen atoms. The experimental procedures used
described 12). to measure these isotope effects were similar to those

Assays For the pH analysis, a three-component buffer previously reported to measure KIEs in phosphoryl transfer
system consisting of 0.1 M acetate, 0.05 M Tris [tris- reactions in which the leaving group jsnitrophenol (8).
(hydroxymethyl) aminomethane], and 0.05 M Bis-Tris [2(bis-  The isotopic isomers ahNBP used for measurement of
(2-hydroxyethyl)imino)-2-(hydroxymethyl)-1,3-propane- KIEs are shown in Figure 2. A mixture of isotopic isomers
diol] was used to maintain a constant ionic strength A and C was used for determination ¥kyriqge 1SOmMers B
throughout the pH range examined. All assays were per-and C were mixed to reconstitute the natural abundance of
formed at 25°C. Assays usingNPP as a substrate were *N, and this mixture was used for determinatiot®&fonridge
performed as described previousiy?). The initial velocity The isotopic abundance of the mixtures was determined by
of mNBP hydrolysis was measured using an inorganic isotope ratio mass spectrometry. The unlabeled compound,
phosphate detection assay described previousty, (vith containing the natural abundance'®f, was used to measure
slight variation. Briefly, hydrolysis ofiNBP (0—7 mM) was the 15N isotope effect.
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Isotope effect experiments were run at pH 6.0 and 7.15 25 | \ w
using 0.2 M Bis-Tris buffer containing 1 mM dithiothreitol,
at 30°C. Temperature was maintained with a thermostated
heating block. The dicyclohexylammonium salt (43 mg) of
the appropriate isotopically labeled form of the substrate was
dissolved in 10 mL of buffer that had been flushed with
nitrogen for 30 min before the reaction. Reactions were
initiated by addition of 256350 uL of enzyme (86-113
uM) and were monitored by'P NMR. After partial hy-
drolysis, reaction mixtures were extracted with diethyl ether
4 times (25 mL) to separate the produttnitrobenzyl
alcohol. These ether layers were dried over magnesium
sulfate, and the ether was removed by rotary evaporation.
Themenitrobenzyl alcohol was further purified by distillation
at ~105 °C onto a coldfinger apparatus before isotopic
analysis by isotope ratio mass spectrometry using an ANCA- (i} 1 w L w
NT combustion system working in tandem with a Europa 0 2 4 6 8 10
20-20 isotope ratio mass spectrometer. The aqueous layer, [PNPP or mNBP], mM
containing the unreactetiNBP, was added to Tris buffer  Ficure3: Initial velocities ofpNPP @) andmNBP (©) hydrolysis
and brought to pH~9. About 1 mg of commercial alkaline by VHR were measured at pH 6.0 at 26 using the phosphate
phosphatase was added to cleave the resitBP. After detection assay as described in the Materials and Methods. The
more than 10 half-lives, this mixture was treated as describedSOIIOI lines are fits to the MichaelisMenten equation. Each point

o was determined 3 times.

above to recovemtnitrobenzyl alcohol.

Isotope effects were calculated from the isotopic ratios at Py 3
partial reaction in the product at partial reactid®,)(in the [ ]
residual substrateR)), and in the starting materiaR{).

KIE = log(1— f/log[1 — f(R/Ry)] 3)
KIE = log(1 — f)/log[(1 — )(R/R,)] (4)

15 - B

05 + .

[uM product)/second-[uM VHR]

log(V/K)

Equations 3 and 4 were used to calculate the observed
isotope effect either fronR, and R, or from Rs and R,,
respectively, at the measured fraction of reactid®9).(
Experiments using the natural abundance compound showed
that there is no measuraBR isotope effect. Thé?O isotope
effects were corrected for levels of isotopic incorporation, ‘
as previously describedl). The independent calculation 4 5 6 7
of each isotope effect using, andR, and usingR, andRs pH
from eqgs 3 and 4, respectively, provides an internal check Ficure 4: pH dependency of thé/K value for VHR usingpNPP
of the results. andmNBP. (@) represents theNPP substrate, ancDj represents

_ the mNBP substrate. ThgNPP data are from Denu et all3).
D-O Sobent Isotope EffectThe V/K values were deter The data were fitted to eq 2. Assays were performed in TBA buffer

mined using a buffer consisting of 50 m'V_' Bis-Tris in® (100 mM acetate, 50 mM Bis-Tris, and 50 mM Tris) atZ5 See
or D,O. Buffer components were added directly tgdband the Materials and Methods for details.

the pD was adjusted with NaOD. Assays were performed as
described for pH studies in the Materials and Methods. The  In uncatalyzed hydrolysis reactions, the monoanionic form
pD values were determined by adding 0.4 to the pH electrodeof an alkyl phosphate is hydrolyzed much faster than the

8 9 10

reading R0). corresponding dianionic form. However, pH analyses of the
V/K values showed th@NPP must be in the dianionic state
RESULTS AND DISCUSSION for catalysis by PTPs1@, 13). To examine the formal

First, we examined the ability of VHR to catalyze the possibility that similar catalytic efficiencies betwepNPP
hydrolysis of the alkyl phosphate esteNBP with direct andmNBP were due to a difference in the initial protonation
comparisons t@NPP as a substrate. Initial velocities as a State of the substrate, it was critical to determine whether
function of MNBP concentration were measured, and from the monoanionic or dianionic form offNBP was the
the resulting saturation curves (Figure 3), the steady-statecatalytically reactive form. Using VHR anchiNBP, the
kinetic constants were determined at pH 6. Despite the kinetic parametel/K was determined as a function of pH.
difference of~8 pK, units between the leaving groups of At each pH valueV/K values were determined by fitting
PNPP (Ka = 7.1) andmNBP (pK, = 14.9), theV/K value initial velocities determined at variediNBP] to the Michae-
with mNBP was only 2-fold lower than the value obtained lis—Menten equation (eq 1) as described in the Materials
with pNPP (Figure 4). Similarly, th&, was~2-fold lower and Methods. The data are presented in Figure 4, along with
with mNBP compared to that witbNPP (Figure 3). the previously obtained pH profile f@NPP hydrolysis by
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VHR (12). Several data points withNPP were reperformed  studies, it has been proposed that alkyl phosphates might be
to rule out any significant alterations that might arise from more likely to react via the monoanion forn22 23),
the use of different enzyme preparations. Within experimental although another computational study by Asthagiri et al.
error, the current data fell within the previously constructed favors the dianion and loose transition-state pathway for PTP
V/IK pH profile with pNPP. The pH profile withmNBP catalyzed phosphoenzyme intermediate formatizd). (
generated a curve that was very similar in its overall shape If the true substrate was the monoaniom®BP, then it
to that of VHR usingopNPP, where the plot rises with a slope  may be possible that the proton from the phosphoryl group
of +2 on the acidic side and decreases with a slope bf is transferred to the leaving group, facilitating-© bond
on the basic side (Figure 4). However, thlBP pH profile cleavage. In this model, protonation of the leaving group by
is shifted significantly toward higher pH values on the acidic the general-acid catalyst Asp-92 may be dispensable for
limb of the profile. Consistent with previous interpretations, activity when sufficient quantities of the monoanion of
the plot indicates that two ionizable groups must be unpro- mNBP are present to compensate for the loss of Asp-92. To
tonated and one group must be protonated for optimal test this possibility, we determined the ability of the catalytic
activity. From previous analysis witpNPP (12), it was mutant D92N of VHR {2) to hydrolyze mNBP. We
determined that two groups wittKpvalues of 5.1 and 5.47  attempted to obtain measurable ratesy®BP hydrolysis
must be unprotonated, while a group with ,pralue of with D92N VHR using the phosphate detection assay as
5.7 must be protonated for activity. Th&pvalue of 5.1 described in the Materials and Methods. Although reasonable
representslg, for the phosphate group pNPP and indicates  rates of hydrolysis were observed wiphilPP, KIE results
that the dianion opNPP is the reactive form of the substrate. show that the leaving group departs as the unprotonated anion
The [K, of 5.47 represents the catalytic cysteine (Cys-124) (13). With mNBP, the reaction rate is below the detection
residue, and I§, of 5.7 represents the aspartic acid residue limits of the assay. However, on the basis of the sensitivity
(Asp-92) of VHR (2). of the assay, we calculated an upper limit of 014104
When the substrate naphthyl phosphate is employeds ! for the rate ofMNBP hydrolysis, which was-3.5 orders
instead ofpNPP for the YOP PTP, a similar pH-dependent of magnitude slower than the value of 0.05 sneasured
rate shift was observed, consistent with the difference with pNPP and the D92N mutant. This value is consistent
expected from the seconKp of the two substrates2(). with that calculated from the Bristed plot of thek.a value
The second K, of mMNBP is 6.2 (5), compared with 5.1  for D92N as a function of the leaving-grougpwith a series
for pNPP. This suggests that the shift in the profile in the of aryl phosphate ester8)( The resulting Btasted slope of
present study reflects a change in th& jpf the phosphate  —0.54 0.07 predicts a reduction in the rate-©8.9 orders

from 5.1 to 6.2. of magnitude when the leaving group is changed from
To demonstrate that the shift in tlmeNBP pH profile is p-nitrophenol tam-nitrobenzyl alcohol. Together, these data
consistent with thelg, difference betweepNPP andnNBP, support a critical role for the Asp-92 in protonating leaving

the mNBP data were fitted to eq 2 using the previously groups with high K, values, such asiNBP and phospho-
determined values for Asp-92Kg, = 5.7; must be proto-  serine/threonine, as previous studies have implied for aryl
nated) and Cys-124 las = 5.47; must be unprotonated) ester substratésThese data are consistent with the dianion
(12). The Ka1 value for the substrate and tevalue were of both pNPP andmNBP as the catalyzed substrate.
allowed to float in the analysis, yielding &pvalue of 5.7 The proposal that a phosphatase should prefer the monoan-
for the substrate ionization and the pH-independent v@lue ion form of its substrate comes from the observation that, in
of 5730 Mt s71. The calculated kineticka, value of 5.7 is uncatalyzed hydrolysis, the monoanion is more reactive than
reasonably close to the thermodynamik,pof mNBP the dianion. However, this difference in reactivity arises from
determined as 6.2. Using the same type of fitting analysis the ability of a proton to easily transfer intramolecularly from
for thepNPP data, a fit to eq 2 yielded &p, value of 4.93, the phosphoryl group to the leaving group in the reaction of
which is very similar to the I, of pNPP determined as 5.1. the monoanion, while in the dianion, the leaving group
The pH-independent valu@ was 12 600 M* s™. Poor fits departs as the alkoxide. Interestingly, the phosphoryl group
(x> > 0.45 versus 0.2 for the above model) were obtained is fully deprotonated in the transition states lofth the

for alterative models involving one deprotonated and two monoanion and dianion reactions. The basic elements that
protonated groups, as well as one model involving one facilitate the uncatalyzed monoanion over the dianion reac-
unprotonated and one protonated groups. Moreover, if wetion are present in an enzymatic reaction when a general
assume a model that involves an unprotonated Asp-92 andacid is available to protonate the leaving group. In the case
the monoanion of the substrate, the fit yields a pH- of the enzymatic reaction, the aspartic acid within the active
independent value fanNBP that is 23-fold lower than that  site supplies the proton that is transferred to the leaving

with pNPP. Given that thek., values are only~2-fold group, obviating the need to obtain the proton from the
different between the two substrates, which is similar to the monoanion.
difference inV/K observed from the fit used in Figure 4, To probe the transition-state structure for phosphoryl

this is an unlikely model. Collectively, the pH studies suggest transfer frommNBP to VHR, KIEs for the VHR-catalyzed
that VHR utilizes the dianionic forms of botoNPP and

mNBP for catalysis. 2]t is important to note an exception to the required function of the
The data presented above suggest that IpRP and general-acid aspartic acid residue in both PTPs and DSPs. When the

mNBP react with VHR as the dianion and that the catalytic leaving-group iaof aryl phosphates drops belowb, the requirement

i ; for general-acid catalysis is lost for these highly labile substrates, whose
efficiency with alkyl esters does not appear to stem from a departing groups leave without protonation. This is also observed in

utilization of the monoanion over the dianion, as might be ncatalyzed hydrolysis reactions. With leaving groups beléty p
predicted from solution chemistry. From computational 5.5, the dianion form reacts faster than the monoanion fdrn2)(
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Table 1: Experimental Values fé#(V/K)oriage and *¥V/K)nonbriage With the Standard Errors in the Last Decimal Place(s) in Parentheses

ls(V/K)nonbridge 18(V/K)nonbrid e
L8(V/K)nonbridge (assuming the monoanion (assuming the dianion
BVIK)bridge (observed) is the substrate) is the substrate)
mNBP VHR, pH 6.0, 3C°C 1.0004 (7) 1.0078 (3) 1.0137 (3) 0.9986 (3)
mNBP VHR, pH 7.15, 30C 1.0004 (6) 1.0141 (6) 0.9989 (6)
mNBP monoanion hydrolysis, pH 4.0, 116 0.9982 (7) 1.0149 (4)
pNPP VHR, pH 6, 30°C (13) 1.0118 (20) 1.0019 (3) 1.0156 (3) 1.0003 (3)
pNPP monoanion hydrolysis, pH 3.5, 96 1.0087 (3) 1.0184 (5)

reaction of MNBP were measured and compared with is loose, as supported by prior experiments. Thus i
previous data usingNPP (Table 1). All of the isotope effects  K)nonbriage KIES do not distinguish whether the monoanion
in this study were measured by the competitive method andor the dianion is the substrate. Although the KIEs cannot
therefore are isotope effects oK. Thus, these KIEs are  distinguish these two possibilities, the kinetic data described
those for the phosphoryl transfer from the substrate to form above strongly point to the dianion as the reactive form of
the phosphoenzyme intermediate. Isotope effects were meathe substrate. If the monoanion is the substrate, the similarity
sured at the pH optimum of 6.0, and the value ¥/ of ¥(V/K)nonbriageto the full EIE for deprotonation indicates
K)nonoriage Was also measured at pH 7.15, where the rate is that this proton is essentially fully removed in the transition
slower. Because the nonbridge isotope effect is also sensitivestate. In this mechanistic scenario, the phosphoryl group of
to the protonation state of the substrate, the observed valughe substrate serves as the source of the proton that is
differs but should give the same value #{V/K)nonpriageafter transferred to the leaving group. However, the failure to
the correction for the protonation state of the substrate, if observe a measurable rate of hydrolysistdédBP with the
chemistry is fully rate-limiting. D92N mutant indicates that it is this residue and not the
Because the secondKp for mNBP is 6.2 (5), an phosphoryl group of the substrate that supplies the proton
equilibrium population of both the monoanion and dianion to the leaving group. It has been proposed that the carboxy-
species are present at both pH values used in the isotopdate form of this residue merely provides stabilization of a
effect experiments. The know#O equilibrium isotope effect  bridge-protonated substrate. If this was the only role for this
(EIE) for deprotonation of phosphate esters (1.01%) ( residue and the proton source is the substrate, then one would
allows for the correction of the observed values*&f/ expect a similar leaving-group dependency in the D92N
K)nonbriggefor this fractionation. The proper correction requires mutant as for the uncatalyzed reaction. However, the
an assumption as to whether the substrate for catalysis ismeasured Brgnsted slope-60.5 is significantly larger than
the monoanion or the dianion. While the experimental that for the uncatalyzed hydrolysis-Q.2, refl). Moreover,
evidence discussed above indicates that the substrate is théhe monoanion as the substrate is also inconsistent with the
dianion, we have corrected the obsenf&&/K)nonbriage KIE pH-rate analysis that shows that two groups must be
in Table 1 assuming both possibilities, in an effort to examine deprotonated.
whether the data favor one case or the other, independent of The ¥V/K)prigge KIE 0f 1.0004 is much smaller than that
the kinetic data supporting the notion that the reactive form for the reaction usingpNPP as the substrate. It seems
of the substrate is the dianion. counterintuitive that a KIE at a position of bond fission in
In the generally accepted mechanism for the uncatalyzedthe mNBP reaction does not result in a significant normal
hydrolysis of the monoanion of phosphate esters, the protonvalue. This unexpected KIE difference is also observed in
is transferred from the phosphoryl group to the leaving group the uncatalyzed hydrolysis of the monoanions of these two
either in the transition state or in a preequilibrium step. The esters and can be explained by the relative contributions from
BKnonbridge fOr the hydrolysis of the monoanion @hNBP the inverse isotope effect for protonation and the normal one
reflects the deprotonation of the phosphoryl group. In for P—-O(R) bond fission. The difference between the values
contrast, in reactions of the dianion of a phosphate ester,for pNPP andmNBP reveals differences arising from the
the ¥nonbriageis Very small and inverse, reflecting the loose timing of these events in the uncatalyzed hydroly$g and
transition state involving no proton transfers to or from the perhaps in the enzymatic reaction as well.
phosphoryl group. Because of the extremely slow rate of In the reactions of both substrates, the obseR@#K)oriage
the uncatalyzed hydrolysis of the dianions of alkyl phosphate is the product for PO ester bond fission and for protonation.
esters 26), the KIEs for the reaction of the dianion oiNBP In the case opNPP, these maximal values are 1.034 and
could not be measured. Experimental evidence indicates that0.985, respectively1@). With the alkyl estermNBP, the
alkyl phosphate dianions undergo hydrolysis by a mechanismisotope effect maxima may be larger. Leaving-gréép
and transition state similar to aryl phosphat2§) (and thus, KIEs of up to 1.062 have been reported for the hydrazinolysis
the reaction of the dianion afiNBP would be expected to  of methyl formate, when breakdown of the tetrahedral
exhibit a small invers&konpriggeSimilar to that for the dianion  intermediate is rate-limiting2(7). Ab inito calculations predict
of pNPP (0.9994). a similar maximum value for methyl phosphate (unpublished
Correction of the observed value HV/K)nonbridge 2SSUM- results). The isotope effect for protonation may be estimated
ing the catalytically active species is the monoanion, results from the protonation of hydroxide, which is 0.9&§].
in values of 1.0137% 0.0003 at pH 6.0 and 1.0144 0.0006 Whatever the precise values, the most important fact is that
at pH 7.15. Both values are very similar to that obtained for the magnitude of the isotope effect for-P fission exceeds
the hydrolysis of the monoanion in solution. Similarly, the that of protonation, which is logical because the phosphate
correction assuming the dianion is the reactive species resultester involves bending and torsional modes lost when the
in very small inverse values, expected if the transition state phosphoryl group is replaced by hydrogen. For the same
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reason?®O fractionation factors between water and alcohols A. 10* . : . .
are 2-3% normal 29) and the EIE for deacetylation of [
p-nitrophenyl acetate (1.0277) is larger than the EIE for
deprotonation op-nitrophenol (1.015)30).

Thus, the significant normat®(V/K)prigge in the pNPP
reaction requires that-FO fission be equal to or ahead of
proton transfer. The absence of a significa¥/K) with
this substrate indicates that no significant negative charge
resides on the leaving group in the transition state, implying
that proton transfer must be approximately as far advanced
as P-O bond fission. With themNBP substrate, the
negligible *¥V/K)urigge (Table 1) requires that these two
contributions cancel, which is only possible if protonation
is ahead of PO bond fission. If the reverse were true or if
both processes are equally progressed in the transition state, 100 w w 1 1
a normal®(V/K)priage Would result. 4.5 5 55 6 65 7

Previously reported KIE results on the uncatalyzed hy- pL
drolysis of MNBP indicate a similar difference in-FO(R) B.
bond fission between the aryl and alkyl phosphate ester
substrates1®). In that case, small inverse solvent isotope
effects of 0.94 were observed with batiNBP andpNPP,
which were attributed to proton transfer occurring in a step
before P-O ester bond fission. Could protonation of the ester
oxygen atom also occur in a distinct step of the VHR-
catalyzed reaction, rather than occurring simultaneously with
P—O(R) bond fission? In such a scenario, proton transfer
could occur from Asp-92, the reported general acid, and the
resulting carboxylate group could stabilize the bridge-
protonated form of the substrate, which has been proposed
on computational ground239).

To examine the possibility that protonation and® bond .
fission might be stepwise or at least asynchronous with ‘ ‘ ‘ . ‘
protonation ahead of PO scission, the solvent deuterium 45 5 5.5 6 6.5 7 7.5
isotope effect o'V/K was measured for the VHR-catalyzed o

hydrolysis ofmNBP. The classic general-acid mechanism, FiIGURe 5: Solvent KIEs of VHR-catalyzed hydrolysis of (ANPP

v_vith_ a proton in_flight in the _transition state of the rate- ;4 (B)MNBP in H,0 (0) and DO (a). Hydrolyses opNPP and
limiting step, typically results in a normal solvent KIE. Its  mNBP were assayed in# or D,O consisting of 50 mM Bis-Tris
magnitude depends on the transition state for proton transferfrom pL 4.5 to 7.5 at 25°C. Error bars are standard deviations
with the largest values observed for symmetric transition from no less than 3 separate determinations. Solid lines are the
states; a reaction in which the transition state is either very r,\isun'”g fits to a bell-shaped pH profile. See the Materials and
. . ethods for details.
early or late can result in a negligible solvent KIEL. In
addition, a stepwise mechanism, in which® bond fission any differences in rates that were simply due to shifts in
is rate-limiting and occurs after proton transfer, would exhibit pK, values between the two solvents. Witk PP, the solvent
only an equilibrium isotope effect, which on the basis of isotope effecV/K was very small and slightly inverse at
the fractionation factors of the species involved, would be 0.92 4+ 0.05. However, withmNBP, thePV/K value was
inverse. In the VHR reaction, contributors to the observed larger and inverse at 0.5 0.07. Both values were
solvent KIE would be the fractionation factors of the calculated from the peaks of the two plots (parts A and B of
following species: (@) the ionized Cys-124 (from 0.48 to Figure 5). Zhang et al1d) reported a large inverse solvent
0.7, ascribed to a medium effect involving hydrogen bonding effect usingpNPP and VHR and suggested a preequilibrium
between the thiolate and solvating water); (b) the bridge- protonation of the ester oxygen. However, because their
protonated substrate, which may be estimated by that ofsolvent effect was measured at a single pL value and by a
hydronium ion,~0.7; (c) carboxylate (Asp-92), which is near different assay, it is difficult to compare their value with
unity (20, 32). the values reported here. Our use of bpitPP andnNBP,

An important caveat is that solvent isotope effects on as well as performing a thorough pL dependence oivtKe
enzymatic reactions can also arise from visocity effects, small values, negates many, if not all, of the potential complications
global effects on structure, ané&pshifts. To minimize such  discussed above.
complications, we performed a pL (pD or pH)-dependent These invers€V/K values are consistent with either a very
analysis of the solvent isotope effects\diK and compared  early or late transition state for proton transfer or a mech-
these values betweg@NPP andnNBP. TheV/K values for anism in which the proton is not in flight in the transition
both pNPP (Figure 5A) andmNBP (Figure 5B) were  state of the rate-limiting step. There is precedent for a very
determined over a range of pL, so that the maximum value early or late transition state to result in a very small primary
could be easily ascertained from the pL profile, avoiding KIE masked by inverse EIEs to give an inverse observed

1000 |,

V/K with pNPP, M s
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effect. The acid-catalyzed hydrolysisatho-esters has been
shown to be general-acid catalyz&B), This reaction, like

the one under discussion here, involves protonation of the
leaving group 84, 35) and has an observed solvent KIE of
0.7 (34). This was ascribed to a KIE of near unity in a very
late transition state for proton transfer and an inverse
secondary EIE35).
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Interestingly, there is a difference in the magnitude of the \
solvent isotope effect between the two substrates in the

enzymatic reaction (Figure 5), while in the uncatalyzed Aspgy
hydrolysis of the monoanion, there is no difference. The
different solvent isotope effects between the two substrates o O -

might result from differences in the timing of proton transfer g__ Qe

in the enzymatic reaction, such that in the VHR-catalyzed TR Ts—Cysip
pNPP reaction, a normal KIE component from proton transfer °
might partially offset the inverse solvent EIE. For the reasons ON
described above, an inverse solvewitK is not sufficient to
identify whether proton transfer occurs in a discrete step or
in the same step as+O fission. However, the combined
PV/K and!®//K data limit the mechanistic possibilities.

The observation of small inverse solvent KIEs in the o’ oo
uncatalyzed reactions of the monoanionplPP andnNBP W oo
but a normal solvent KIE for the reaction of 2,4-dinitrophenyl
phosphate suggests that only when the leaving-grdGp p
drops to around 4 does proton transfer occur in the rate- ON
limiting step. If the same is true for the VHR-catalyzed
reaction and the ester oxygen is protonated by Asp-92 beforeFIGURE 6. Proposed transition state for VHR-catalyzed formation

PN - S : : of the cysteinyl-phosphate enzyme intermediate fraNBP. Top
P—O fission (with stabilization of this species by the Asp figure shows an initial protonation step of the ester oxygen by Asp-

carboxylate) for botipNPP andnNBP, then°V/K is solely 92 (VHR numbering). Middle figure represents a dissociative (loose)
an EIE and should be inverse. The 0%2K for the reaction transition state, where-FO cleavage is nearly complete and the

of MNBP is in the range expected, but the less inverse valueproton is already transferred from Asp-92. Bottom figure shows

of 0.92 withpNPP is not expected. The differé/K values the resulting phosphoenzyme intermediate generated from the
N . . . . . . nucleophile thiolate anion of Cys-124. Not pictured is the conserved
|nd|cat_e that there is a dlfference in protonation in the Arg-133, which interacts with two oxygens of phosphate. A
transition states of the two reactions. . concerted process is also consistent with the data, even though
Protonation of the bridge oxygen atom produces an inverseproton transfer is required to be ahead of® bond fission.

contribution to'¥V/K)uriage @nd the different®(V/K)prigge KIE
for the two substrates confirms the differences in the P—O fission because of the larger magnitude of the contribu-
transition states of the two reactions, either from distinct tion from P-O bond fission. ThemNBP data would be
extents of P-O bond fission, in the timing of proton transfer, consistent with either a preequilibrium proton transfer or a
or both. general-acid mechanism. In contrast, for PP reaction,
The transition state for proton transfer must be either very the normal KIE implies P-O fission is more synchronous
early or late to account for an inverse, instead of the expectedwith proton transfer. (In fact, th€(V/K)pridge in this reaction
normal, solvenPV/K. The ester oxygen is an extremely weak is close to that expected if both processes are far advanced.)
base, making proton transfer unfavorable, which is expected A difference in timing of proton transfer in a general-acid
to result in a late transition state. An early transition state mechanism with the two substrates may explain the differ-
would be expected for a thermodynamically favorable proton ence inPV/K with the two substrates. The inverse contribu-
transfer, which would be the case if® bond fission were  tion toPV/K from the fractionation factor for the nucleophilic
well-ahead of proton transfer. The notion that® bond Cys will be offset by a normal kinetic effect for the proton
fission is ahead of and drives proton transfer is not supportedin flight. If protonation is far advanced in the transition state
by several observations. First, tH®/K of unity in the VHR- of the mMNIBP reaction, the kinetic contribution will be very
catalyzed reaction gfNPP implies that the leaving group small and the inverse fractionation factor will be more fully
does not bear a significant negative charge in the transitionexpressed. In the reaction wighNPP, if proton transfer is
state. Second, such a mechanism should manifest itself in enot as far advanced and is more synchronous wittOP
strong dependency of the rate on the leaving-group basicity,fission, a larger normal kinetic contribution tV/K is
while in fact, only a~2-fold difference inv/K betweermpNPP expected, canceling the inverse EIE and giving the observed
andmNBP is found. Thus, a late transition state for proton PV/K near-unity. This is a sensible expectation from the
transfer is more likely than an early one, given these relative basicities of the leaving groups of the two substrates.
considerations. Proton transfer to the leaving group will become more
The near-unity*3(V/K)priage KIE with mNBP suggests a  favorable as the PO bond breaks. The more basic
transition state in which the inverse contribution from nitrobenzyl alkoxy moiety will attain sufficient basicity to
protonation cancels the normal contribution from-® make proton transfer more favorable earlier in the reaction
fission. For this to occur, proton transfer must be ahead of coordinate for P-O fission thanp-nitrophenoxy.
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DSPs, as well as some PTPs, may allow for complemen- 11.

tarity between leaving-group lability, basicity of the ester

oxygen, and timing of proton transfer by aspartic acid, such 1,
that there is a continuum that falls between a stepwise and

partially concerted mechanism for proton transfer ar@®P
cleavage and ultimately leads to the similarity in the rates
of ester hydrolysis. This basic idea was orginally proposed
by Kirby and Varvoglis in 1967 1).

In summary, the results support an enzymatic mechanism
that employs the dianionic form @fiNBP as the substrate
and where a proton donated by the acid (Asp-92 in VHR) is
transferred to the ester oxygen either in a step prior to
significant P-O bond cleavage or in a concerted but
asynchronous mechanism in which protonation is well-
advanced in the transition state and ahead 6OPbond
fission (Figure 6). In contrast, in the VHR-catalyzedPP
reaction, proton transfer to the leaving group arddPbond
fission are probably more synchronous. Even though the

dianion is the enzymatic substrate, uncatalyzed monoanion

hydrolysis shares the common feature of proton transfer to
the leaving group and an unprotonated phosphoryl group in

the transition state. The enzymatic data reveal differences

in the position on the reaction coordinates of proton transfer
and P-0O fission in the transition states for the aryl and alkyl
substrates. Although calculations suggest that protonation

weakens aryl phosphates more than alkyl phosphates, the

higher basicity of the alkyl phosphates makes protonation
more favorable, perhaps allowing VHR to better match
leaving-group potential with the timing of the proton transfer

to the ester oxygen, permitting aryl and alkyl phosphoesters 23.

to be turned over with similar catalytic efficiency.
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