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ABSTRACT. Cdc25 phosphatases belong to the family of protein tyrosine phosphatases (PTPs) that contain
an active-site cysteine and form a phosphocysteine intermediate. Recently, oxidation/reduction of active-
site cysteines of PTPs, including Cdc25, has been proposed to serve as a form of reversible regulation for
this class of enzymes. Here we provide in vitro evidence that supports the chemical and kinetic competence
for oxidation/reduction of the active-site cysteines of Cdc25B and Cdc25C as a mechanism of regulation.
Using kinetic measurements and mass spectrometry, we have found that the active-site cysteines of the
Cdc25's are highly susceptible to oxidation. The rate of thiolate conversion to the sulfenic acid by hydrogen
peroxide for Cdc25B is 15-fold and 400-fold faster than that for the protein tyrosine phosphatase PTP1B
and the cellular reductant glutathione, respectively. If not for the presence of an adjacent (back-door)
cysteine in proximity to the active-site cysteine in the Cdc25'’s, the sulfenic acid would rapidly oxidize
further to the irreversibly inactivated sulfinic acid, as determined by using kinetic partitioning and mass
spectrometry with mutants of these back-door cysteines. Thus, the active-site cysteine is protected by
rapid intramolecular disulfide formation with the back-door cysteines in the wild-type enzymes. These
intramolecular disulfides can then be rapidly and effectively rereduced by thioredoxin/thioredoxin reductase
but not glutathione. Thus, the chemistry and kinetics of the active-site cysteines of the Cdc25’s support
a physiological role for reversible redox-mediated regulation of the Cdc25’s, important regulators of the
eukaryotic cell cycle.

In recent years, oxidation by reactive oxygen species of modification because of the low reactivity of the typically
(ROS} has been added to the growing list of reversible protonated thiol (i, of ~8.5) under physiological conditions
protein modifications involved in signal transduction and (pH of 7.2). Susceptible cysteine residues are frequently
cellular regulation that includes phosphorylation, methylation, located within the active sites of proteins, such as the cysteine
ubiquitination, nitrosylation, and sumoylation. Originally, found in the active-site motif (HC3R) of the protein tyrosine
ROS were thought to be only harmful byproducts of aerobic phosphatases (PTPs) and the dual-specificity phosphatases
processes and/or involved in the phagocytic process of cells(DSPs) 8). The [K.'s of these cysteine residues are perturbed
such as microbicidal neutrophils. The discovery that there to the acidic range, as low as 4.7 in tfiersiniaphosphatase
exists a tightly regulated production of ROS at lower levels (yOP) (4) or 5.8 in the cell cycle phosphatase Cdc25 (
than those needed for microbicidal function has supported making them much more reactive with ROS. Oxidation of
the concept of oxidation as a means of regulation or signal the thiolate form of cysteine, particularly when the modified
propagation 1, 2). Mild oxidation at low concentrations of  ¢ysteine is the critical catalytic residue involved in formation
ROS leads to the conversion of selected cysteine residuesyt the phosphocysteine intermediate, leads to inactivation
to sulfenic acids (Cys-SQ or possibly further oxidation 4t enzymatic activity. Because the formation of sulfenic acids
products. Not all cysteines, however, are subject to this form jg ;5 a1y reversible by cellular reductants such as glutathione
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desorption ionization mass spectrometry; ESI-MS, electrospray ioniza- (_CyS'SQ ) is also observed, leading to |rreverS|b]e Inactiva-
tion mass spectrometry; WT, wild type. tion of the enzyme. Unexpectedly, recent experiments with
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Ficure 1: Amino acid residues in vicinity of the active site of Cdc25B showing ROS-mediated disulfide bond formation between active-
site Cys473 and back-door Cys426. The unoxidized Cdc25B £pdib0) is shown with a sulfate anion held in the active-site pocket by
the backbone amides of the HgXloop and Arg479. The oxidized form of Cdc25B (pablcwr) shows the disulfide and the absence of

an anion in the active site. The pdb files were taken from3&fand the figure was prepared using VMB2J.

peroxiredoxins suggest that sulfenic acids can be rereducedeature of the Cdc25's is the presence of an additional
in vivo (14). cysteine residue (back-door cysteine) within a DCR motif
Recently, a role for oxidation has also been discovered in that is conserved in all known Cdc25’s. In Cdc25B, back-
the regulation of Cdc25C1E). Cdc25 phosphatases are door Cys426 is completely buried and is located 4.6 A from
critical components of the regulatory machinery of the the active-site cysteine38). These back-door cysteines
eukaryotic cell cycle 16). There exist three isoforms of (Cys384 in Cdc25A and Cys330 in Cdc25C) have been
Cdc25 phosphatase in humans, Cdc25A, Cdc25B, andshown to form intramolecular disulfides in alternate structures
Cdc25C. The Cdc25 phosphatases are DSPs and dephosf both Cdc25A and Cdc25B (Figure 13§, 39. In the case
phorylate phospho-Thrl4 and phospho-Tyrl5 on the-€dk of Cdc25A, this intramolecular disulfide was formed as a
cyclin complexes. Dephosphorylation of the Cdlyclin result of tungstate treatment, presumably via oxidation to
complexes leads to activation of these regulatory kinases,the sulfenic acid and subsequent attack by Cys384. In the
phosphorylation of their numerous cellular targets, and cell case of Cdc25B, the disulfide was observed in a crystal form
cycle progression. The important role of the Cdc25A and lacking a bound anion in the active site. Interestingly, these
Cdc25B homologues in cell cycle regulation is becoming “structural artifacts” are now coupled with evidence sug-
increasingly apparent as many studies show their increasedyesting a role for reversible oxidation and intramolecular

expression in a wide variety of cancefds’{-25). Addition- disulfide formation for Cdc25C15).
ally, specific phosphatase inhibitors of Cdc25 have been However, many questions remain. What is the relative
shown to block cell cycle progressio2g—29). Intriguingly, reactivity of the active-site Cys of the Cdc25 compared to

there has been no correlation of Cdc25C overexpression withother potentially reactive cysteines inside the cell? What is
cancer, even though Cdc25C is generally accepted to be thehe partitioning ratio between disulfide formation with the
mitotic Cdc25, the one responsible for progression from G2 back-door Cys compared to oxidation of the sulfenic
to the M phase 30). intermediate to the potentially irreversibly oxidized sulfinic
Previous work has characterized the regulation of Cdc25C and/or sulfonic forms? Given the conservation of the back-
during normal cell cycle progression and in response to door cysteine, does intramolecular disulfide formation occur
cellular stress. In these studies, the primary mechanism ofat a reasonable rate in Cdc25 so as to allow redox regulation
control has been found to be via intracellular localization as to be reversible? And what are the possible cellular reductants
controlled by phosphorylation of Ser216 and subsequentthat can restore the catalytic activity of Cdc25 under
association with 14-3-3 protein81—33). Additionally, the physiological conditions? In this contribution we investigate
activity of Cdc25C has been shown to be affected by the kinetics of oxidation by hydrogen peroxide, of reactiva-
phosphorylation of Thr48 and Thr6Xénopusnumbering) tion by reducing agents (DTT, glutathione, and thioredoxin),
and subsequent isomerization of the adjacent peptidyl prolineas well as the role of the additional cysteine in protection
bond by Pin184). For the Cdc25A homologue, degradation against excessive oxidation for Cdc25B and Cdc25C. The
has been shown to be an important mechanism of regulationchemistry and kinetics of these processes are shown herein
and subsequent cell cycle arrest in response to UV light, to support the idea of a physiological role for reversible
ionizing radiation, or stalled replicatioB%—37). Now it has redox-mediated regulation of Cdc25 in cell cycle control.
been shown that Cdc25C, but not Cdc25A, undergoes
oxidation and degradation in response to treatment of cells MATERIALS AND METHODS
by hydrogen peroxidelf). These studies of endogenous and  Materials Hydrogen peroxide (KD,) was obtained from
transfected Cdc25’s in HelLa cells demonstrate the require-EM Science, and stock solutions of 100 mM were prepared
ment for the active-site cysteine (Cys377) as well as a nearbydaily. Thioredoxin/thioredoxin reductase (TR/RR) from
cysteine (Cys330) in the oxidation-mediated instability of Escherichia coliwas a generous gift from JoAnne Stubbe
Cdc25C. (M. I. T.). NADPH, mFP, DTT, glutathione, mannitol, and
As members of the DSP family of phosphatases, the catalase were obtained from Sigma. Sequencing-grade trypsin
Cdc25's contain the characteristic active-site motif (HRX was purchased from Promega.
although their catalytic domains show no structural homology Preparation of Cdc25B and Cdc25Che catalytic do-
to other members of the PTP or DSP family. An interesting mains of the Cdc25’s were prepared as previously described
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FiGure 2: Time dependence of Cdc25B inactivation byQ4. The

. . reactions were performed as described in the Materials and Methods
(40, 41. Mutations of the back-door cysteines for Cdc25B  gection. The concentrations ob®, were 200uM (@), 400 uM

(C426S) and Cdc25C (C330S) were generated using Quick-(m), 600uM (a), and 1 mM @®). The curves shown are derived
Change mutagenesis (Stratagene) and the following prim-from fitting the data_ to eq 1 The inset ShC_)WS the concentration
ers: Cdc25B(C426S): GTGATTGTAGACTCCAGATAC- dependence of the inactivation used to derive the pseudo-second-
CCC and GGGGTATCTGGAGTCTACAATCAC; Cdc25C-  Order rate constark.
(C330S): TATGTCATTGATTCTCGCTATCC and GC- 2 tg 2004M and phosphate varied from 0 to 10 mM) to eq
GAGAATCAATGACATAAAAC. The mutant proteins were 3 using Kinetasyst.
purified as for the wild type (WT). Enzymes stored in
standard TNED buffer (50 mM Tris-HCI, pH 8.0, 50 mM Vops = Vimax[MFPY/(K,(1 + [PV/K;) + [mMFP])  (3)
NaCl, 1 mM EDTA, and 1 mM DTT) were dialyzed into
3-C buffer (50 mM Bis-Tris, 50 mM Tris, and 100 mM Na- Reversibility and Numerical IntegratiarReversibility was
acetate, pH 7.0) supplemented with one enzyme equivalentexamined as for the inactivation experiments described above
of DTT prior to inactivation with hydrogen peroxide. by using a partitioning protocol with the inclusion of a 30
Rate of Inactiation. The rate of inactivation of Cdc25 by  min incubation with or without 50 mM DTT in the catalase-
hydrogen peroxide was determined using a fixed time-point containing quench solution. The relative amounts of revers-
quench protocol. Cdc25 (£33 uM) was incubated with  ibly inactived Cdc25 (sulfenic and intramolecular disulfide)
varying concentrations of #0, (0.2—1 mM) in 3-C buffer vs irreversibly inactivated Cdc25 (higher oxidation states)
at 20°C. At varying time points (16100 s), an aliquot was  were determined by comparison of the rates of reaction with
taken and diluted (330-fold) into 3-C buffer containing 12.5 30 uM mFP following further dilution into 3-C buffer. The

units of catalase (should consume 200 nmoiOks). observed rate of accumulation of unrecoverable actiti)(

Phosphatase activities were measured immediately with 30was determined by fitting the data to eq 4.

uM mFP by using a continuous assay that monitors product

formation at 477 nm¢ = 27 200 Mt cm™). The percent ~ percent_unrecoverable_activity

remaining activities were determined by comparison with 100(1— e"‘obst) + remaining_activity (4)

mock-treated samples. The observed rate constant of inac-

tivation ko,s Was determined by fitting the data to eq 1. Control experiments showed that the observed rate was
o o independent of the incubation time with DTT, confirming

percent_remaining_activity that our conditions were sufficient to fully rereduce the

100 e *¢ + remaining_activity (1)  reversibly oxidized forms. Numerical integration of egs&

. . (Scheme 1) were used to model the overall time course of
Control experiments demonstrated that neither the presencgne reaction.

of low concentrations of DTT remaining from the storage

buffer nor the absolute enzyme concentration altered the O[S — OJ/ot = k,[H,0,][S] —

observed rate of inactivation. The pseudo-second-order rate _ _
constantk; (Scheme 1) was obtained by fitting the linear k[H,0,[S — O] — kS = O] (5)
dependence of the rate of inactivation on the concentration N _

of H,0; (inset of Figure 2). Inactivation in the presence of O[S = O; Vot =k[HO,[S —O ] +

inorganic phosphate was performed by addition of varying ks[S — S= 0] (6)
phosphate concentrations finca 1 Mstock (pH 7.0). Given _

that there is no saturating behavior observed for inactivation O[S — SJlot = K;[S — O] — k,[H,0,][S = S] (7)
by H,0O,, theK; for protection by phosphate was determined _o_ _ S

by fitting the data to eq 2 O[S = S= 0ot = k[H,0,I[S kjé S=0] (8

Kops = Kq[H,O,)/(1 + [P)/K)) (2

The numerical integration was separated into parts in various
wherek; is the pseudo-second-order rate constant of inac- columns of an Excel spreadsheet wherein the exact dif-
tivation from Figure 2. Thé; for competitive inhibition by ferential 6t was replaced with the intervat. The interval
phosphate vs the substrate mFP was determined by fittingAt = 1 s was sufficiently small so as to accurately represent
the data from standard inhibition kinetics (mFP varied from a continuous process.
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Table 2
enzyme ki (M~ts™) ko (M~ts™) ks (s ke(M~ts™) ks (s71) ks (M~1s™)
Cdc25B 164+ 14 fixed at 60 0.16 0.03 2.0+ 0.5 >0.5 1007+ 18
Cdc25B(C426S) 198 26 47+ 3 - - - -
Cdc25C 126Gt 10 fixed at 110 0.012 0.005 - - n.d.
Cdc25C(C330S) 9% 8 110+ 30 - — - -

a Experimentally derived rate constants for the oxidation chemistry of the active-site cysteines of the Cdc25's in accordance with Scheme 1 at
20 °C. The value indicated fdks is using TR/TRR as the reductant. Some values are not appropriate for the enzyme and reaction-spudied (
for example, formation of the disulfide with the back-door cysteine mutants. Additionally, inclusion of the step representing the oxidation of the
disulfide of Cdc25(WT) to the thiosulfinate was not needed to fit the data and was therefore omitted.

Reactivation Experimentdn the reactivation experiments, providing data for Cdc25C. We also discuss our results in
54 uM Cdc25 was incubated with 1 mMJ@, for 20 s to light of their potential physiological relevance and in
inactivate the enzyme. Aliquots were then diluted 33-fold comparison to the oxidation/reduction of other cysteine
into buffer containing~1 unit of catalase and varying phosphatases.
amounts of different reductants. The reductants included ¢qc25 |s Rapidly Inactiated by HO, The rate of
thioredoxin/thioredoxin reductase (TR/TRR, 82 equiv), inactivation by HO; is the first consideration in thinking
dithiothreitol (DTT, 5-50 mM), and glutathione (GSH,  4pout the regulation of Cdc25’s by reversible oxidation of
5—50 mM). Experiments with TR/TRR also included e active-site cysteine. Although this cysteine is expected
NADPH (16-400 uM), and the ratio of TR to TRR was  (q pe jonized in the thiolate form Ka = 5.8 (5)) and thus
250 to 1. Following incubation under reducing conditions iy pe more reactive than the average exposed thiol €
for varying times (+-45 min), aliquots were diluted 330- _g 5 (12)) the intracellular concentration of thiols such as
fold into 3-C buffer, and Cdc25 activity was measured using g),tathione lies in the millimolar rangd® whereas Cdc25
30uM mFP. Control experiments verified that the catalase jg hresumably submicromolar. Thus, the cysteine thiolate of
treatment was necessary and sufﬁm_ent for inactivating the cdc25 would need to be many times more reactive than other
H20; and that the observed reactivation was independent ofyjq|s 1o experience any oxidation at low concentrations of
NADPH and TRR concentration. H,0,. By incubating Cdc25B with varying concentrations

Mass SpectrometrySamples for electrospray ionization  of H,0, for varying times, followed by dilution into buffer
mass spectrometry (ESI-MS) were prepared by incubating containing catalase to deplete theQd, we found the rate
Cdc25 (6-10ug) with or without 1 mM HO, and quenching  of inactivation of Cdc25B at pH 7.0 and 2C to be linearly
into 0.1% TFA. Following desalting using a:£ZipTip dependent on D, concentration with a pseudo-second-order
(Millipore), the sample was directly injected on the APl rate constant of 164 14 M1 s 2 (Figure 1, Table 1). We
150EX from Perkin-Elmer SCIEX. Samples for matrix- pelieve HO, is the reactive species, as control experiments
assisted laser desorption ionization mass spectrometry (MAL-in the presence of the oxygen scavenger mannitot-&5
DI-MS) were prepared by trypsin digestion fl00ug of  mM) or the divalent metal scavenger EDTA showed no
Cdc25 following treatment with or without 30@M H,O,  change in the observed rate of inactivation (data not shown).
for 2 min. The protein was purified through a G-25 column it an expected normal temperature dependence (doubling
to separate rapidly the protein from excesfOrand then  of rate with every 10°C), the intrinsic rate of Cdc25B
was dialyzed into 50 mM ammonium bicarbonate buffer at gxjgation by HO, is >15-fold faster than the rate of
pH 7.8. Thg proyein was digesteq withu®@ of squenc_ing inactivation of PTP1B (18 M! s * at 30°C, pH 7; @)). We
grade trypsin by incubation overnight at 32. The digestion  gpeculate that the open and exposed architecture of the active-
was stopped by addition of the protease inhibitor tosyl lysyl gjte region of the Cdc25’s compared to the deeper phospho-

chloromethyl ketone and was desalted with a-ZpTip. tyrosine binding pocket in PTP1B contributes to this
The peptides were analyzed by MALDI-TOF using the gjgnificant difference in the rate of inactivation. Cdc25A (69
Voyager DE-Pro from Applied Biosystems. + 9 M~1s) and Cdc25C (12& 10 M~ s73), with highly

homologous catalytic domains to Cdc25B60% identity),
are only slightly less reactive than Cdc25B (Table 1). Given

We have used in vitro kinetic experiments to investigate (e Proximity of the back-door cysteine in the Cdc25's and

the potential role of reversible ROS-mediated regulation of t_heir involvement in the mechanism of inactivation/rea_ctiv_a—
the active-site cysteine of Cdc25, a dual-specific phosphatasdOn (See below), we also measured the rates of inactivation
of the PTP family. Although there is a growing body of after muf[anons of these cystelnes in .CdCZ.5B and Cdc25C.
evidence suggesting the importance of ROS-mediated regu_Conversmn of the;se cyste_zlnes_ to serine did not change the
lation of PTPs, there has been little consideration of the ©PServed rate of inactivation significantly (Table 1).
important kinetic parameters involved in such a process and Notably, the observed rate of inactivation of 33235

no direct evidence for the oxidation states of the active-site M~* s for Cdc25B measured at 3T, pH 6.5, is~400-
cysteine in the Cdc25. The kinetic parameters of interest fold faster than the rate of oxidation of glutathione (0.87
include the absolute and relative rates of the various oxidationM~! s™ at 37 °C, pH 7.4 @4)). We have confirmed this
steps as well as the rate and mechanism of reversibility, result by measuring the rate of inactivation of Cdc25 by 1
including the identity of the cellular reductant. Below we mM H,0, in the presence of an 8000-fold excess of the
present data for each of these open questions, detailing thecellular reductant glutathione (10 mM glutathione vs 13.3
experimental design and results for Cdc25B and also uM Cdc25B). The observed initial rate constant of inactiva-

RESULTS AND DISCUSSION
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Ficure 3: (A) Protection of inactivation by phosphate. Variable concentrations of phosphate (@825 mM, a; 7.5 mM, A; 15 mM,

®; 30 mM, O; and 60 mM,H) were added to an inactivation experiment using 1 mMD4 and the percent remaining activity was
measured. The inset shows the data fitted to eq 2, yieldiKgaf 7.6 + 2.5 mM. (B) Competitive inhibition of phosphate vs mFP for
Cdc25B. Reaction rates using varying concentrations of mFP and phosphate (@m2niM (l), 4 mM (a), 7 mM (@), and 10 mM 4))
are shown in a LineweaveBurk plot. The lines shown were obtained by fitting the data to eq 3 and yieldgd&2.5 + 0.5 mM.

tion remained unchanged, as expected, and no modifiedby the substrate suggested that inactivation was taking place
Cdc25B could be detected by ESI-MS or MALDI-MS at the active-site cysteine, as expected, but was difficult to
following trypsin hydrolysis (data not shown). However, the quantitate given the continuous depletion of substrate during
overall level of inactivation was decreased only 4-fold after the time course of inactivation. To investigate the protection
90 s (data not shown). Thus, although glutathione depletesof the active site more quantitatively, we measured the rate
much of the hydrogen peroxide during the time course of of inactivation by HO, as a function of varying amounts of
the experiment, Cdc25B is still subject to significant inorganic phosphate, a competitive inhibitor of mFP (Figure
inactivation. These results demonstrate that the active site3). Fitting the data to eq 2 yieldedka for phosphate of 7.6
of Cdc25, which has evolved for efficient nucleophilic attack + 2.5 mM, in reasonable agreement with the determifed
of phosphorylated amino acids, is also highly primed for vs mFP (2.5 0.5 mM). Protection against inactivation by
reaction with and subsequent inactivation byOx Overall, phosphate or substrate has been previously observed for other
the very fast inactivation rates we observe bring the relative phosphatases, such as PTP1B and V@R (
modification potential of the active sites of the Cdc25'sinto  Before proceeding in our kinetic analysis, we used mass
the realm of physiological possibility despite the intrinsic spectrometry to confirm that the observed inactivation was
concentration difference between the Cdc25's and glu- due to modification of the cysteine at the active site rather
tathione. than oxidative damage at other cysteine or methionine
Oxidation by HO, Is Targeted to the Acte-Site Cysteine.  residues. To simplify the analysis, we first performed these
Preliminary experiments measuring the rate of inactivation experiments with the mutant Cdc25B(C426S). (There exist
by H,O, with a continuous assay in the presence of the four other cysteine residues in Cdc25B besides active-site
substrate mFP (as described 8 yielded a significantly Cys473 and back-door Cys426.) Treatment of Cdc25B-
slower rate of inactivation (data not shown). This protection (C426S) with HO, for 5—10 min (expected remaining
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Table 2: ESI-MS of Cdc25B and Cdc25C

enzyme treatment observed MW comment

Cdc25B(WT) none 22534 3 expected MW= 22 538.91
Cdc25B(WT) HO,, 0.5-15 min 22539+ 2 native, disulfide

22570+ 3 sulfinic acid (-32)
Cdc25B(C473S) none 225263 expected MW= 22 522.91
Cdc25B(C473S) bD,, 0.5-15 min 22525+ 3 native
Cdc25B(C426S) none 225233 expected MW= 22 522.91
Cdc25B(C426S) bD,, 5—10 min 22523+ 1 native

22551+ 3 sulfinic acid (-32)
Cdc25B(C426S) kD>, 15 min 22557 3 sulfinic acid (+32)
Cdc25B(C426S) bD5, 0.4—0.5 min 22523+ 2 native

22 540+ 2 sulfenic acid ¢-16)

22561+ 4 sulfinic acid (-32)
Cdc25C(WT) none 227141 expected MW= 22 709.21
Cdc25C(WT) HO,, 5—10 min 22707+ 2 native

22 736+ 3 sulfinic acid (¢-32)
Cdc25C(C330S) none 22 6953 expected MW= 22 693.51
Cdc25C(C330S) kD2, 5—10 min 22 697+ 2 native

22723+ 3 sulfinic acid (-32)

a All mass determinations reported in Da were performed at least in duplicate.

Table 3: MALDI-MS of Cdc25B

enzyme back-door peptide active-site peptide cross-linked disulfide
Cdc25B(WT) FVIVDCR VILIFHCEFSSER —
untreated 851.51.3 1579. 4 0.5
Cdc25B(WT) FVIVDCR VILIFHCEFSSER FVIVDCR
H20,, 1 min 852.2+ 1.4 1612.3+1.1 |
(unchanged) (sulfinic) VILIFHCEFSSER
2430.6+ 0.9
Cdc25B(C426S) FVIVDSR VILIFHCEFSSER —
untreated 836.4 1579.6
Cdc25B(C426S) 836.4 1613.3 —
H202, 1 min (unchanged) (sulfinic)

a All mass determinations reported in Da were performed in duplicate for Cdc25B(WT) and once for Cdc25B(C426S) and deviate less than 1.5
Da from the expected masses.

activity = 5%) followed by quenching in trifluoroacetic acid 1007

and ESI-MS showed both a native mass and a mass increase 9o -
consistent with addition of two oxygens (Table 2). There
was no change in mass seen for comparable treatment ofs,
the active-site mutant C473S (Table 2). This suggested eitherz 70
the formation of two sulfenic acids on two different cysteines 60 1
or the formation of a sulfinic acid on one cysteine. Digestion
of the HO,-treated Cdc25B(C426S) with trypsin followed
by MALDI-MS yielded a dominant tryptic peptide of mass
1612 Da corresponding to the peptide VILIFHCEFSSER
with two extra oxygens (Table 3). By comparison, the tryptic
peptide containing the back-door cysteine (Table 3) and all
the other peptides within the range of detection representing 10 |

50 1

40 1

301

% unrecoverable ac

20

1000

the rest of Cdc25%85% coverage, data not shown) remained o ‘ ‘ ‘ B0l M ‘
unmodified. These data provide the first unambiguous 0 20 40 60 80 100 120 140
evidence that bD; is reacting with active-site Cys473, and time (s)

rapidly forming the irreversibly inactivated sulfinic acid Ficure4: Time dependence of irreversible inactivation of Cdc25B-
species without oxidation at other residues. Even extensive(C426S) by HO,. The reactions were performed as described in

incubation with HO, that converted all of Cdc25B(C426S) the M;tau;ials( a)“d (')\i')ethozjs) Secgon- The-fonﬁe”tra“onsiﬁ@"'

- - : - - were 25QuM (@), 500uM (a), and 1 mM @). The curves shown
motlre]iu?;rlfwgi; ﬁ?fd fordelgl n(2)t B\IIIVeId any oglhe{ hlgher are derived from fitting the data to eq 1. The inset shows the
ght forms (Table 2). We were able to observe concentration dependence of the inactivation used to derive the

the intermediate sulfenic acid form by ESI-MS (Table 2) pseudo-second-order rate constant

only upon using shorter incubation times witb®4 that were

optimized for the presence of this species as determined by

our kinetic analyses (see below). Similar results were found to be stable formation of the sulfenic acid without further
for Cdc25C(C330S) but not for the active-site mutant oxidation to the sulfinic acidg). These observed differences
Cdc25B(C473S) (Table 2). These data are in contrast to whatin reactivity between Cdc25 and the other phosphatases may
has been found for PTP1B and VHR, where there appearsbe related to the observed higher intrinsic reactivity toward
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Ficure 5: Time course for depletion of the free thiola®)( transient formation of the sulfenic acid), and accumulation of the sulfinic
acid @) following treatment of (A) Cdc25B(C426S) or (B) Cdc25C(C330S) with 1 mMDi The data and simulated curves were generated
as described in the Materials and Methods section usirng 130 M1 s71, k, = 60 M1 s~ for Cdc25B(C426S) ank; = 80 M~1s71 k,
= 110 M1 s71 for Cdc25C(C330S).

H,O, of the cysteine thiolate in the Cdc25’s compared to between active-site Cys473 and back-door Cys426. MALDI-
that of the PTP1B and VHR. MS of Cdc25B(WT) confirmed this interpretation (Table 3).
Mass spectrometry experiments were also performed with Following treatment by kD, the sulfinic acid form of the
Cdc25B(WT). ESI-MS of Cdc25B(WT), following the same  active-site peptide was detected along with the disulfide-
treatment, also showed a mixture of Cdc25, some with an linked peptide derived from the active site and the back-

unchanged molecular weight and with an additional two door cysteine.

oxygens (Table 2). However, neither the sulfenic acid Transient Formation of the Sulfenic AcicGiven our
intermediate nor complete conversion to the sulfinic acid observation of the sulfinic acid as the terminally oxidized
form was observed for Cdc25B(WT). Similar results were form and the transient formation of the sulfenic acid, we
observed for Cdc25C(WT) (Table 2). These data are nextset outto determine the relative rates of oxidation from
consistent with protective intramolecular disulfide formation the sulfenic to the sulfinic acids (Scheme 1). Again, we began
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Ficure 6: Time course for depletion of the free thiola®)(formation of the sulfenic acid and intramolecular disulfidg,@nd accumulation
of higher oxidation statedl) following treatment of (A) Cdc25B(WT) and (B) Cdc25C(WT) with 1 mM®%. The data and simulated
curves were generated as described in the Materials and Methods sectiolusii0 Mt s, k, = 60 M1 s1, k3 = 0.16 s, ks =
1.7 Mt s andks = 0.5 s1 for Cdc25B(WT) andk; = 80 M1 s71, k, = 110 M1 s71, andkz = 0.012 s for Cdc25C(C330S). The
dashed line indicates the transient sulfenic acid intermediate, and the dotted line indicates the intramolecular disulfide species.

-

our analysis using the back-door mutant of Cdc25B as therethe sulfinic species was then fitted to eq 4 to detkyethe

is, again, no competing disulfide formation to complicate pseudo-second-order rate constant for conversion of the
the analysis. To distinguish between these two oxidized sulfenic to the sulfinic species where the dependence,tia H
forms, we took advantage of the reversibility of the sulfenic was again shown to be first order (Figure 4). The calculated
form. Aliquots of enzyme incubated with varying concentra- rate constank, for Cdc25B(C426S) is 4& 3 Mt s,
tions of HO, were diluted into buffer containing excess DTT approximately 4-fold slower that; (Table 1). Similar
and catalase or catalase alone. Following a further incubationexperiments were performed for Cdc25C(C330S), and the
to allow for DTT-dependent reactivation of the sulfenic form, derived rate constant for conversion of the sulfenic to the
the ratio of Cdc25 activities was measured using mFP to sulfinic acid k) was found to be 1106t 30 M s,
determine the relative pool of sulfenic and sulfinic species essentially identical to the rate constant for the first oxidation
at the time of dilution. The observed rate of appearance of step (Table 1). As noted above, these observations for the
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equivalent of TR to Cdc25 were used to calculate the pseudo-second-order rate cégstert{07+ 18 M1 s71,

Cdc25’s differ from the apparent stable formation of the peptide in MALDI) and an irreversibly inactivated sulfinic
sulfenic acid species for PTP1B and VHR as detected by acid (MW = +32 Da). Thus, the rate of disulfide formation
trapping with 7-chloro-4-nitrobenzo-2-oxa-1,3-diazo8. ( must be at least 3-fold faster than oxidation of the sulfenic
Using the values fok; andk,, we plotted and fitted the  to the sulfinic acid under our reaction conditions (1 mM
data for the free thiolate and the sulfenic and sulfinic acids H.O,) (Table 1). Given that intramolecular disulfide forma-
to curves generated by numerical integration of eg885  tion is a unimolecular reaction, this protective effect will be
(Scheme 1, Figure 5). We note good agreement between theeven more significant at more physiological concentrations
values used to fit the data and the experimentally derived of H,O; (e.g., 60-fold at 5M H,05). Additionally, we note
values shown in Table 1 for both the back-door mutants that oxidation of the disulfide to the thiosulfinic acid is
studied, Cdc25B(C426S) and Cdc25C(C330S). Using therelatively slow, even in the presence of 1 mM®4. Thus,
knowledge of the relative rates of oxidation, we were able this side reaction is not expected to be physiologically
to confirm the existence of the sulfenic acid form as an relevant. Cdc25C yielded similar reactivation kinetics, albeit
intermediate by using ESI-MS to minimize the time of with a significantly reduced trapping ratio for the back-door
oxidation with HO, to 0.4-0.5 min (Table 2). These cysteine and no detectable oxidation of the intramolecular
guantitative experiments demonstrate that the oxidation of disulfide (Table 1, Figure 6B). In fact, the experimental
the sulfenic to sulfinic acid to yield an irreversibly inactivated evidence from treatment of HelLa cells with® suggests
form of Cdc25 is a rapid process once the first oxidation that this exact process occurs in vivo: ineffective trapping
has taken place for the mutants of the back-door cysteine.of Cdc25C leads to specific targeting of the enzyme for
Successful modeling of the reaction time-course with the nonproteosomal degradatiots]. Overall, these experiments
back-door mutants also set the stage for estimating the ratewith wild-type Cdc25 clearly demonstrate that disulfide
constants foks—Kks for the wild-type enzymes. formation in the wild-type enzyme is an effective route for
Formation of an Intramolecular DisulfideWe next escaping the irreversible end product of the sulfinic acid, in
determined the minimal rate for intramolecular disulfide particular for Cdc25B.
formation ks) for Cdc25B(WT) with the assumption that Interestingly, the active-site cysteines from two other
the rate of the conversion of the sulfenic to the sulfinic acid structurally distinct phosphatases have been shown to form
(ko) was unchanged from the Cdc25B(C426S) mutant. By intramolecular disulfides, lending additional support for a
performing the identical partitioning experiment as with the physiological role for intramolecular disulfide formation.
mutant in the preceding paragraph, we were able to derive Treatment of the tumor suppressor PTEN withOxl leads
the relative amounts of irreversibly vs reversibly inactivated to a reversible disulfide between Cys124 and Cys71 as shown
enzymes. In this case, the reversibly inactivated enzymesusing mass spectrometr¥). The crystal structure of KAP
included both the intramolecular disulfide form and the phosphatase shows a stable disulfide between active-site
sulfenic acid species. We then modeled the relative reactionCys140 and back-door Cys79 that appears to account for
rates by using a numerical integration (Figure 6A). Given the low activity of this phosphatase as shown using the back-
that we observe a slow accumulation of irreversibly inacti- door mutant 45). Although intramolecular disulfide forma-
vated enzymes with a concomitant decrease in the amountion has been seen for the Cdc25, PTEN, and KAP
of reversibly inactivated Cdc25, we needed to include phosphatases and the DCR motif is completely conserved
oxidation and subsequent hydrolysis of the highly unstable in all known Cdc25’s (38 eukaryotes), there appears to be
thiosulfinate k; andks) to adequately fit the data for Cdc25B no common sequence motif associated with the back-door
but not for Cdc25C (Scheme 1). The ESI-MS and MALDI- cysteine. Additionally, it is clear from the structures of other
MS results (Tables 2 and 3, respectively) support our cysteine phosphatase, e.g., PTP1B, VHR, and MAP kinase
interpretation of a significant buildup of the reversibly phosphatase, that a back-door cysteine is not a universally
inactivated disulfide (no MW change in ESI, cross-linked conserved feature of all cysteine phosphatases.
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Reactvation by Reduction of the Intramolecular Disulfide. is conserved in all known Cdc25’s, makes for an effective
Having established the kinetic competence of protective trap of the highly reactive sulfenic acid to yield a reversibly
disulfide formation for Cdc25(WT) in response to treatment inactivated form of Cdc25, thus minimizing the irreversible
with H,O,, we next investigated the rereduction and reactiva- formation of the sulfinic acid. Third, the intramolecular
tion of Cdc25. The intramolecular disulfide bond is consid- disulfide that forms as a consequence of oxidation of the
ered to be relatively stable, yet susceptible to attack by aactive site is readily reducible by the cellular reductant
thiolate anion for thiol-disulfide exchange. On the other hand, thioredoxin/thioredoxin reductase.
the sulfenic acid that results from active-site oxidation in
PTP1B is quite unstable and readily reacts with any vicinal ACKNOWLEDGMENT
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