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ABSTRACT. MAP kinase phosphatase 3 (MKP3) is a protein tyrosine phosphatase (PTP) for which in vivo
evidence suggests that regulation can occur by oxidation and/or reduction of the active site cysteine.
Using kinetics and mass spectrometry, we have probed the biochemical details of oxidation of the active
site cysteine in MKP3, with particular focus on the mechanism of protection from irreversible inactivation
to the sulfinic or sulfonic acid species. Like other PTPs, MKP3 was found to be rapidly and reversibly
inactivated by mild treatment with hydrogen peroxide. We demonstrate that unlike the case for some
PTPs, the sulfenic acid of the active site cysteine in MKP3 is not stabilized in the active site but instead
is rapidly trapped in a re-reducible form. Unlike the case for other PTPs, the sulfenic acid in MKP3 does
not form a sulfenyt-amide species with its neighboring residue or a disulfide with a single proximate
cysteine. Instead, multiple cysteines distributed in both the N-terminal substrate-binding domain (Cys147
in particular) and the C-terminal catalytic domain (Cys218) are capable of rapidly and efficiently trapping
the sulfenic acid as a disulfide. Our results extend the diversity of mechanisms utilized by PTPs to prevent
irreversible oxidation of their active sites and expand the role of the N-terminal substrate recognition
domain in MKP3 to include redox regulation.

Reactive oxygen species (RO%)e integral components  an important role in promoting the cell death processes of
of various signal transduction pathways (reviewed inljef necrosis and apoptosis triggered by TiNF
For example, reversible oxidation and inactivation is a  All PTPs, including MKP3, contain conserved sequence
mechanism of regulation for the protein tyrosine phos- and structural features that allow them to be reversibly
phatases (PTPs2), regulators of many signal transduction regulated by ROS. Although members of the PTP family
pathways and of cell cycle controB), Mitogen-activated  differ sequentially and topologically, the active site motif
protein kinase phosphatase 3 (MKP3), a member of the (H/V)C(X)sR(S/T) containing the catalytic cysteine is the
subfamily of PTPs known as dual-specificity phosphatases, defining characteristic of the PTPs. Th&p of these
has recently been added to this list of phosphatases regulatedatalytic cysteines are perturbed to4&.6 as compared to
by oxidation. First, in human diploid fibroblasts, a correlation a typical value of 8.5 for a cysteine residi& 7). The low
exists between the intracellular increase in the level of ROS pK, of the active site cysteine makes it negatively charged
and the decrease in the specific activity of MKP3 in senescentat physiological pH, well suited for its role as a nucleophile
cells as compared to young cely.(Second, ROS produced in the formation of the thictphosphate intermediate, yet
during downstream events following stimulation of cells by also highly susceptible to oxidation by ROS such as hydrogen
tumor necrosis factore (TNFo) were shown to cause peroxide (HO,). Oxidation of the active site cysteine
oxidative inactivation of MKP3 and consequential sustained generates the sulfenic acid (Cys-SOH) and inactivates
activation of Jun N-terminal kinase (JNK)(ROS-mediated  phosphatase activity. The Cys-SOH modification of PTPs
regulation of JNK-inactivating phosphatases therefore plays can be readily reversed by numerous cellular reductants and
can therefore be converted back to the thiolate to yield an
T This work was funded by NIH Grant RO1 GM61822. active enzyme. Whereas in some cases it has been proposed
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I Abbreviations: ROS, reactive oxygen species; PTP, protein tyrosine (5 8), Cys-SOH is actually highly reactive and susceptible
phosphatase; MKP3, mitogen-activated protein kinase phosphatase 3f0 rapid further oxidation to the sulfinic (Cys-3@) or
2%%% %E}It_filyt:;t r?‘otmhamt |0f IgAT}?\IPBs;ASCéé%?j 52(128S_t mtlJJtant of  sulfonic acid (Cys-SgH). With the exception of the peroxi-

; . dithiothreitol; , 5,5dithiobis(2-nitrobenzoic : - - -
acid); GSH, glutathione; TR, thioredoxin; TRR, thioredoxin reductase; rgdoxms f(.)r W.hICh Specific protein reductants ex#i (hese .
4-MUP, 4-methylumbeliiferyl phosphate; mFB:methylfluorescein  higher oxidation states cannot be reduced to the active

phosphate; IAA, iodoacetic acid; PTP1B, protein tyrosine phosphatasethiolate by typical biological reductants.

1B; VHR, VacciniaH1-related phosphatase; KAP, kinase-associated ; ; ; ; ;
phosphatase; PTEN, phosphatase and tensin homologue; MALDI-MS, As in other dynamic regulatory mechanisms in signal

matrix-assisted laser desorption ionization mass spectrometry; ESI-MS, transduction, it is crucial that the redox regulation of PTPs
electrospray ionization mass spectrometry. should be readily reversible. Different PTPs are now known
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Ficure 1: Structures of the N-terminal domain (1HZM) and C293S
mutant of the C-terminal domain (LMKP) of MKP3 with the
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susceptible to oxidation by hydrogen peroxide. Also, we find

that unlike the case for other PTPs, the involvement of
multiple cysteine residues and one or more disulfide switches
provides a mechanism for protecting the cysteine and
bringing the disulfide to the surface of the protein, thus

making it accessible for re-reduction by thioredoxin.

MATERIALS AND METHODS

Materials. 4-MUP was obtained from Molecular Probes.
Thioredoxin/thioredoxin reductase (TR/TRR) fragscheri-
chia coliwas a generous gift from J. Stubbe (Massachusetts
Institute of Technology, Cambridge, MA). Hydrogen per-
oxide (HO,) was obtained from EM Science, and 100 mM
stock solutions were prepared daily. Sequencing-grade
trypsin was purchased from Promega. DTT, IAA, DTNB,

important cysteine residues highlighted in red. The two domains catalase, NADPH, and mFP were purchased from Sigma.

are connected by a dotted line. Approximate distances between the

important cysteine residues have been indicated. Heti@and
o5 in the N-terminal domain have been marked.

to employ different strategies to prevent the formation of
irreversible oxidation states. Most commonly, the sulfenic
acid serves as an intermediate to the formation of an

Purification of MKP3 and MKP3 Mutantg he expression
plasmid for MKP3 was a gift from J. Denu (University of
Wisconsin, Madison, WI). It has the MKP3 coding sequence
along with a carboxyl-terminal hexahistidine tag cloned as
an NdekEcoRI fragment in the pT7-7 vector. The protein
was purified as described previousBOf and was stored in
aliquots at—80°C in TNE buffer [50 mM Tris (pH 8.0), 50

intramolecular disulfide bond with a nearby cysteine. Stable . ,\1 Nacl and 1 mM EDTA] with 2 mM DTT and 20%

disulfides between active site cysteines and these “backdoor”
cysteines upon oxidation have been described in diverse

glycerol. Various mutants were generated using Quick-
change mutagenesis (Stratagene) and the following prim-

phosphatases such as low-molecular mass PTP (LMW-PTP),.c. 2185 CCTGGGCTCTGCCAAGGACTC and CTT-

(10), Cdc25 (1, 12), phosphatase and tensin homologue
(PTEN) (13), and kinase-associated phosphatase (KAB) (
Alternatively, intermolecular disulfide bond formation has
been described in receptor PTES). Besides the formation
of disulfide bonds upon oxidation, a novel sulfengimide

GGCAGAGCCCAGGTAAAGG; C287S, GGCAAAAACTC-

TGGTGTCCTGG and GACACCAGAGTTTTTGCCTCG;
L294P, GTACATTGCCCGGCTGGCATTAGC and GCTAA-
TGCCAGCCGGGCAATGTAC; C39S, CTGATGGACTCT-
CGACCGCAGG and CTGCGGTCGAGAGTCCATCAGC,;

species was formed between a main chain amide nitrogen-1,75 GAGGGCTCTCGGGCGTTCTACC and GTA-

and the sulfur of the active site cysteine in reversibly oxidized
crystals of PTP1B16, 17).

GAACGCCCGAGAGCCCTCG; and C147S, GCCCTG-
CACTCTGAGACC and GGTCTCAGAGTGCAGGGCG.

The sequence and structural features that make PTPSrhe catalytic domain constructaIKP3 andAC218S) were

susceptible to oxidation are also conserved in MKP3. The
381-amino acid protein contains an N-terminal substrate
recognition domain and a C-terminal catalytic domain.
Structural information for each separate domain is known,
although their relative orientation with respect to each other
is unknown (8, 19) (Figure 1). The truncated C-terminal
domain containing the active site cysteine (Cys293) retains
enzymatic activity with artificial substrate®@. The N-
terminal domain of MKP3 specifically interacts with the
substrate ERK2, thus activating the catalytic domain for
reaction with protein substrate®1l—23). Interestingly, this
N-terminal domain in MKP3s has two conserved regions of
10—15 amino acids known as Cdc25 homology domains
(CH2-A and CH2-B). These regions are found in the catalytic
domains of the Cdc25 phosphatases, a structurally unrelate
class of dual-specificity phosphatas@4))( In Cdc25s, the
cysteine residue within the DCR sequence of the CH2-A
domain is the backdoor cysteine that forms a disulfide bond
with the active site cysteine upon oxidatiobl( 25). The
conservation of this CH2-A motif between MKP3s and
Cdc25s suggests the possible involvement of the N-terminal
domain in the oxidative regulation of MKP3s.

Considering the in vivo significance of oxidative regulation
of MKP3 recently reported5), it is important to better
understand the biochemical mechanism of MKP3 oxidation.
We report here that MKP3, like other PTPs, is highly

generated by PCR from the appropriate full-length MKP3
using the following primers: GATTCGCATATGCCTTC-
CTTCCCG and CGAATCGAATTCAGTGATGGTGATG-
GTGATGCAGGGTCCTTTC. The PCR products including
a carboxyl-terminal hexahistidine tag were cloned in the
pT7-7 vector as NdetEcoRI fragments. The mutant and
catalytic domain proteins were purified as described for the
wild type.

Rate of Inactration by HO,. The rate of inactivation of
MKP3 was calculated using a fixed time-point quench
protocol. MKP3 (7uM) was incubated with varying con-
centrations of HO, (from 0.25 to 1.0 mM) in TNE buffer
at 20°C. At varying time points (from 30 s to 10 min), an

liquot was taken and diluted (20-fold) into TNE buffer

ontaining 14 units of catalase. Phosphatase activities were
measured immediately with 1 mM 4-MUP by using a
continuous assay that monitors product formation by fluo-
rescence with excitation at 390 nm and emission at 460 nm
in a Polarstar plate reader. The percent remaining activities
were determined by comparison with mock-treated samples.
The observed rate constant of inactivatidég,d was deter-
mined by fitting the data to eq 1.

percent remaining activity= 100e
remaining activity (1)

Kobd +
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Scheme 1: Possible Reaction Pathways for Oxidation
and/or Reduction of the Active Site Cys293 of MKP3

TRITRR or
DTT or GSH
Cys;-SN
H;0, T H,0,
Cy¥S505-SH ——— W Cy5,,,-SOH ———» Cy5,,-50,H
Ky k,

K HS-Cys.

3

TRITRR or

DTT or GSH CY5.9,-5-5-C¥S.

aFollowing oxidation of Cys293 to the sulfenic acid$OH), further
oxidation could lead to the sulfinic acid-SQO,H). Alternatively, the
sulfenic acid can be trapped by either a sulfergiinide species{SN)
or a disulfide with an unidentified backdoor cysteine that has been
denoted with an asterisk. Re-reduction of the sulferayhide species
or the disulfide leads to reactivation of MKP3.

The second-order rate constaqt(Scheme 1), was obtained
by fitting the linear dependence of the rate of inactivation
(kobg ON the concentration of D,.

Reactivation of MKP3 To determine the reactivation rates,
MKP3 (3.5-10uM) was incubated with 1 mM kD, for 10
min to inactivate the enzyme. Aliquots were then diluted
2-fold into TNE buffer containing 14 units of catalase and
varying amounts of DTT (2:540 mM). Following incuba-
tion under reducing conditions for varying amounts of time
(2.5-30 min), aliquots were diluted 20-fold and the phos-
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data to eq 3.

percent unrecoverable activity 100(1— e"‘obS‘) +
remaining activity (3)

The remaining activity determined in a separate control arises
from incomplete oxidation in the inactivation reaction and
is typically 1—5% of the full activity. Numerical integration

of egs 4 and 5 was used to model the overall time course of
the reaction.

S[SOHSt = ky[H,O,][SH] — ky[H,0,][SOH]  (4)
()

where k; and k; reflect the first and second oxidation,
respectively, of the active site cysteine (Scheme 1). The
numerical integration was separated into parts in various
columns of an Excel worksheet where the exact differential,
ot, was replaced with the intervakt. A At of 2 s was
sufficiently small to accurately represent a continuous
process.

Thiol Titration. Titration of free thiols in MKP3 was
performed using Ellman’s reagent (DTNB). Typically, 200
250uM MKP3 was treated with 3 mM H,O, for 10 min
(oxidized sample) or 50 mM DTT for 30 min (reduced
sample) in a volume of 5@L. The protein was separated
from small molecules by gel filtration on G-50 Sephadex
(0.3 cmx 20 cm) in 100 mM Tris (pH 8.0). The free thiols
in the protein sample were determined at 412 nm following
incubation with varying amounts of MKP3 (G2 xM) and
500u4M DTNB (e = 13 600 Mt cm™3). Reversible inactiva-

S[SOH]/St = k[H,0,][SOH]

phatase activity was measured by adding 1 mM 4-MUP and tion in the oxidized sample was tested by measuring the

monitoring product formation. Reactivation rates with TR/
TRR were determined using mFP (100, €477 = 27 000

M-t cm™) as the substrate instead of 4-MUP to avoid
interference from NADPH in fluorescence reading at 460

activity before and after reactivation with 50 mM DTT for
30 min. Protein concentrations were determined using the
Bio-Rad reagent.

Mass SpectrometrySamples for matrix-assisted laser

nm. These reactivation reactions were performed in the desorption mass spectrometry (MALDI-MS) were prepared

absence of DTT using TR (0.2l equiv) and NADPH (66
960uM), with a ratio of TR to TRR of 250:1. The observed
rate constant of reactivatioR{,c) was determined by fitting
the data to eq 2.

percent recovered activity 100(1— e fexcf) +
remaining activity (2)

The second-order rate constaat(Scheme 1), was obtained
by fitting the linear dependence of the rate of reactivation

by trypsin digestion of 1650 ug of protein with or without
H,0, treatment. If free cysteines were blocked with 1AA
prior to digestion, the protein sample was next treated with
IAA (100 mM) for 30 min. Next the reaction mixture was
diluted more than 10-fold in TNE buffer in an Amicon
concentrator (Millipore) with a 10 kDa molecular mass limit
and centrifuged to rapidly separate the protein from excess
H,0, and/or IAA. Ammonium bicarbonate (100 mM, pH
7.8) was added to the protein to obtain a final concentration
of 50 mM. The protein was digested with:dy of sequencing-

on the concentration of the reductant. Control experiments grade trypsin by overnight incubation at 3Z. The digestion
confirmed that the rates of reactivation were independent of mix was desalted with a;&ZipTip (Millipore). The peptides

the concentration of TRR and NADPH.

Reversibility of Inactwation. The reversibility of inactiva-
tion of AC218S was determined by using a partitioning
experiment as detailed in réf2. Briefly, the inactivation

were then analyzed by MALDI-TOF using the Voyager DE-

Pro instrument from Applied Biosystems. For separation of
tryptic peptides prior to MALDI analysis, we used a reverse-
phase high-performance liquid chromatography (HPLC)

reaction was carried out as described above with an additionalsystem comprised of a Varian Prostar 210 solvent delivery

incubation with or without 50 mM DTT in the catalase-

containing quench solution. The relative amounts of revers-

ibly inactivated MKP3 (sulfenic acid and/or intramolecular
disulfide forms) and irreversibly inactivated MKP3 (sulfinic

module, a Varian Prostar 320 U\Wis detector operating at
220 nm, and a Jupiter Proteo 90 Ay, C12 (250 mmx

4.6 mm) (Phenomenex) column. Elutions were performed
using a 0 to 60%gradient consisting of 0.1% (v/v) TFA

and/or sulfonic acids) were determined by comparing the (solution A) and acetonitrile containing 0.1% (v/v) TFA

activity using 4-MUP. The observed rate of accumulation
of unrecoverable activitykin) was determined by fitting the

(solution B) at a flow rate of 1 mL/min, and fractions (300
uL) were collected. The fractions were concentrated 10-fold
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time (s) Ficure 3: Time dependence of MKP3 reactivation by thioredoxin.
The reactions were performed as described in Materials and
Methods, and the curves were obtained by fitting the data to eq 2.
The following concentrations of thioredoxin were used: 49,(4
(a), 8 (¥), 12 (+), and 16uM (@). In the inset, the concentration
dependence of the rate of reactivation was used to derive a second-
order rate constanks, of 3164+ 17 M~1 s71 (Scheme 1). Data are
representative of at least two independent determinations.

Ficure 2: Time dependence of inactivation of MKP3 by:®}.
The reactions were performed as described in Materials and
Methods, and the curves were obtained by fitting the data to eq 1.
The following concentrations of #, were used: 25(M (#),
500 uM (a), 625uM (—), 750 uM (@), and 1 mM H). In the
inset, the concentration dependence of the rate of inactivation was
used to derive a second-order rate constantpf 9.6+ 1.1 M1

1 (Scheme 1). D re representative of at | hree in nden N . . .
3eté‘:’ﬁqiﬁaﬂ%ng ata are representative of at least three independe feactivation varied linearly as a function of reductant

concentration, and the second-order rate constant with TR/

using a Speed-Vac and analyzed by MALDI-TOF. Colli- RR was 316+ 17 M~ s7%. The rate of reactivation of
sional dissociation tandem mass spectrometry (MS/MS) wasMKP3 with TRITRR was 3-fold lower than that of Cdc258

performed using a QSTAR XL quadrupole time-of-flight (12) and suggests that differences in the rates of inactivation

tandem mass spectrometer (ABI/MDS-Sciex) equipped with and reactivation of various PTPs may add an additional level

an electrospray source. MS data acquisition and analysis weré! fine-tuning for intracellular redox regulation. Using
performed using Analyst QS. glutathione or DTT, the second-order rate constant was only

1-2 M1 s71 (data not shown). Although DTT was slower

RESULTS at reducing MKP3 than TR/TRR, 50 mM DTT could
. o o completely reactivate oxidized MKP3 in 30 min and was
Rapid Inactvation of MKP3 by HO, and Reactiation thus used to determine the reversibility of inactivation of

by DTT and TR/TRRStrong evidence has already shown a MKP3 and its various mutants by oxidation for most
physiological role for regulation of MKP3 by oxidatio#, ( subsequent experiments.

5); thus, its reactivity inside the cell has been established. Finding that MKP3 is indeed readily susceptible to
However, determining the relative reactivity of MKP3 in  reversible inactivation by oxidation/reduction led us to next
comparison to other PTPs known to be susceptible to probe the molecular mechanism of this process. Given the
oxidation is of interest as well as its relative reactivation by precedence from other PTPs of oxidation at active site
the cellular reductants thioredoxin and glutathione. To cysteines, we assumed Cys293 in MKP3 was the primary
determine the reactivity of MKP3 toward oxidation, the target of HO,, as supported by subsequent MALDI-MS data
enzyme was incubated with varying concentrations @H  (see below). Thus, our approach was focused on the more
for varying amounts of time. The reactions were quenched interesting and open question, namely, how the active site
by dilution into a buffer containing catalase, and the residual Cys293 is protected from irreversible inactivation to higher
phosphatase activity was measured using 4-MUP (Figure 2).oxidation states.

Control experiments showed that catalase was sufficient to |dentification of the Backdoor Cysteine Residue in the
deplete the KD, (data not shown)The rate of inactivation  Catalytic Domain.In all PTPs currently known to form an

of MKP3 at 20°C and pH 8.0 varied linearly as a function intramolecular disulfide upon oxidation, the backdoor cys-
of H,O, concentration with a second-order rate constant of teine is always present within the catalytic domain, within
9.6 £ 1.1 M* s*. This is comparable to the rates of 10 A of the active site cysteine in the unoxidized protein
inactivation of PTP1B and VHR of 9.1 and 17.9 Ms™?, (10, 11, 14, 28, 29). MKP3 contains nine cysteines in addition
respectively §), and is~15- fold slower than the rate of  to Cys293 of the active site. The relative location with respect
inactivation of Cdc25BX2). The inactivation rate of MKP3  to the active site of six of these (Cys39, Cys80, Cys90,
is 10-fold higher than the reaction rates for glutathione (0.87 Cys127, Cys147, and Cys155) in the N-terminal substrate

M~ s, 37°C, pH 7.4) @6) and thioredoxin (1.05 M s, recognition domain is not known (Figure 1). Of the three
25°C, pH 7.4) @7) with H20,, which is apparently sufficient  remaining cysteines in the C-terminal domain of MKP3,
to allow for oxidation in vivo. Cys218 was identified as the most likely backdoor cysteine

Having established suitable conditions for oxidative in- residue, with a sulfursulfur distance of 8.5 A (Figure 1).
activation of MKP3, we next determined the reversibility of Cys287, although within the same tryptic peptide as Cys293,
oxidation by reductants such as DTT and thioredoxin. The is 22 A distant through space. To simplify the analysis of
rate of reactivation of MKP3 was measured by first Cys218 as a potential backdoor cysteine, we chose first to
inactivating the protein with 1 mM $D, for 10 min and study the catalytic domain alone, consisting of residues-204
then quenching into a buffer containing catalase and varying347. This region encompasses the stable domain used for
amounts of reducing agents. After further incubation to allow determining the X-ray structure of the catalytic domain of
re-reduction of the catalytic cysteine, the recovery of activity MKP3 and has phosphatase activity with pNPP and ERK2
was measured as a function of time (Figure 3). The rate of (18). If Cys218 is the backdoor cysteine, we expect its
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Ficure 4. Bar graph showing catalytic activities of MKP3,
AMKP3, C218S, and\C218S. The proteins (ZM) were treated
with 1 mM H,O, for 10 min for oxidation and with 50 mM DTT
for 30 min for re-reduction. The activities were measured with

1 mM H,0,
50 MM DTT

4-MUP and are expressed as a percentage of the starting activity;,

of MKP3. Averages and standard deviations from at least two
independent experiments are shown.

mutation to cause irreversible inactivation of MKP3 by
oxidation with HO,. As expected, the catalytic domain of
MKP3 (AMKP3) and its potential backdoor mutaiC218S,
retained good phosphatase activity toward 4-MUP (within
3-fold of that of MKP3, Figure 4). Also, like full-length
MKP3, AMKP3 could be readily inactivated by oxidation
with H,O, and re-reduced to yield essentially full activity
with DTT (Figure 4). However, the inactivation &fC218S
with H,O, treatment was irreversible, as activity was not
recovered upon incubation with DTT (Figure 4).

The efficiency of Cys218 as a trap of the sulfenic acid is
demonstrated by the consistently high recovery of activity
of AMKP3 upon reduction with DTT. To investigate this
efficiency more quantitatively, a partitioning experiment was
performed.AC218S was incubated with 1 mM.8,, and
at varying times, aliquots were diluted into a buffer contain-

Seth and Rudolph

% Population of each
species
&

0‘
0 100 200 300 400 500 600 700 800 900
time (s)

Ficure 5: Time course for depletion of free thiola®)( formation

of sulfenic acid 4), and accumulation of higher oxidation states
(m). The data and simulated curves were generated as described in
Materials and Methods usingla of 6 M~1 s71 and ak, of 101

M~1 s71. Averages and standard deviations from at least two
dependent experiments are shown.

the activity of C218S inactivated by oxidation could es-
sentially be completely recovered following reduction with
DTT (Figure 4). Thus, in the intact MKP3 protein, the
reversibility of inactivation does not rely on Cys218. The
mechanism for protecting the active site cysteine from
excessive oxidation in full-length MKP3 is still highly
efficient, but clearly more complex than the case for the
catalytic domain by itself. Given the high reactivity of the
sulfenic acid toward further oxidation (Figure 5), this
alternative mechanism must also be highly efficient and may
represent a physiologically relevant mechanism of protection.
MS Analysis of the Tryptic Peptide Containing Cys293
We used mass spectrometry to further investigate the
mechanism by which the active site cysteine in MKP3 is
protected from excess oxidation. For simplicity, we again
focus first on the catalytic domaih(VIKP3) and theAC218S
mutant, in both their reduced and oxidized forms. In untreated

ing either only catalase or catalase and DTT. Further AMKP3 andAC218S, the tryptic peptides containing Cys293

incubation allowed for reactivation of the sulfenic acid

(NC2s7:GVLVHC 0. AGISR) have a mass of 1442 Da

intermediate, whereas the terminal sulfinic acid species (Figure 6). Given the irreversible oxidation seen for the
cannot be reactivated. Therefore, the ratio of phosphataseaC218S mutant following oxidation (Figure 4), we expected
activities determined using 4-MUP reveals the relative pools to identify a tryptic dipeptide comprised of the disulfide-

of sulfenic and sulfinic species after oxidation. The data for
the free thiolate, sulfenic, and sulfinic forms were fitted to

linked peptides containing Cys218 and Cys293 (5012 Da)
for oxidized AMKP3 and a sulfinic acid-modified peptide

curves generated by numerical integration of eqs 3 and 4for oxidized AC218S (1474 Da). This expectation did hold

(Figure 5) and indicate a buildup of5% of the sulfenic
acid intermediate during oxidation &fC218S. Thus, once
the sulfenic acid is formed from the thiolatk; (= 6 M~

true for theAC218S mutant, which revealed the presence
of a novel tryptic peptide with a molecular mass-e1475
Da corresponding to the formation of sulfinic acid at the

s, in agreement with data in Figure 2), the second oxidation catalytic cysteine (Figure 6). For the oxidized wild-type

step to sulfinic acidk; = 101 Mt s™%) is a rapid process in
the AC218S mutant. In conjunction with the high recovery
of activity after re-reduction, this result emphasizes the
efficiency of trapping by the backdoor Cys218AMKP3.
Also, the instability of the sulfenic acid is consistent with
the fact that the sulfenic acid is not detected by MALDI-
MS following oxidation of MKP3 (see Figure 6 below).

catalytic domain, however, we instead observed that the same
peptide had a mass of 1440 Da (Figure 6). This mass
difference compared to the reduced protein was also observed
for full-length MKP3, where the experiment was repeated
four times to confirm the difference of 2 Da (1442.36
0.15 Da for reduced MKP3 vs 1440.38 0.13 Da for
oxidized MKP3) (Figure 6). The two forms of the peptide

Cys218 Is Not the Sole Backdoor Cysteine in Full-Length also had reproducibly different times of elution from the

MKP3. Having identified Cys218 as the backdoor cysteine
in the context of the catalytic domaiAMKP3, we next

investigated its role in the full-length protein. The C218S
mutant of full-length MKP3 has phosphatase activity com-
parable to that of the wild-type protein and, like the wild
type, was completely inactivated upon incubation with 1 mM
H,0O, for 10 min (Figure 4). In contrast to that &fC218S,

HPLC column (53 vs 51% acetonitrile), as is evident by the
presence of different coeluting peptides (Figure 6). The
reproducible mass difference and the altered mobility by
HPLC are consistent with the formation of an intrapeptide
disulfide between Cys287 and the active site Cys293.

To confirm the assignment of the MS peak to the
intrapeptide disulfide from oxidizeAMKP3 and MKP3, we
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Ficure 6: MALDI-MS mass spectra of reduced and oxidized MKP3. The region of the MALDI-MS spectrum containing the active site
tryptic peptide NGg/GVLVHC 253l AGISR is shown forAMKP3, AC218S, MKP3, C218S, and MKP3 treated with 1AA, from left to right,
respectively. The data for samples from reduced (50 mM DTT, 30 min) and oxidized protein (1M1 min) are shown in the top

and bottom rows, respectively. The active site peptide is labeled in bold type, and other significant peptides are labeled in italic type. The
oxidized samples of MKP3 andMKP3 show a loss of 2 Da compared to reduced protein, consistent with formation of an intrapeptide
disulfide. The C218S mutant shows no change in mass upon oxidation. The oxidized sam@21&S shows the presence of a peptide
corresponding to the formation of sulfinic acid with the addition of two oxygen molecules to the peptide containing Cys293. The remaining
unoxidized peptide seen in the sample Ag2218S probably arises from a fraction of the enzyme existing in an inactive state wherein the
active site cysteine is not a thiolate that is highly susceptible to oxidation under mild treatment with hydrogen peroxide. IAA-treated MKP3
shows a doubly carboxymethylated active site peak in the reduced sample, with the disappearance of the active site peptide in the oxidized
sample. Reference peaks in this sample have been shown for comparison to indicate that the samples were processed correctly.

turned to collisional dissociation tandem mass spectrometrymassive conformational change following oxidation. Al-
(MS/MS) analysis of the tryptic peptide with fragmentation though disulfide formation upon oxidation has been shown
at each residue. Fragmentation of the reduced peptide gaveo significantly alter the conformation of the active site loop
peaks corresponding to the expected b-ions (fragmentationin Cdc25B @5), the much larger conformational change
from the N-terminus) and y-ions (fragmentation from the required to produce a disulfide bond between Cys293 and
C-terminus) (Table 1). However, the peaks corresponding Cys287 in MKP3 seems highly unlikely given the core
to y; and y ions from the oxidized peptide showed an location of thea-helix in which both these residues are found.
increase of 32 Da that was due to the addition of a sulfur We hypothesized instead that Cys293 first forms a disulfide
atom to this fragment. The two new fragments are formed with the Cys218 residue we identified above as the backdoor
due to the cleavage of the<S bond of Cys287, followed  cysteine. This initial Cys293Cys218 cystine, by disulfide

by fragmentation of the backbone N-terminal to residues exchange during the reaction workup, subsequently leads to
Cys293 and His292, respectively. This result confirms the the formation of the entropically favored intrapeptide disul-
presence of an intrapeptide disulfide bond between the twofide bond (Cys293 Cys287). In agreement with this inter-
cysteine residues within the peptide and explains the observedpretation, the C287S mutant retains full activity and can be
decrease in mass of 2 Da of the active site peptide uponreversibly inactivated by treatment with,®& and DTT
oxidation of AMKP3 and MKP3. (Figure 4).

In the intact protein, the distance between the two cysteine  We next performed MALDI-MS analysis of tryptic frag-
residues found as a disulfide in MS analysis of this peptide ments of the full-length backdoor C218S mutant to analyze
is 22 A (Figure 1). Because the average length of a disulfide the results of oxidation. As for the catalytic domain, the
bond in proteins is~2.1 A, direct disulfide bond formation  reduced sample of C218S shows the intact active site peptide,
between Cys287 and Cys293 is not possible without a as expected~1442 Da) (Figure 6). Following oxidation,
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Table 1: lons Observed upon Fragmentation of the Active that oxidation of these multiple cysteines is dependent on

Site-Containing Peptide initial oxidation at the active site, we performed the DTNB
expected observed in the observed in the .t|trat|on.followmg oxidation in the presence of 200 mM

fragment (Da)  reduced peptide (Da) oxidized peptide (Da) inorganic phosphate. Analogous to the cases of PTR]B (
by, 218.06 218.06 ND and Cdc25B 12), phosphate should bind in the active site
bs, 275.08 275.08 ND loop and protect Cys293 from oxidation. As expected,
bs, 374.15 374.15 ND treatment with HO, in the presence of phosphate effectively
bs, 487.23 487.23 ND protected the active site cysteine, with 74% remaining
Y %Zgﬁ “g %gié activity compared te<2% in the control without phosphate.
zi 432.26 ND 43225 The DTNB titration of this sample revealed 74 1.2
ys, 503.29 ND 503.28 remaining cysteines. Although the relative homogeneity or
Ye, 616.38 ND 616.37 heterogeneity of oxidation and inactivation is not known,
yr 119.39 ND 751.35 this result is consistent with the oxidation of multiple
Ys, 856.45 856.44 888.38 . . O .
Yo, 955.51 95551 ND cysteines being dependent on oxidation occurring at the
Y10, 1068.60 1068.58 ND active site first. In fact, coupled with the observed regenera-

2 Masses of fragments obtained from MS/MS of the reduced and tion of the reduced active site peptide in the oxidized sample
oxidized active site-containing NGGVLVHC 04 AGISR peptide. The ~ Of the C218S mutant (Figure 6), these results suggest that
expected masses are given for comparison. Thanyl y ions that multiple remote disulfides yield inactive MKP3, even when

differ from the expected are denoted in bold type and indicate an the active site cysteine is not tied up in one of these
intrapeptide disulfide between Cys287 and Cys2d8ot detected. disulfides

Only two of the six possible N-terminal cysteines are
the active site peptide from C218S is not seen with its mass completely conserved among known MKP3s, namely, Cys39
reduced by 2 Da but instead retains the signal for the reducedand Cys147 (Figure 1). These two cysteines lie within two
active site peptide (1442 Da, not 1440 Da) (Figure 6). Higher previously described Cdc25 homology domair2el) (for
oxidation states (sulfinic or sulfonic) were not observed for which no specific function has yet been assigned in the
C218S. That is, when Cys218 is not present, the active siteMKP3 family. Although these Cdc25 homology domains
cysteine first forms a disulfide with a different cysteine, have no apparent structural homology between the MKP3s
presumably in the N-terminus, leading to reversibly inacti- and the Cdc25s, it is intriguing to note that BR in MKP3
vated MKP3 (Figure 4). The free active site cysteine that is corresponds to DGR in Cdc25B, wherein Cys426 is the
seen in the oxidized sample is regenerated, presumably agaiackdoor cysteine for Cdc25B.2). Cys147 is part of the
by disulfide exchange (e.g., involving Cys147 and Cys155; second Cdc25 homology domain, which in Cdc25B is
see below). Cys484. The nonconserved cysteines include Cys80, Cys90,

To block disulfide exchange during the workup and thus Cys127, and Cys155 in the N-terminal domain and Cys353
potentially identify novel intramolecular disulfides that would in the catalytic domain.
reveal the identity of potential alternative backdoor cysteines Because of the complexity of multiple pathways involving
in the context of full-length MKP3, we turned to pretreatment numerous cysteines (see the Discussion), we focus here on
with IAA prior to trypsin digestion. We observed the doubly the potential involvement of the two conserved cysteines,
carboxymethylated active site peptide in MALDI-MS (1558 Cys39 and Cys147. As Cys218 can protect the catalytic
Da) for the reduced but not oxidized protein (Figure 6). cysteine from further oxidation in the catalytic domain and
Similar results were seen for the C218S mutant (data notfull-length MKP3, we generated individual mutations of these
shown). This result is consistent with Cys293 and Cys287 two potential backdoor mutants in the context of the C218S
being free thiols in the reduced protein and the active site mutant. Both C39S/C218S and C147S/C218S had phos-
cysteine forming a novel disulfide upon oxidation. However, phatase activity toward 4-MUP comparable to that of the
no corresponding new higher-molecular mass peaks couldwild type (Figure 7). Also, like the wild type, both of these
be identified despite extensive efforts using MALDI- or ESI- mutants could be inactivated with 1 mM®8,, and subse-
MS, even following fractionation by HPLC. Unfortunately, quently reactivated with 50 mM DTT (Figure 7). The
this is a common problem for high-molecular mass peptides. reversibility of oxidative inactivation for these mutants
Some of the tryptic peptides containing cysteine (including indicates that neither Cys39 nor Cys147 alone is the only
Cys218) range from 3300 to 5300 Da prior to disulfide N-terminal cysteine able to rapidly and effectively form a
formation with the active site peptide. Digestion with other protective disulfide with the active site cysteine. These results
proteases that should yield smaller fragments did not leadare consistent with the DTNB titrations. Similar results were
to consistent cleavage products. seen for C127S/C218S and C353S/C218S (data not shown).

Multiple Cysteines See To Protect the Acte Site Other double-cysteine mutants or multiple simultaneous
Cysteine in MKP3.Besides the three cysteine residues mutations of cysteines (e.g., C39S/C147S/C218S) yielded
(Cys218, Cys287, and Cys293) already considered in thisinsoluble protein not amenable to assays and inactivation
study, full-length MKP3 has seven other cysteines. All of studies.
these cysteines are accessible to DTNB titration and found Cys147 Plays an Important Role in the Reduction of
as free cysteines in the reduced protein (2.8.7 equiv). MKP3. We next tested the potential involvement of Cys39
DTNB titration of oxidized MKP3 yields only 3.3t 0.7 and Cys147 in the reactivation of MKP3 by thioredoxin.
equiv, indicating that three disulfides are formed in the Recall that thioredoxin reduces oxidized MKR350-fold
oxidized protein and suggesting that multiple other cysteines more efficiently than DTT and is the likely cellular reductant.
are involved in protecting the active site cysteine. To confirm Reactivation of the catalytic domaiAMKP3 with thio-
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MS Analysis of the Tryptic Peptide of MKP3 Containing
Cys147.To provide further evidence for the involvement of
Cysl147 in the mechanism of protection from excessive
oxidation, we again turned to MALDI-MS. Cys147 lies
within a tryptic peptide with a molecular mass of 3404 Da
that also contains Cys155. In reduced MKP3, this peptide is
detected at 3404 Da and is found doubly carboxymethylated
following treatment with IAA (3520 Da, Figure 9). In
oxidized MKP3, this peptide appears to contain an intra-
peptide disulfide with a molecular mass of 3402 Da, as seen
for both the untreated and I1AA-treated samples (Figure 9).

A As for the active site peptide, the thermodynamically more

8UMTR -- -t favored product is found, even after IAA trapping of free

MKP3 AMKP3 C218S C39S/ C147S/ cysteines that prevents disulfide exchange during the workup.
C218S C218S On the basis of the NMR structure of the N-terminal domain,
FiIGURE 7: Bar graph showing catalytic activities of MKP3, c39s/ this appears feasible, as Cys147 and Cys155 are quite close
C218S, C127S/C218S, C147S/C218S, and C353S/C218S. Then three-dimensional space. Although Cys155 is not defined
proteins (710 uM) were treated with 1 mM kD, for 10 min for in the structure of the N-terminus of MKP3 (the last visible

oxidation. For reactivation with 50 mM DTT, the proteins were ; ; B ;
treated for 30 min, and the activities were measured with 4-MUP residue is Ser154; Figure 1), Cys147 lies near the end of a

and are expressed as a percentage of the activity of the untreatedU™ that would loop Cys155 into its proximity. In th? C?lgs
control. For reactivation with thioredoxin, the proteins were treated Mutant, the same doubly carboxymethylated peptide is seen
with 8 uM thioredoxin for 15 min (including 32 nM TRR and 480  from the reduced and oxidized proteins (data not shown).
#M NADPH), and activities were measured with mFP and are Thys, the Cys147Cys155 disulfide can form in a manner

expressed as a percentage of the wild-type rate of reactivation forindependent of Cys218. Because this intrapeptide disulfide

each protein assuming a first-order reactivation as seen in Figure, o .
3. Averages and standard deviations from at least two independentS found even when disulfide exchange is blocked by IAA
experiments are shown. treatment during workup of the oxidized protein, the
Cys147Cys155 disulfide must be a primary and relevant

product of oxidation.

— = To further confirm these molecular mass assignments and

E - T‘|m study the role of Cys147 in more detail, we performed

MALDI-MS analysis of the C147S/C218S mutant before and

blieeag ' after oxidation (Figure 9). As expected, the tryptic peptide
.

-
(0] o
o o

Percentage activity
(2]
o

0
1 mM H,0,

WT C39S/C218S C147S/C2185
H0, (mM) MW - 1 3 - 1 3 - 1 3

from the reduced protein shows only one alkylation event.
The tryptic peptide from oxidized MKP3 is also found singly
alkylated. Our interpretation is that formation of a disulfide
' between Cys293 (or some other intermediary cysteine, but
-
”. i -e & < ox not Cys218) and Cysl147, but not Cysl155, is a primary
e mechanism by which MKP3 responds to oxidation. Thus,

Ficure 8: Nonreducing SDSPAGE of MKP3. MKP3 and the  although multiple cysteines can trap the active site cysteine,
C39S/C218S and C147S/C218S mutants were treated with increassome specificity exists, and it is not solely a matter of random
ing concentrations of D, as indicated. The samples were collisions

subjected to SDSPAGE under nonreducing conditions. An asterisk ’
denotes the unique faster-migrating form of the C147S/C218S A Sulfenyt-Amide Species between Cys293 and Leu294
mutant. Higher-molecular mass aggregates were also detected fols Not on the Reaction PatiCrystal structures of PTP1B

these two mutants, as bands near the loading well and by they e reyealed formation of a sulfemdmide species upon
apparent loss of staining intensity at the lower molecular masses.

The C127S/C218S and C353S/C218S mutants behaved like wild-0Xidation (L6, 17). In PTP1B, the sulfur atom of the catalytic
type MKP3 (not shown). cysteine forms a bond with the backbone nitrogen of the
adjacent residue (on the C-terminal side) to generate a five-
- - . . membered ring. It was proposed that the reaction occurs by
:ﬁdoxmts ?O; ?r? e]:‘f||(|:|lent atlﬁ for E[h.e thrl1d tépzelgggurg ?’3,5')2/ nucleophilic attack of the backbone nitrogen of Ser216 on
€ context ot tne Tuli-length protein, the an the sulfur atom of the sulfenic acid at the active site cysteine,

C218S mutants were identical to .the wild type wheregs the Cys215, and recent elegant model chemistry has supported
C147S/C218S mutant behaved liR&VIKP3, namely, sig-  his chemically unlikely reactior3Q). In MKP3, the corre-
n|f|cant.ly §Iower at being re-reduced by thioredoxin (Figure sponding residues are the catalytic cysteine, Cys293, and the
7). A similar result was seen for the C147S mutant alone agjacent residue, Leu294. Although we believe that cysteines
(data not shown). This indicates a role particularly for Cys147 pjay the main protective role against excessive oxidation, it
in the interaction and disulfide bond formation with thio- s nominally possible that a sulfenyamide species is an
redoxin. A special role for Cys147 compared to Cys39 is obligate intermediate on the reaction path. Such a sulfenyl
consistent with a unique faster-migrating form of oxidized amide species, although in theory detectable by a loss of 2
C147S/C218S observed in a nonreducing gel-based assayDa between the reduced and oxidized forms of the active
as if the absence of Cys147 leads to an alternative compacsite peptide, has never been detected for PTP1b and may
form of the protein (Figure 8). not be stable to trypsin and/or MALDI-MS conditions.

53.5 kDa —
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Ficure 9: MALDI-MS mass spectra of reduced and oxidized MKP3. The region of the MALDI-MS spectrum containing the tryptic
peptide containing Cys147 and Cys155 is shown for MKP3, MKP3 treated with IAA, and C147S/C218S treated with IAA, from left to
right, respectively. The data for samples from reduced and oxidized protein are shown in the top and bottom rows, respectively. The
Cysl147-containing peptide is labeled in bold type, and other significant peptides are labeled in italic type. The reduced sample of MKP3
treated with IAA shows the modification of two cysteines compared to the untreated sample. The oxidized samples of MKP3 and MKP3
treated with IAA show a loss of 2 Da compared to the reduced protein, consistent with formation of an intrapeptide disulfide. The C147S/
C218S mutant shows only one modified cysteine in both the reduced and oxidized samples.

To test possible formation of a sulferyhmide bond as a  still exist in a special environment where it can be readily
reaction intermediate upon oxidation for MKP3, Leu294 was oxidized. Additionally, as for the wild-type enzyme, the
mutated to proline. The sulfur atom of Cys293 in the L294P active site cysteine is protected from further oxidation by
mutant should be unable to form a sulfengimide bond, as  disulfide formation that can be detected as intrapeptide
the backbone nitrogen of the proline residue is already partdisulfides. These disulfides can form without a sulfenyl
of the proline ring. L294P had no detectable phosphataseamide intermediate.
activity, and hence, its inactivation by,8, or reactivation
by DTT could not be characterized. Despite the absence ofDISCUSSION
catalytic activity, however, the mass of the active site tryptic  One hundred PTPs exist in the human geno8)e &l
peptide from the oxidized protein was 2 Da lower than the presumably with a highly reactive cysteine residue at the
mass from the reduced protein (1424 and 1426 Da, respec-active site that needs to be protected from irreversible
tively; data not shown). The tryptic peptide containing oxidation. For some PTPs, oxidation/reduction may serve
Cys147/Cys155 is also found with a mass reduced by 2 Daas a regulatory mechanism, whereas for others, protection
following oxidation by HO, (3402 and 3404 Da, respec- against irreversible oxidation may merely be a mechanism
tively; data not shown). No higher oxidation states such as for maintaining the integrity of the enzyme against spurious
the sulfenic acid were seen for the active site peptide. We oxidation. Whatever the reason, it is interesting to note the
conclude that the catalytic cysteine in the L294P mutant must ever-increasing variety of mechanisms by which this protec-
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tion against irreversible oxidation is ensured. For most PTPsefficient trap of the sulfenic acid expands the role for the
that have been examined (e.g., low-molecular mass phos-N-terminal domain of MKP3, which had so far been known
phatases, PTEN, KAP, and Cdc25), a disulfide is formed to play a role only in substrate binding. Also, the conserved
with a nearby backdoor cysteine following initial oxidation Cys147 is essential for complete reactivation of oxidized
and sulfenic acid formation1Q, 12—14). For PTP1b, MKP3 by thioredoxin.

glutathionylation 81) or formation of a sulfenytamide bond In all previously studied PTPs that form an intramolecular
(16, 17) serves as the protective mechanism. An inter- disulfide bond upon oxidation, there has always been only
molecular disulfide bond is formed upon oxidation of the one backdoor cysteine, present within the catalytic domain.
receptor PTPL5). In soybearGlycine maxPTP, two cysteine  This is the first example of a phosphatase in which cysteine
residues near the catalytic cysteine, but not the catalytic residues present in a distal domain are involved in this
cysteine, participate in redox regulation following S-gluta- process. As noted in the Results, we speculate Cys147 and
thionylation @2). Herein, we expand the possible mecha- potentially other N-terminal cysteines play the most impor-
nisms of protection for PTPs as we find that MKP3 can use tant role in preventing the irreversible oxidation of MKP3.
multiple cysteines in a distal domain to protect its active Why is the mechanism of redox control so much more
site from excessive oxidation. Not only does MKP3 have a complex for MKP3 than for other members of the PTP
functional backdoor cysteine in the proximity of the active family? We suggest the mechanism of re-reduction requires
site, like Cdc25, PTEN, and the low-molecular mass PTPs, the shuttling of the disulfide from the active site to a surface
but in the absence of this cysteine, it can utilize one of a region more accessible to thioredoxin. We base this hypoth-
number of cysteines residing in a different domain (including esis on the multiple redox active cysteines that have been
at least Cys147). Most amazing is the effectiveness at whichreported in theStaphylococcus aureuprotein arsenate
these different cysteines can be utilized. Despite their reductase (ArsC). ArsC is structurally similar to LMW-PTP
somewhat diverse locations in the N-terminal domain (Figure and catalyzes the reduction of arsenate to arse3®epon

1), our data indicate that more than one of these cysteines isarsenate reduction, the disulfide formed between the catalytic
capable of rapidly reacting with the active site cysteine upon cysteine and the backdoor cysteine is buried and is inacces-
its initial oxidation to the sulfenic acid. Recall that in the sible to thioredoxin 4). A disulfide switch with a second
absence of any protective cysteines (i.AC218S), the cysteine pair brings the disulfide bond to the surface, thus
second oxidative step to the irreversibly oxidized sulfinic making it accessible for reduction by thioredoxin. For MKP3,
acid occurs>15-fold faster than the primary oxidative step we hypothesize that in a similar manner disulfide switches
(Figure 5). Although one might envision that the N-terminal involving multiple cysteines in MKP3 could bring the buried
domain simply excludes 1D, to ensure protection against disulfide formed between Cys293 and the original backdoor
oxidation, this seems unlikely given the highly diffusive cysteine (Cys218) to the surface. The second cysteine pair
nature and small size ofJ,. The involvement of multiple  in the disulfide switch could be conserved residues Cys39
N-terminal cysteines, whose complete dissection is beyondand Cys147, with Cys147 forming the disulfide with thio-
the scope of this work, is consistent with the following. First, redoxin. How these other cysteines can be so effective at
formation of high-molecular mass oligomers has previously replacing the backdoor cysteine in trapping of the primary
been observed following oxidation of the C39S, C127S, and sulfenic acid remains to be investigated further.

C147S but not other cysteine mutaris (Ve have observed Our data showing the involvement of N-terminal cysteines
similar high-molecular mass bands indicative of inter- in the protective mechanism against oxidation in MKP3 also
molecular disulfide formation for the C39S/C218S, C127S/ suggest a possible orientation between these two domains.
C218S, and C147S/C218S mutants when one of the moreRecall that the structures of the N-terminal and C-terminal
optimal mechanisms is nonfunctional (Figure 8). However, domains were determined separately by NMR and X-ray
oligomerization clearly is not the preferred pathway for any crystallography, respectively. Also, in the determination of
of these mutants, as indicated by the low intensity of these the structure by NMR, the authors collected chemical shift
higher-molecular mass bands. Thus, intermolecular disulfide perturbation data in the presence of the catalytic domain of
bond formation is most likely a secondary side reaction. the related phosphatase, PAC1, to suggest a possible orienta-
These data further confirm that there is not just one cysteinetion between the two domains. Although the binding between
in the N-terminal domain that can react with the active site these two domains was weak-100 uM), these results
sulfenic acid, instead suggesting that at least two of theseimplicated the widely separated residuesoshelix 3 and
cysteines can serve as a functional trap of the sulfenic acid.a-helix 5, as well as some intervening loop residues (Figure
Second, the involvement of multiple cysteines in the N- 1). Cys39 and Cys147 are located between these two helices
terminus also further explains why we could not identify on a single side of the N-terminal domain that is compatible
these cysteine residues from comparison of the MALDI- or with these prior findings. We have not attempted to study
ESI-MS spectra in peptidic fragments of reduced and the formation of disulfides between the two separate domains
oxidized MKP3. At any given time following oxidation, a  due to the reported weak interaction between them. However,
nonhomogeneous population of MKP3 molecules that con- we suggest that the conformation needed by MKP3 to
tain different pairs of cysteines in disulfide bonds apparently accommodate disulfide bond formation of either of these two
exists. These presumably can be interchanged by rapidcysteines with the active site would block substrate access
disulfide exchange, and even when this process is quenchedo the active site even more dramatically than we have
by addition of an alkylation agent (e.g., I1AA), a mixed recently observed for the disulfide form of Cdc2585).
population of species becomes hard to identify on the basisThe two residues (Arg64 and Arg65) identified as the “hot
of the low abundance. Thus, our result showing that more spots” for interaction with ERK2305) lie on the same face
than one of the N-terminal cysteines serves as a highly of the MKP3 substrate binding domain as Cys39. Hence,
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formation of a disulfide bond involving Cys39 could impair 11
substrate binding. Conversely, ERK2 bound to MKP3 may

prevent oxidative inactivation of MKP3.

In summary, our work identifies important elements of
the complex pathway employed by MKP3 in preventing
irreversible inactivation by oxidation. It has various unique
features when compared to the strategies used by other PTPs.; ,
In general, PTPs that form disulfide bonds upon oxidation
contain only one cysteine residue, designated as the backdoor
cysteine that protects the active site. On the basis of the
difference in reversibility of the C218S andC218S mutants,
we show that MKP3 can be rescued from irreversible

12

13

oxidation by alternate pathways, at least one of which 16.

involves Cys147. We hypothesize that in the case of this
phosphatase, disulfide switches can bring the buried primary
disulfide bond to the surface of the protein to facilitate
reduction by thioredoxin, a possibly common feature for
these types of reductive mechanisms. The additional protec-
tive mechanisms seem appropriate for MKP3, a crucial
component of the MAPK signaling pathway, and should
caution one in making conclusions from studying these

17

regulatory processes for other phosphatases using the cata-19.

lytic domain alone.
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