4398 Biochemistry2001,40, 4398-4406

Transition State Analysis and Requirement of Asp-262 General Acid/Base Catalyst
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ABSTRACT. Dual-specificity phosphatase MKP3 down-regulates mitogenic signaling through dephospho-
rylation of extracellular regulated kinase (ERK). Unlike a simple substteyme interaction, the
noncatalytic, amino-terminal domain of MKP3 can bind efficiently to ERK, leading to activation of the
phosphatase catalytic domain by as much as 100-fold toward exogenous substrates. It has been suggested
that ERK activates MKP3 through the stabilization of the active phosphatase conformation, enabling
general acid catalysis. Here, we investigated whether Asp-262 of MKP3 is the bona fide general acid and
evaluated its contribution to the catalytic steps activated by ERK. Using site-directed mutagenesis, pH
rate and Brasted analyses, kinetic isotope effects, and steady-state and rapid reaction kinetics, Asp-262
was identified as the authentic general acid catalyst, donating a proton to the leaving group oxygen during
P—0O bond cleavage. Kinetic isotope effectqV/K)oridge *&V/K)nonbridge 2nd*3(V/K)] were evaluated for

the effect of ERK and of the D262N mutation on the transition state of the phosphoryl transfer reaction.
The patterns of the three isotope effects for the reaction with native MKP3 in the presence of ERK are
indicative of a reaction where the leaving group is protonated in the transition state, whereas in the D262N
mutant, the leaving group departs as the anion. Even without general acid catalysis, the D262N mutant
reaction is activated by ERK through increased phosphate affici®f0ld) and the partial stabilization

of the transition state for phospho-enzyme intermediate formatighf¢ld). Based on these analyses,

we estimate that dephosphorylation of phosphorylated ERK by the D262N mutad0i0-fold lower

than by native, activated MKP3. Also, the kinetic results suggest that Asp-262 functions as a general base
during thiok-phosphate intermediate hydrolysis.

Dual-specificity phosphatases (DSPaje important regu-  gens, growth factors, and stress 8). Specific DSPs have
lators of cell-cycle control and mitogenic signal transduction. been shown to dephosphorylate both Thr and Tyr in the TxY
Compared with protein tyrosine phosphatases (PTPs), whichmotif of the various families of MAP kinased+£7). Due to
share the active-site motif HCxxGxxR(S/T), DSPs can be their specific dephosphorylation of MAP kinases, many of
distinguished by their ability to bind to and hydrolyze these DSPs have been termed MAP kinase phosphatases
phosphotyrosine and phosphothreonine/serine residues thagMKPs) (7—10). One of the most intriguing enzymes is
are often located in close proximity on the target protein. MKP3 (8) [also named rVH6 11) and Pystl 7)]. Upon
Many DSPs act as negative regulators of the mitogen- hinding its proposed MAP kinase substrate, ERK, the enzyme
activated protein (MAP) kinased)(which are activated by  displays up to a 100-fold activation in phosphatase activity
specific upstream dual-specificity kinases (MAP-kinase ki- against artificial substrated2, 13. Interestingly, the tight
nases, MKKs) through phosphorylation on threonine and pinding and activation appear to be mediated through the
tyrosine residues in the TxY motif. MAP kinases function N-terminal “noncatalytic” region of MKP3. This N-terminal
to mediate intracellular signaling events triggered by mito- region is likely a distinct domain from the C-terminal
catalytic core and is not absolutely required for basal
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interacting portions of ERK have been mapped near Asp- pressed and purified as described in ré&8 and 29,
321 and Asp-3241(7). However, how these relatively distant respectively. The 8-difluoro-4-methylumbelliferyl phosphate
interactions induce the catalytic activation within the C- substrate 13, 3Q was obtained from Molecular Probes
terminal phosphatase domain is unknown. (Eugene, OR). The D262N mutant was generated by single
When the X-ray structure for the catalytic domain of Pyst1- oligonucleotide site-directed mutagenesis, as described previ-
(MKP3) was recently reported, it was noted that the overall ously £2). The mutation was confirmed by DNA sequencing.
structure was similar to the previously published X-ray  Synthesis of Compoundsatural-abundange-nitrophenyl
structure of the DSP VHRI). The full-length structure of ~ phosphate,fN]-p-nitrophenyl phosphateN, nonbridge-
VHR (19) represents the putative catalytic domain shared 80g]-p-nitrophenyl phosphate!“N]-p-nitrophenol, and'fN,
with these larger DSPs, such as MKP330% sequence  180]-p-nitrophenol were synthesized as described previously
identity within the catalytic domain). VHR has served as (31). [**N]-p-Nitrophenol and N, 80]-p-nitrophenol were
the prototypical model DSP for detailed biochemical, struc- then mixed to reconstitute the natural abundandé\fand
tural, and catalytic studied9—25). The nucleophilic thiolate  then the mixture was phosphorylated to prodpeggtrophe-
of cysteine-124 in the signature motif attacks the phosphorusnyl phosphate using the same method as referred to above.
of substrate, transferring the phosphate group to the enzymeThis mixture was used for determination’$fV/K)prigge The
and forming a cysteinytphosphate intermediate. On a ['*N]-p-nitrophenyl phosphate anéflN, nonbridgel®Os]-p-
separate loop structure known to be flexible in several PTPs,nitrophenyl phosphate were also mixed to reconstitute the
conserved aspartic acid-92 facilitates catalysis by protonatingnatural abundance of°N. This mixture was used for
the leaving group oxygen. With MKP3, substrate binding is determination of:%V/K)nonnriage The isotopic abundance of
thought to induce the movement of the “general acid loop” the mixtures was determined by isotope ratio mass spec-
toward the active site such that the conserved aspartic acidrometry.
is in position to transfer a proton to the leaving group. In  Assays As described previouslyl@), assays were per-
the Pystl X-ray structurel), the proposed “general acid formed in a three-component system (constant ionic strength
loop” was flipped 20 A away from the active-site cleft, of 0.1 M) consisting of 0.1 M acetate, 0.05 M Tris [tris-
suggesting that the putative general acid (Asp-262) could (hydroxymethyl)aminomethane], and 0.05 M Bis-Tris ([bis-
not participate in catalysis. We have recently suggested that(2-hydroxyethyl)amino]tris(hydroxymethyl)methane). In-
ERK binding to MKP3/Pyst1/rVH6 induces general acid loop creases in buffer concentration had no significant effect on
closure and the subsequent involvement of general acidthe rates of catalysis, suggesting that our buffer was not
catalysis, as well as ground state and transition stateacting as an alternate phosphate acceptor. Kinetic parameters
stabilization (3). Similar proposals have been suggested by k..:andV/K were determined from the substrate concentration
others (8, 2. However, direct biochemical and kinetic dependence of the initial velocities (eq 1). The pH profiles
evidence that Asp-262 is the authentic general acid catalystfor k.o;andV/K were generated by determining these steady-
was lacking. This would be a significant finding since recent state parameters at the indicated pH values. Increasing the
work with the cdc25 dual-specificity phosphatase has sug- level of ERK to MKP3 above a ratio of 2:1 (i.e., 4:1) had
gested that its protein kinase substrate, Cdk2, may provideno significant effect on the kinetic activation of MKP3 at
the general acid during catalysi®7. Several proposed the pH extremes (5.5 and 10), ensuring that complete ERK/
carboxylate-containing residues of cdc25 that had beenMKP3 complex formation was achieved with a molar ratio
implicated in general acid catalysis were ruled out as of 2:1 over the entire pH range tested. The pH profiles were
candidatesZ7). Also, evidence that Asp-262 in MKP3 was fitted to eqs 2 and 3, depending upon the shape of the profile.
directly contributing to the dramatic activation of MKP3 Fitting of the pH-dependent data to eqs 2 and 3 was
remained to be established. accomplished with nonlinear least-squares fitting using the
To provide direct evidence for the role of Asp-262 during computer program Kaleidagraph (Abelbeck Software) for
ERK-dependent and -independent catalytic activation, we Macintosh. In eqs 2 and 3C (or C;, C)) is the pH-
have performed an extensive enzymatic comparison of theindependent value of eithdg, or V/K; H is the proton
activated and unactivated D262N mutant of MKP3. Using concentrationK,, Ky, andK. are the ionization constants.
steady-state and rapid reaction kinetics, pH studies, kinetic

isotope effects, and Bnsted analysis, we demonstrate that v = [E]gkead (St Kp) (1)
Asp-262 is the general acid catalyst. Also, we have deter-
mined that the D262N enzyme was still capable of being v=CI[(1 + H/K)(1+ H/IK)] )

activated by ERK~20—30-fold. This residual activation
results from increased phosphate binding affinity and transi- v = { (C,/(((1.0+ (1 + H/K))(1.0+ (1 + H/K)))) +

tion state stabilization. We have previously used heavy atom (C(1+ K/H)/(L+ (1 + K/HY)} (3)
isotope effects to characterize the transition states of the
reaction ofp-nitrophenyl phosphatepNPP) catalyzed by Inhibition by PhosphateThe inhibition constanK; of

VHR, a prototype of the DSP family. In the present study, Mmkp3 for phosphate was determined as previously described
we have sought to examine the effect of the activator ERK (13 |nhibition was competitive with respect to the substrate

on the structure of the transition state of the phosphoryl hNPP and eq 4 was used to calculate the inhibition constant.
transfer reaction in native MKP3, and in the mutant D262N.

MATERIALS AND METHODS v = Vo J[K(1 +1/K) + § 4)

Reagents and EnzymeShemicals were of the highest Leaving Group Dependencé&.he substrateeMFP (3-0-
grade commercially available. MKP3 and ERK were ex- methylfluorescein phosphate)p= 4.6), 6,8-difluoro-4-
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methylumbelliferyl phosphate K = 4.7), 8-fluoro-4- Equations 7 and 8 were used to calculate the observed isotope
methylumbelliferyl phosphate K = 6.4), pNPP (- effect either fromR, andR, or from Rs andR,, respectively,
nitrophenyl phosphate) K = 7.1), 4-methylumbelliferyl at fraction of reactiorf (33). Thus, each experiment yields
phosphate (K, = 7.8), 5-naphthyl phosphate K = 9.38), two independent determinations of the isotope effect.

and phenyl phosphate Kp = 9.99) were used and assayed

as described previousi ). The ke and V/K values were isotope effect= log (1 — f)/log [1 — f(R/R)]  (7)
determined from fits to eq 1.
Rapid Reaction KineticsThe stopped-flow experiments isotope effect= log (1 — f)/log [(1 — )(R/R)] (8)
were performed as described in @, Briefly, enzyme and ]
substrate were rapidly mixed at 2& in a temperature- R, was determined separately from unreacted substrate by

controlled SF-61 Hi-Tech Scientific (Hi-Tech Ltd, Salisbury, iSOtope ratio mass spectroscopic analysis and, as a control,
U.K.) stopped-flow spectrophotometer. Product formation of from p-nitrophenol isolated after complete hydrolysis of
p-nitrophenol was monitored at 410 nmoamethylfluores- substrate using the isolation and purification procedures used
cein at 477 nm, 6,8-difluoro-4-methylumbelliferone at 360 in the isotope effect experiments. The agreement of these
nm, 8-fluoro-4-methylumbelliferone at 360 nm, and 4-me- two numbers demonstrated that, within experimental error,
thylumbelliferone at 370 nm. Data were fitted to eq 5 using N0 isotopic fractionation occurs as a result of the procedures
nonlinear least-squares analysis, whares the amplitude ~ used o isolate and purify thenitrophenol.

of the burstk is the first-order rate constant of product burst, ~ The *%0 isotope effects were measured by the remote-

B is the slope of the linear portion of the cun@,is the label method 34), as previously described for the solution

intercept of the line, andis time. reactions ofpNPP @1). In these experiments, the nitrogen
atom in the substrate is used as a reporter for isotopic changes

absorbance: Ae ' + Bt + C (5) at the bridging oxygen atom or the nonbridging oxygen

atoms. These experiments yield an observed isotope effect,

The burst rate was determined as a function of substratewhich is the product of the effect due N and to*%0
concentration. Because the burst phasks and the linear ~ Substitutions. The observed isotope effects from these
phase {ks) were well-resolved, the burst ratég.s, could ~ €xperiments were then corrected for i effect and for
be fitted to eq 6. The resultingd + ks) value from eq 6 incomplete levels of isotopic incorporation in the starting
simplifies toks sinceks > k. All of the data displayed simple ~ Material as previously describedy).

saturation kinetics as defined by eq 1 and by eq 6. The notation used to express isotope effects is that of
Northrop @6) where a leading superscript of the heavier
Kourse= (K3 + ko)[SI/(Kq4 + [S]) (6) isotope is used to indicate the isotope effect on the following

kinetic quantity; for examplék denotes; ks, the nitrogen-

Dephosphorylation of Phospho-ERK by MKP3 and D262N 15 isotope effect on the rate consténtFigure 7 shows a
Mutant. Recombinant phosphorylated ERRZ at a final dlagra}m of thg substrate with the nomenp[ature .used to
concentration of M was combined with ZM recombinant ~ describe the isotope effects at each position. Since the
wild-type MKP3 or MKP3 mutant D262N in 20 mM enzymatic !sfotope effects in thls_ study were measured by
HEPES, pH 7.4, containing 10 mM MgCReactions were the competitive method, they are isotope ef_fectévbﬁ and
incubated at 30C for the indicated times, up to 30 min, thus are deslgnated &V/K), etc. Thus, the isotope effects
before quenching into 5 Laemmli sample buffer. The reveal the first _phosphoryl .transfer_step, from the substrate
phosphorylation state of ERK was determined using SDS 0 the enzymatic nucleophile cysteine.

PAGE and western analysis with an antibody that recognizes
phosphorylated ERK3Q). RESULTS AND DISCUSSION

Isotope Effect Determinationssotope effect determina- It has been suggested previously that activation of MKP3
tions were made at 3%C, pH 7.0 (100 mM Bis-Tris/Tris), by ERK involves the recruitment of a general acid catalyst,
1 mM DTT. The protocols for carrying out these experiments and that native MKP3 is incapable of efficient general acid
were the same as those previously descril#5). (In this catalysis 13). Asp-262 has been suggested to be the general
method, the enzymatic reactions are allowed to proceed toacid group in MKP3 13, 18, 28, but this has not been
partial completion and stopped, followed by separation of demonstrated directly. Other possibilities could exist. For
the product and residual substrate. These are then subjectethstance, a recent paper on the DSP cdc25 has suggested
to isotopic analysis by isotope ratio mass spectrometry to that the general acid does not arise from the phosphatase,
determine the isotope effect. Isotopic analyses were per-but, rather, may come from its protein substrate cdkd.(
formed using an ANCA-NT combustion system in tandem To resolve whether the general acid group resides on MKP3
with a Europa 20-20 isotope ratio mass spectrometer. and whether D262 is the authentic general acid, we created
Reactions were begun with 100mol or more of the the D262N mutant of MKP3 and probed the role of D262
substrate, and sufficient enzyme, or enzyme with ERK, was in catalysis by ERK-activated MKP3.
added so that the background hydrolysis rate was negligible The hallmark of DSP and PTP pH profiles is a bell-shaped
compared to the enzymatic reaction. Parallel experimentscurve where the nucleophile cysteine must be unprotonated,
without enzyme were used to establish background hydrolysisthe general acid aspartic acid must be protonated, and the
rates under the experimental conditions. substrate must be unprotonated during phosphoryl transfer

Isotope effects were calculated from the isotopic ratio of to the enzyme37 and Figure 1). Cysteine is the acceptor of
the p-nitrophenol product at partial reactioiRj, in the the phosphate group from substrate, forming a thiol
residual substrateR{), and in the starting materiaR). phosphate intermediate. The conserved aspartic acid donates
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Ficure 1: Effect of pH on theV/K value for ERK-activated and
unactivated MKP3 mutant D262N. The D262N mutant was
activated by ERK protein added ak2he concentration of MKP3.
The unactivated pH profile (open circles) WK was fitted to eq

2, and the ERK-activated pH profile (filled circles) was fitted to
eq 3. For comparison, previously determined da& from ERK-
activated native MKP3 are displayed (filled diamonds). Condi-
tions: 0.1 M sodium acetate, 0.05 M Tris, and 0.05 M Bis-Tris,
25°C.

a proton to the leaving group oxygen to facilitate ® bond
cleavage. Previously, native MKP3 was shown to lack
efficient general-acid-catalyzed monoester hydrolykis 29
while ERK-activated MKP3 clearly exhibited general acid
catalysis 13). In part, this conclusion was based upon the
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Ficure 2: Effect of substrate leaving groufkpvalue on thev/K
value of activated and unactivated MKP3 mutant D262N. Open
circles indicate unactivated D262N, and open squares indicate ERK-
activated D262N. Substrates 6,8-difluoro-4-methylumbelliferyl
phosphate (§, = 4.7), 8-fluoro-4-methylumbelliferyl phosphate
(pPKa = 6.4), pNPP (K, = 7.1), 4-methylumbelliferyl phosphate
(pKa = 7.8), -naphthyl phosphate K = 9.38), and phenyl
phosphate (K. = 9.99) were used and assayed as described
previously (3). Data were fitted using linear least-squares regres-
sion. Conditions: pH 7 and 2%C.

activated by ERK throughout the entire pH range investigated
(pH 6—10). The pH dependence kf;:was also determined;
but, due to an inability to saturate at low pH and obtain
significant initial velocitiesk.:values could not be accurately

appearance of a critical ionization that must be protonated gptained below pH 7. Nonetheless, above pHiz,values

for activity. The pH profile of the low-activity native enzyme
did not display this critical ionization.
pH Rate AnalysisThe D262N mutant was subjected to

(0.002-0.003 s*) were nearly identical between D262N and
ERK-activated D262N. In contrast to activated wild-type
MKP3, both D262N and ERK-activated D262N displayed

pH rate analysis to probe the involvement of general acid ok, pH dependence in this range. Collectively, these data
catalysis during activation by ERK, and to identify D262 as g ggest that D262 is the authentic general acid catalyst
the authentic general acid catalyst. Initially, the D262N responsible for the critical protonated group observed in the
mutant was analyzed in the absence of ERK protein. The gctivated MKP3 pH profiles. In addition, our data suggested

apparent second-order rate cons¥it was determined for
the general phosphatase substEN®P as a function of pH.

that induced general acid involvement cannot fully account
for the residual activation by ERK.

The VIK parameter describes the reaction between free Effect of Leaing Group pk Value.To provide evidence

enzyme and free substrate, and will reflect important
ionizations involved for both substrate binding and catalysis.
The D262N mutant exhibited two ionizations for groups that

that D262 is the general acid, a Bisied analysis was
performed with the D262N mutant in the presence and
absence of ERK. The/K value was determined as a function

must be unprotonated, but no ionization for a group that must of the |eaving group K. value (4.6-9.4) for a variety of
be protonated for activity. The two unprotonated groups have sma|| molecule phosphate monoesters (Figure 2). ke

been previously assigned fNPP (K, = 5.1) and the
catalytic cysteine (8, = 6.5) (13). Interestingly, the D262N
mutant displays &/K optimum value of 2.75 M s™%, which

is only 2.3-fold lower than the native enzyme (without ERK).
Similarly, the pH profile of the D262N mutant in the
presence of ERK protein exhibited no critical ionization for
a group that must be protonated for activitypnsistent with
the hypothesis that D262 is the general acid catalyst.
However, to our surprise, ERK was still able to induce an
~10-fold enhancement in thé/K rate constant. These data

value for D262N $#ERK) displayed a dramatic effect on
the leaving group I8, value, with similar slopes of-0.66

+ 0.09 and-0.64+ 0.17 for ERK-activated and unactivated
D262N, respectively. This result is in stark contrast to the
previous observation that ERK-activated MKP3 exhibited
no significant dependence &K or k., values (3). A strong
dependence of the rate on the leaving grolp yalue has
been an excellent diagnostic for the low efficiency, or lack
of general-acid-facilitated PO bond cleavage in PTP
catalysis {3, 38, 39. We had previously demonstrated that

suggested that although general acid catalysis could beykp3's /K value displays a strong dependence on leaving

abolished, the D262N mutant could still be significantly

2 A nonessential ionization was observable in the ERK-activated
D262N pH profile. However, this ionization was not critical since
protonation of this group increased th#K value ~5-fold. This
ionization likely reflects a structural ionization that alters the maximal
activation induced by ERK binding.

group K, value, while this effect was nearly ablated in the
ERK-activated enzymel@). Thek. values for the D262N
mutant exhibited a more complex, biphasic response to
leaving group K, value (Figure 3). This was observed
whether ERK was present. Betweel,js of 4.6 and 6.4,
there was little leaving group dependence; but abdkg p
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FiGure 3: Effect of substrate leaving grougkpvalue on thekea ° 2 4 6 8 10
value of activated and unactivated MKP3 mutant D262N. Open mM pNPP

circles indicate unactivated D262N, and open squares indicate ERK-Figure 4: Rapid kinetics of MKP3 mutant D262N reacting with
activated D262N. See Figure 2 legend for substrate employed. pNPP. Concentration dependencekaf.s; for ERK-activated and

Conditions: pH 7 and 25C. unactivated (inset) D262N enzyme. The substrate saturation
L . . dependence of the raw kinetic traces was analyzed as described
Scheme 1: Kinetic Mechanism for DSP Catalysis under Materials and Methods. In additionghiPP, the substrates
E —= ES 6,8-difluoro-4-methylumbelliferyl phosphatep= 4.7), 8-fluoro-
4-methylumbelliferyl phosphate K = 6.4), and 4-methylumbel-
K Ky R-OH liferyl phosphate (K, = 7.8) were analyzed by the identical
! 1 approach. Resulting saturation curves were fitted using eq 1.
ki Conditions: pH 7, 25°C. [ERK] was maintained at 2 the
EH T EHS o E-P T E+P [D262N], which ranged from 3 to 1aM.
KZ“ u Kz exhibited simple saturating kinetics (Figure 4) and therefore
EH, EH,S were fitted to the MichaelisMenten equation to obtain the

maximum rate of PO bound cleavages. Rates from the
values of 7, there was a substantial dependence on the leavingjnear phase exhibited the same steady-state values derived
group K, value, so that for everyKy unit above 7 there  from separate steady-state kinetic analysis. The D262N rate
was an~5-fold decrease itk value. These data suggest constant for PO bond cleavage kf) was 0.064 s,
that there is an alteration in the rate-limiting step for catalysis compared with 0.28173 in the presence of ERK. This
when the leaving groupKy is altered. This change occurs represents a 4.4-fold rate enhancement, indicating significant
near a [, value of 7-8. Given the previously deduced transition state stabilization.
kinetic mechanism (Scheme 1) for the DSPs VHR) (@and The pre-steady-state analysis was expanded to include
MKP3 (13), it is likely that turnover Kea) in the D262N substrates with differing leaving grouKp values. Burst
mutant is limited by hydrolysis of the thielphosphate  kinetics were observed for substrates whose leaving group
intermediate with substrates whose leaving grokipyalues pKa values were less than 7.8, consistent with a transition in
are less than-#8, but limited by P-O bond cleavage when the rate-limiting step near thisg value. The occurrence of
the leaving group K, is higher than #8. a product burst requires that enzyme intermediate breakdown
Rapid Reaction Kinetic§.o provide more direct evidence (ks) be at least partially limiting in turnover. The maximum
for the role of D262 during catalysis, and to establish the k< rate was determined (as in Figure 4) for all substrates
rate-limiting step, stopped-flow rapid kinetics were per- exhibiting burst kinetics, and was plotted in Figure 5 as a
formed. Using this analysis, the rate of B bond cleavage  function of leaving group i, value. As predicted from a
(ks, see Scheme 1) can be extracted from the burst phase ofack of general acid catalysis, the 'Bisied plots £ERK)
the biphasic kinetic trace. However, this requires that displayed a large leaving groufpdependence, yielding a
intermediate hydrolysisk§) is slow relative to intermediate  slope of —0.78 + 0.12 for D262N and—0.91 4+ 0.06 for
formation ks) (Scheme 1). Previously, this approach has been D262N with ERK. For comparison, the previously obtained
successfully applied to the study of VHR4, 39 and native ERK-activated native MKP3 data are displayed in Figure 5.
MKP3 (13). Here, D262N in the presence or absence of a These results support the idea that the D262N mutant is
2x molar excess of ERK was rapidly reacted wgNPP. incapable of protonating the leaving group oxygen and
Indeed, a burst phase followed by a slower linear phase wasneutralizing the developing negative charge developed during
observed (kinetic traces not displayed). The kinetic trace wasthe transition state for PO cleavage. This effect is seen
fitted to eq 5 as previously described3], yielding the whether ERK is present, clearly ruling out the idea that ERK
apparent first-order rate,s) of the exponential burst at a  provides the general acid. This finding is especially relevant
givenpNPP concentration. Kinetic traces at several substratein light of the conclusion by Chen et al., who had suggested
concentrations were collected, the resulting traces were fittedthat general acid catalysis by the DSP cdc25 is provided by
(eq 6), and thek,,t values were plotted as a function of its kinase substrate Cdk27). In the presence of ERK, it is
pNPP concentration (Figure 4). The saturation curves also important to point out that with the higher leaving group
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activated by ERK. Théy value is equal tdsks/(ks + Ks).
Because th®/K value kiks/(k; + ks)] involves both substrate
binding and catalysis, we examined whether a major portion
of the rate enhancement still remaining in the D262N mutant
may be due to an increase in substrate affinity. To offer
support for the increased substrate/ligand binding affinity of
the ERK-activated D262N mutant, the dissociation constant
(Kj) for phosphate was determined with and without ERK.
D262N alone displayed K; of 14.2+ 1.21 mM, whereas
ERK-activated D262N exhibited i§; of 1.68 4+ 0.28 mM,
representing more than 8-fold tighter phosphate binding. If
we assume that the/K value with pNPP is approximated
by ka/K4 (WhereKq = ko/k;), a reasonable assertion with the
catalytic D262N mutant, then the observed—30-fold
higherV/K value (at pH 7 withoNPP) can be resolved into
an 8-fold increase irfKy and a 4-fold increase iks. The

calculated combined effect 6f32-fold is in good agreement

Ficure 5: Effect of leaving group K. value on the rate of ; _ "
intermediate formationkg) for ERK-activated and unactivated with the 20-30-fold effect onV/K under these conditions.

D262N. Theks value was determined (see Figure 4) as a function Moreover, these observations strongly suggest that the
of leaving group K. Open squares represent D262N with ERK, D262N mutant is dysfunctional only in its ability to act as
while open circles represent unactivated D262N. For comparison, general acid/base, not in the enzyme’s ability to correctly
pre\:jipuslly dgterminedql datafgl) from ERK'aCrfiV%ted ?ativel,MKP? form the active phosphatase conformation. This argument
2&% ree ?):Z]re(scﬁgﬂ z;ﬁg?fsr}s.s)ééhnd?ﬁfﬁg;t peH ‘;s;n'gs‘*zt% near least-eg out the idea that D262 plays a role in simply mediating
the switch between the low- and high-activity forms of the

Scheme 2: MKP3 Catalytic Mechanism for enzyme.

Phosphoryl-enzyme Intermediate Formation We have previously demonstrated that addition of up to
TYROSINE 25% DMSO can mimic the activation by ERKLY). We
surmised that this effect was the result of DMSO acting as

g a chemical chaperone and stabilizing the closed conformation

Conformation

“General Acid" Loop

Ospr X of the general acid loofl@). To demonstrate that the D262N
B A HO Q/,Ci; mutant can be stabilized by DMSO and therefore mimic the
‘E_/_‘ N 4 260 remaining activation observed with ERIKNPP substrate
NHo o \—09 - Py saturation curves with D262N were generated in the presence
( Te-HN of 25% DMSO (pH 7 and 25C). The resulting saturation

curves demonstrated an increase of 17-fold fonthévalue
(1.32 M* st versus 22.9 M! st in DMSO), with no
significant effect on turnover (0.003%9. Again, these data
G are fully consistent with ERK and DMSO functioning to
facilitate the enzymatic reaction by stabilizing the active
pKa values examined, the D262N mutant displays a slightly conformation of the general acid loop, but in this case without
(2—4-fold) faster rate (Figure 5). As we have proposed, ERK the aid of general acid catalysis due to the loss of Asp-262.
may activate MKP3 by inducing closure of the general acid To provide additional evidence that a major portion of the
loop (Scheme 2). The significant but small effect of ERK residual activation by DMSO was the direct effect of
on ks could be due to a stabilizing effect of Asn at position increased phosphate oxyanion affinity by the activated form,
262, since this residue is still capable of hydrogen-bonding theK; value of D262N for phosphate was determined in the
to the leaving group oxygen. Alternatively, the additional presence of 25% DMSO. Th¢ value was 3.2% 0.99 mM
rate enhancement could be the consequence of ERK inducingand 4.3-fold lower than in the absence of DMSO, consistent
general acid loop closure and correctly positioning Arg-299 with the idea that both DMSO and ERK are functioning, in
for transition state stabilization of the phosphate oxygens. part, to allow tighter substrate/ligand binding.
In the distantly relatedversinia PTP, general acid loop Inability of D262N To Readily Dephosphorylate Diphos-
movement is required to properly position the conserved phorylated ERK.Our results provide strong evidence that
arginine residue4(). Also, mutations on the general acid D262N is the bona fide general acid residue, and that the
loop affect the ability of the general acid to efficiently D262N enzyme is still capable of significant activation by
participate in catalysis4(Q). We had previously suggested ERK through the tighter binding of substrate and patrtial
that ERK-induced general acid loop closure can increasetransition state stabilization from Arg-299 and/or Asn-262.
oxyanion affinity by properly positioning Arg-299 through These effects are manifested through the proper positioning
hydrogen bonding to the carbonyl oxygen of lle-260 on the of the general acid loop, where the carbonyl oxygen of lle-
general acid loop13). 260 is hydrogen-bonded to the active site Arg-299 (Scheme
Effect of ERK-Induced Actation on MKP3 Substrate  2). The X-ray structure of the Pystl catalytic domain had
Binding. The V/IK second-order rate constant for D262N revealed an open and presumably inactive conformation of
displays the largest increase-10-fold) of any kinetic the phosphatasd §). Asp-262 of the putative general acid
parameter investigated (i.eka Or ks) when this mutant is  loop was found to be 20 A away from a position that would

OH---- % Nucleophile  ARGi2g9
0 CYSos
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D262N MKP3 MKP3 D to N mutants:
o 1 2 5 15 3 0 o5 v 2 5 15 a0 YOP, PTPI,
0 05 1 2 5 15 30 0 05 1 2 5 15 a0 YOP, PTP1, VHR Stpl VHR, Stpl
Phospho-ERK = M |---— -
Ficure 6: Dephosphorylation of phosphorylated ERK by MKP3 —O—E—o— o= 0.9998 to 1.0003 1.0018 1.0019 to 1.0024
and the D262N mutant. Recombinant phosphorylated EBX 4t !
a final concentration of kM was combined with 2ZM recombinant ¢ > 1.01181t0 1.0152 1.0171 1.0275 to 1.0297

wild-type MKP3 or MKP3 mutant D262N in 20 mM HEPES, pH
7.4, containing 10 mM MgG! Reactions were incubated at 30

for the indicated times prior to quenching. The phosphorylation
state of ERK was determined using SPIBRAGE and western
analysis with an antibody that recognizes diphosphorylated ERK
(32 FiGUre 7: Previously reported isotope effects for the DSP VHR
be required for participation in catalysis. Likely as a result and for members of the PTP family, native enzymes (left) and their
of the open conformation and the inability of the carbonyl 9eneral acid mutants (right). The diagram of haitrophenyl

. - phosphate substrate shows the positions at which isotope effects
oxygen of Ile-260 to now hydrogen bond to the active site yyere measured, where the top arrowi&//K)noni 400 the middle

Arg-299, the arginine residue is improperly positioned to arrow is!8(V/K)uigge and the bottom arrow i$(V/K). Nomenclature
function in phosphate binding. When properly activated, is described under Materials and Methods.
MKP3 exhibits efficient general acid catalysik3]. Here we
demonstrate that the D262N mutant cannot provide generaltriesters exhibit successively tighter, more associative transi-
acid catalysis. As predicted with artificial substrates, the tion states where the transferring phosphoryl group resembles
effect of the D262N mutation oks becomes vanishingly — a pentacoordinate phosphorad@)(
small as the K, of the leaving group oxygen is lowered. Calculations predict inverse nonbrid© isotope effects
Inversely, as thelf, is elevated, the D262N enzyme becomes for dissociative transition states, and normal values for
increasingly poorer than wild type. By &pof 7.8, activated ~ associative transition statet3. The experimental nonbridge
D262N is 80-fold worse than activated wild-type MKP3. This 180 isotope effects for uncatalyzed reactions of (INPP
would be expected since leaving groups with lowd, p  monoester are small and inverse (0.9994€997), while the
values are better leaving groups, decreasing the activationnonbridge'®O isotope effects for diesters and triesters which
energy required in the transition state for phosphoenzyme have been measured are (with a single exception, which may
formation. Unfortunately, for reasons of inherent limitations be anomalous) normal (1.004Q.0250).
based on the rate-limiting steps of the enzymatic reaction, The!(V/K) isotope effect measures charge delocalization
theks rate constant for high leaving grougpvalues cannot  in the leaving group, ant(V/K)priage is an indicator of P-O
be ascertained from stopped-flow analysis. Regardless, webond cleavage. The extensive bond cleavage in transition
can predict that with physiological substrates (phosphoty- states of reactions of theNPP dianion results in bridge
rosine and phosphothreonine) whode, yalues are>10 180 isotope effects of from 1.0202 to 1.030; the resulting
(Figures 2 and 5), the D262N mutant would be more than development of nearly a full negative charge on the leaving
1000-fold slower than wild-type MKP3, if D262 is truly  group results if°N isotope effects of from 1.0028 to 1.0039.
playing the role as general acid catalyst. To examine the When protonation of the leaving group occurs in the
ability of the D262N mutant to dephosphorylate ERK protein, transition state, the norm&(V/K)uriaqe isotope effect arising
wild-type or D262N enzymes were reacted with diphospho- from P—O bond cleavage is reduced by the inverse isotope
rylated ERK, and the ability to dephosphorylate this physi- effect arising from protonation. This is clearly observed by
ological substrate was assessed (Figure 6). At times up tocomparing the uncatalyzed reaction of gi¢PP monoanion
30 min, the amount of diphosphorylated ERK remaining was with that of the dianion. During hydrolysis of the monoanion,
determined by western blot analysis using an antibody thatthe leaving group becomes protonated in the transition state,
recognizes the diphosphorylated form of ERK. As is clearly while in the reaction of the dianion, the leaving group departs
evident from the blot (Figure 6), the D262N mutant exhibited as thep-nitrophenolate anianCompared to their values in
no detectable dephosphorylation, while the wild-type enzyme the dianion reaction, th&k isotope effect is nearly com-
displayed dephosphorylation efficiencies similar to those pletely abolished in the hydrolysis of the monoanion, and
described previoushy8Q). The inability of the D262N mutant  the 8kyiqge iSOtope effect is significantly diminishe@®1).
to efficiently catalyze phosphotyrosine and phosphothreonine Isotope effect data have been obtained for the native VHR
hydrolysis is consistent with the loss of general acid catalysis and for its general acid mutan2%), as well as for several
and with D262 playing an essential role in donating its proton members of the PTP family44, 45. These data are
to the leaving group oxygen in the transition state fer@? summarized in Figure 7.
cleavage (Scheme 2). Comparisons of the isotope effects for reactions catalyzed
Background on Kinetic Isotope Effects and PTP Transition by these native enzymes with data from their general acid
State AnalysisThe kinetic isotope effects yield information mutants reveal a change from a leaving group that is
about the structure of the transition state for phosphoryl protonated in the transition state to reactions in which the
transfer. The transition state for hydrolysis reactions of leaving group leaves as the anion in the general acid mutants-
phosphate monoesters in solution can be described as very25, 31, 45. These general acid mutants also typically exhibit
loose or “dissociative” in nature, characterized by extensive small normal values fof(V/K)nonbriage indicative of increased
bond cleavage to the leaving group, minimal bond formation nucleophilic participation in the transition state. The phos-
to the nucleophile, and in which the transferring phosphoryl phatase Stpl exhibits kinetic isotope effects indicative of
group resembles metaphosphate ion [for reviews, 4&e (  slightly less efficient protonation of the leaving group in the
42) and references cited therein]. Phosphodiesters andtransition state. The small norm&V/K) and the slightly

NO, === - 0.999 to 1.0001 1.0007 1.0024 to 1.0030



Full Activation of MKP3 by ERK Requires Asp-262

Table 1: Isotope Effects from ReactionsmfiPP with Native
MKP3 and D262N Mutant, in the Presence and Absence of ERK

enzyme 15(V/K) 18(V/K)bridge 18(V/K)nonbridge
native MKP3 with ERK ~ 1.0004 (1) 1.0168 (5)  1.0006 (3)
native MKP3 without ERK  1.0008 (1) 1.0202 (04)  1.0012 (5)
D262N with ERK 1.0031 (4) 1.0316(13) 1.0023 (6)
D262N without ERK 1.0027 (4) 1.0320(30) 1.0023 (6)

aThe standard errors in the last decimal places are given in
parentheses.

higher value fof8V/K)priage both indicate that proton transfer
lags slightly behind PO bond cleavage.
The maximumt&V/K)yriqge effect seen in reactions pNPP

Biochemistry, Vol. 40, No. 14, 2004405

reaction proceeds through a transition state in which proton
transfer to the leaving group is similar but not quite as

complete as in the wild type. However, this explanation does
not explain the large difference in rate imparted by ERK;

the difference in the degree of proton transfer in the transition
state implied by the KIEs would seem too little to account

for a significant difference in rates.

A more likely possibility is a situation in which ERK
facilitates general acid catalysis, but in the absence of ERK,
most of MKP3 is in an inactive (or much less active) state,
in which movement of the loop enabling general acid
catalysis is not efficient (Scheme 2). It is possible that in
the absence of ERK, slow reaction takes place from the small

in solution in which the leaving group is not protonated is amount of active form of the enzyme, in which general acid
around 1.03, and the same value is observed in VHR and incatalysis still operates, but much more slowly than when
PTPases (including Stpl)when general acid catalysis has beefERK is present. Under these conditions, some fraction of

eliminated by mutation25, 45. The equilibrium'®0 isotope
effect for protonation op-nitrophenol is 0.98531). Thus,
when P-O bond cleavage and proton transfer are both
extensive and synchronous, the obse”A#d/K)pyiqge iSOtope

the reaction may take place from a form of the enzyme in
which general acid catalysis is inoperative, in which case
the observed KIEs would be the weighted average of the
two reactions. In other words, ERK binding facilitates

effect should be close to the product of these values, or aboutmovement of the loop with the general acid; however, when
1.015. This is close to the value measured in reactions of ERK is not present, loop movement can still occur, but very

pNPP with native VHR and with PTP where protonation of
the leaving group occurs in the transition ste2g,(45.
Analysis of MKP3 and D262N by Kinetic Isotope Effects
Within the framework of this background data for related
enzymatic reactions, the isotope effects for the MKP3

inefficiently. Hence, a much slower rate of reaction is
observed, but one in which the transition state looks
essentially the same as when ERK is present. With a labile
substrate likgpNPP, we may also get some slow reaction of
bound substrate proceeding without general acid assistance.

phosphatase in the present study can be evaluated for thdt should be noted that the D262N mutant exhibits a rate for

effect of ERK and of the D262N mutation on the transition

V/IK only 2.3-fold slower (witfpNPP) than the native enzyme

state of the phosphoryl transfer reaction. The isotope effect(in the absence of ERK).

data with their standard errors for the reactions of the native

MKP3 and the D262N mutant, with and without ERK, are
shown in Table 1. Thé¥(V/K)nonbriage Values shown are the
isotope effects resulting frorO in all three nonbridge
oxygen atoms.

In the reactions of the D262N mutant, the KIEs are all
typical of the pattern seen when general acid catalysis is lost,
and the leaving group departs as the phenolate anion (Table
1). The isotope effects are within experimental error of one
another in the presence and in the absence of ERK. This is

The patterns of the three isotope effects for the reaction clear confirmation of the role of D262N as a general acid in
with native MKP3 in the presence of ERK are indicative of the phosphoryl transfer from substrate to the active site
a reaction where the leaving group is protonated in the cysteine residue.
transition state. Protonation may be slightly behindd It is intriguing to note that ERK activation of MKP3
bond cleavage, as all three isotope effects lie between thoseappears to have a relatively small effect on the ability of the
typical of native VHR and PTPs, and those observed for enzyme to catalyze hydrolysis of the phospho-enzyme
Stpl. Consistent with less efficient general acid catalysis with intermediate Ks). While the rate enhancement with wild-
MKP3 alone, the degree of proton transfer to the leaving type enzyme was at most%-fold (13), the D262N mutant
group inferred from the data is slightly less in the absence displayed no activation on this step (Figure 3). In fact, the
of ERK. However, when ERK is absent, the isotope effects D262N enzyme displayed a slightly low&g value in the
are not as different as would be expected if the absence ofpresence of ERK compared with free D262N (values below
ERK completely disables general acid catalysis. The transi- pK, of 7 in Figure 3). Together these data suggest that ERK
tion state in this case closely resembles that of the reactionmay not play an essential role in activating this catalytic step.
in the presence of ERK. The possibility that general acid More importantly though, the data clearly indicate that D262
catalysis is lost but a commitment factor is significantly is functioning during intermediate hydrolysis whether ERK
suppressing the isotope effects from their true values can beis present, contributing20-fold rate enhancement in MKP3
ruled out. If this were the case, all of the isotope effects alone and as much as80-fold in ERK-activated MKP3. It
would be reduced from their intrinsic values by the same has been previously proposed that Asp-92 in VHR is
proportion. Since the maximum value f§(V/K)prigge When functioning as a general base during intermediate hydrolysis,
general acid catalysis is lost is about 1.03, if one assumesactivating a water molecule for direct attack on the thiol
that the intrinsic value fof3(V/K)yrigge for the reaction of phosphate intermediat89). Similarly, we propose that Asp-
native MKP3 without ERK is actually this value, then the 262 is facilitating this step by functioning as a general base
intrinsic value for3(V/K) would be 1.0012, less than half catalyst. When this residue is replaced with Asn, the presence
its predicted value if general acid catalysis is indeed of ERK has no bearing on rate enhancement for this step.
inoperative. This implies that the general acid loop is already properly

One explanation for the isotope effects observed of the positioned in the closed conformation, and that Arg-299 is
native MKP3 would suggest that when ERK is absent, the correctly aligned within the active site by Ile-260 of the
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general acid loop. An argument can be made that ERK
association and subsequent activation is only required during
the formation of the phospho-enzyme intermediate. Once
formed, intermediate hydrolysis can proceed without the need
for ERK stabilization of the active conformation. This idea
begs other intriguing questions on the mechanism of de-
phosphorylation. Specifically, does MKP3 dephosphorylate
phosphorylated ERK (pERK) within the same complex
(intramolecular) or does the activated ERKIKP3 complex
dephosphorylate a separate molecule of pERK (intermolecu-
lar)? If an intramolecular mechanism is operating, then
dephosphorylated ERK must be released from MKP3 after
catalysis and prior to binding the next pERK molecule. This
is an especially important point since it has been observed
that pERK and ERK can bind to the N-terminal domain of
MKP3. Unfortunately, the relative binding affinities have not

of dephosphorylated ERK after intermediate formation would
be a logical step in which to release the protein product. In
contrast, an intermolecular mechanism would only require
initial N-terminal binding of ERK (either pERK or ERK)
and subsequent phosphatase activation. This ERKP3

16.

Rigas et al.

Zhou, B., Wu, L., Shen, K., Zhang, J., Lawrence, D. S., and
Zhang, Z. Y. (2001). Biol. Chem. 276(9), 6506-6515.

17. Tanoue, T., Adachi, M., Moriguchi, T., and Nishida, E. (2000)

18.
19.
20.
21.

22.
23.

24.

26.
27.

28.

complex need not dissociate, but instead acts as the active og.

enzyme species toward additional pERK molecules, via
active site interactions. We are currently pursuing these
critical mechanistic questions.
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