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Mitogen-activated protein kinases (MAPKSs) are inactivated by dual-specificity and protein tyrosine phos-
phatases (PTPs) in yeasts. In Saccharomyces cerevisiae, two PTPs, Ptp2 and Ptp3, inactivate the MAPKs, Hogl
and Fus3, with different specificities. To further examine the functions and substrate specificities of Ptp2 and
Ptp3, we tested whether they could inactivate a third MAPK, Mpkl, in the cell wall integrity pathway. In vivo
and in vitro evidence indicates that both PTPs inactivate Mpkl, but Ptp2 is the more effective negative
regulator. Multicopy expression of PTP2, but not PTP3, suppressed growth defects due to the MEK kinase
mutation, BCKI-20, and the MEK mutation, MKK1-386, that hyperactivate this pathway. In addition, deletion
of PTP2, but not PTP3, exacerbated growth defects due to MKK1-386. Other evidence supported a role for Ptp3
in this pathway. Expression of MKKI-386 was lethal in the pfp2A ptp3A strain but not in either single PTP
deletion strain. In addition, the pfp2A ptp3A strain showed higher levels of heat stress-induced Mpkl-
phosphotyrosine than the wild-type strain or strains lacking either PTP. The PTPs also showed differences in
vitro. Ptp2 was more efficient than Ptp3 at binding and dephosphorylating Mpkl. Another factor that may
contribute to the greater effectiveness of Ptp2 is its subcellular localization. Ptp2 is predominantly nuclear
whereas Ptp3 is cytoplasmic, suggesting that active Mpkl is present in the nucleus. Last, PTP2 but not PTP3
transcript increased in response to heat shock in a Mpkl-dependent manner, suggesting that Ptp2 acts in a

negative feedback loop to inactivate Mpkl.

Mitogen-activated protein kinase (MAPK) pathways regu-
late growth, development, and the response to stress in eu-
karyotes (2, 11, 28, 30, 36, 77). These pathways regulate mitosis
and differentiation in vertebrates, vulval development in Cae-
norhabditis elegans, and photoreceptor development in Dro-
sophila melanogaster (42). In the yeast Saccharomyces cerevisiae,
six different MAPK pathways regulate mating, osmosensing,
pseudohyphal growth, invasive growth, spore formation, and
cell wall biosynthesis (28, 44). The proper regulation of MAPK
pathways is important since mutations that alter their activity
cause defects in growth and development. Mutations that hy-
peractivate MAPK modules lead to cell transformation in ver-
tebrates, developmental defects in C. elegans and Drosophila,
and growth defects in S. cerevisiae (12, 30, 33, 45, 68, 71, 73,
77). Common to all MAPK pathways are MAPK modules
comprising three sequentially acting kinases termed MEK ki-
nase (MEKK), MEK, and MAPK (11). MEKK activates MEK,
which in turn activates MAPK by phosphorylating a conserved
threonine and tyrosine residue in the phosphorylation lip se-
quence (11, 42, 74).

Although the activation of MAPK pathways has been inten-
sively investigated, the inactivation of these pathways is less
well understood. Most is known about the inactivation of
MAPKSs. Since MAPKSs require phosphorylation of both a Thr
and a Tyr for full activity (11, 42), it is possible to inactivate
them by dephosphorylating either phosphothreonine, phos-
photyrosine (pY), or both residues. Dual-specificity phospha-
tases, capable of dephosphorylating both phosphothreonine
and pY residues, inactivate MAPKSs in vertebrates, Drosophila,
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and S. cerevisiae (17, 25, 41, 42, 47, 70). In vertebrates, there
are at least nine dual-specificity phosphatases that inactivate
the three MAPK family members, ERK, JNK/SAPK, and p38,
with variable specificity (42). In Drosophila, a dual-specificity
phosphatase, puckered, has been identified as a negative reg-
ulator of JNK in a developmental pathway (47). In the S.
cerevisiae genome, six genes encode proteins similar to dual-
specificity phosphatases. One of these, Msg5, has been shown
to inactivate the MAPK, Fus3, in the pheromone response
pathway (17, 76).

In yeasts, MAPKSs have also been shown to be inactivated by
a novel mechanism involving protein tyrosine phosphatases
(PTPs) specific for pY (33, 50, 66, 73). The S. cerevisiae
MAPKSs, Hogl, in the osmotic stress-activated high-osmolarity
glycerol (HOG) pathway, and Fus3, in the pheromone re-
sponse pathway, are inactivated by two protein tyrosine phos-
phatases, Ptp2 and Ptp3 (33, 73, 76). These two PTPs contain
a catalytic domain of ~400 residues 57% similar to each other
and significantly similar to vertebrate PTPs (5, 7, 9). Analysis
of human PTP1B showed that the Cys residue in the conserved
sequence, (I/'V)HCXAGXXR(S/T)G, acts as a nucleophile in
pY hydrolysis (26). Mutation of the corresponding residue in
Ptp2 and Ptp3 inactivates them in vivo and in vitro (33, 73, 76).
In Schizosaccharomyces pombe, two protein tyrosine phospha-
tases, Pyp1l and Pyp2, have been shown to inactivate a MAPK,
Spcl/Styl, in a stress response pathway analogous to the HOG
pathway (14, 50, 66).

Protein phosphatases that regulate MAPKSs show variable
levels of specificity for their substrates. For example, the ver-
tebrate dual-specificity phosphatase, MKP-3/PYST1 (23, 53,
56), is highly specific for ERK, while other dual-specificity
phosphatases, MKP-1, MKP-2, and MKP-4, inactivate multiple
MAPKs (3, 10, 42, 54, 70). Part of this specificity is due to
noncatalytic domains that recognize their substrates through
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tight binding interactions (55). PTPs also show different spec-
ificities for MAPKs. For example, the S. cerevisiae Ptp2 is a
more effective negative regulator of Hogl than Ptp3 (33, 73).
We have shown that Ptp2 binds Hogl more effectively than
Ptp3 (33), and this likely contributes to its greater ability to
inactivate Hogl. In contrast, Ptp3 is a more effective negative
regulator of Fus3 than Ptp2 (76), but the reason for this is
unknown.

To further explore the functions of S. cerevisiae Ptp2 and
Ptp3 in MAPK signaling and their different specificities for
MAPKSs, we examined whether these phosphatases could in-
activate Mpk1l, a MAPK in the cell wall integrity pathway (37).
This pathway activates the biosynthesis of the yeast cell wall
during vegetative growth, during mating, and in response to
stresses such as heat and hypo-osmotic shock (6, 13, 22, 34, 40,
43,46, 49, 52, 75). The activation of this pathway has been well
characterized, but its inactivation is poorly understood. The
transmembrane proteins Hcs77, Mid2, and Mtll signal to
Rhol, protein kinase C, and a MAPK module comprising a
MEKK called Bck1, redundant MEKSs called Mkk1 and Mkk2,
and a single MAPK, Mpkl1 (22, 32, 35, 37, 38, 40, 58, 61).
MSGS5 was isolated as a multicopy suppressor of growth defects
due to the hyperactive MEK mutant, MKK1-386; however, it
has not been established whether it is a physiologically relevant
regulator of Mpkl (71).

In this work, we show that both Ptp2 and Ptp3 inactivate
Mpkl; however, Ptp2 is a more potent negative regulator than
Ptp3. The difference in their activities is likely explained by at
least three factors. First, Ptp2 binds Mpk1 and dephosphory-
lates Mpk1-pY more effectively than Ptp3. Second, these PTPs
show differences in subcellular localization; Ptp2 is predomi-
nantly nuclear, while Ptp3 is cytoplasmic. The nuclear local-
ization of Ptp2 may account for its greater effectiveness, since
activation of MAPKSs often results in their translocation to the
nucleus. Last, heat shock increased the level of PTP2 transcript
in a Mpkl-dependent manner, suggesting that Ptp2 acts in a
negative feedback loop to inactivate Mpkl. Thus, Ptp2 and
Ptp3 are global regulators of MAPK signaling, inactivating the
HOG, pheromone response, and cell wall integrity pathways
but show differences in specificity toward the MAPKs in these
pathways.

MATERIALS AND METHODS

Strains, media, and genetic techniques. All strains were derived from the
wild-type haploid strain BBY48 (MAT« trpl1-1 ura3-52 his3-A200 leu2-3,112 lys2-
801) (1) unless otherwise noted. A strain bearing a deletion of the MPKI gene
was produced by transformation of BBY48 with an MPKI deletion construct in
plasmid pJL2, described below. This plasmid was digested with BamHI and
EcoRI and transformed into BBY48, and His™ transformants were selected.
Southern analysis identified transformants bearing the deletion allele at the
MPKT1 locus (63). Briefly, genomic DNA was digested with Kpnl, and a Southern
blot was probed with a 522-bp BamHI-Smal fragment corresponding to the 5’
end of MPKI. A 5.2-kb fragment characteristic of the mpkIA::HIS3 allele inte-
grated at the correct locus was detected in several transformants. Backcrossing
mpklA::HIS3 strains to the isogenic wild-type strain BBY45 (1), sporulation, and
dissection resulted in a 2:2 segregation of His*:His ™ spore clones. All His™ spore
clones were temperature sensitive for growth as expected for a mpkIA strain
(37). Strains lacking MPKI and HOGI, PTP2, PTP3, or PTP2 and PTP3 were
produced by crossing the mpkIA strain to a hogl A (33), ptp2A (33), or ptp3A (33)
strain. The resulting strains were CMY3 (MATa mpklA::HIS3), CMY5 (MATa
mpk1A::HIS3 hogl A::TRPI), CMY6 (MATo mpkIA::HIS3 ptp2A::HIS3), CMY7
(MATo mpkIA::HIS3  ptp3A::TRPI), and CMY8 (MATa mpklA::HIS3
ptp2A::HIS3 ptp3A::TRPI).

Galactose-inducible yeast strains bearing deletions of PTP2, PTP3, or both
PTP2 and PTP3 were produced as follows. A strain lacking PTP2, CMY1 (MATa
pip2A:HIS3 trpl-A63 ura3-52 his3-A200 leu2-3,112 lys2-801 GAL™) was pro-
duced by transformation of the wild-type diploid JD51 (MATa/MAT« trpl-A63/
trp1-A63 ura3-52/ura3-52 his3-A200/his3-A200 leu2-3,112/leu2-3,112 lys2-801/lys2-
801 GAL™) (16) with a PTP2 deletion construct (59), and pp2A::HIS3 strains
were identified as described previously (59). A strain lacking PTP3, CMY2
(MATa ptp3A::HIS3 trp1-A63 ura3-52 his3-A200 leu2-3,112 lys2-801 GAL™"), was
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produced by transformation of JD51 (16) with a ptp3A::HIS3 allele in plasmid
pCM1. Plasmid pHF1, designed for construction of pp3A alleles (33), was
digested with Smal, and a blunt-ended HIS3 fragment from YEp6 (69) was
ligated to produce pCMI1. This plasmid was digested with EcoRI and BarmHI and
transformed into JD51, and His* transformants were selected. A Pst1 digest of
genomic DNA from the His* transformants was probed with a 1-kb Smal-EcoRI
fragment corresponding to the 3’ end of the PTP3 gene to detect the 5.7-kb
fragment indicative of pip3A::HIS3 transformants (33). Sporulation and dissec-
tion of heterozygous ptp3A::HIS3/PTP3 diploids resulted in 2:2 segregation of
His*:His~ spore clones. Strain CMY23 (MATa pip2A::HIS3 pip3A::HIS3 trpl-
A63 ura3-52 his3-A200 leu2-3,112 lys2-801 GAL™) was produced by mating
CMY1 and CMY?2, sporulating diploids, dissecting tetrads, and identifying His™
spore clones from nonparental ditype tetrads.

Yeast strains DL245 (EG123 BCKI-20) and EG123 (MATa leu2-3,112 ura3-52
trpl-1 his4 canl”) were kindly provided by D. Levin (Department of Biochemis-
try, Johns Hopkins University School of Public Health) (38). Glutathione S-
transferase (GST) fusions to Ptp2 and Ptp3, described previously (33), were
expressed in S. cerevisiae 334 (MATa leu2-3,112 gall regl-501 ura3-52 pep4-3
prbI-112) (31). Media to culture yeast and bacteria were produced as described
by Sherman et al. (65). Yeast transformations were performed as described by
Dohmen et al. (15). Standard procedures for yeast manipulations (27) were used.
Recombinant DNA manipulations were carried out in Escherichia coli MC1061
or DH5a (63).

Plasmids. The PTP2-green fluorescent protein (GFP) and PTP3-GFP fusion
proteins were constructed by using a 750-bp NotI GFP fragment from pSF-GP1,
kindly provided by J. Hirsch (Columbia University). Plasmid pPTP2GFP, where
GFP is fused to the carboxy terminus of Ptp2, was constructed by replacing the
PTP2 stop codon with a NotI site, using PCR. The oligonucleotide containing the
Notl site, 5'-TCTAGAGCGGCCGCAACAAGGTAACGCGTTC-3', was paired
with another oligonucleotide, 5'-GCGCTCGAGCAACAAGCACTAAGTCCC
TAGCG-3', 462 bp upstream of the PTP2 start codon. The resulting 2.7-kb PCR
product was digested with NotI and Xhol and ligated into pSK (Stratagene) to
generate pSKXNPTP2. Plasmid pSKXNPTP2 digested with NotI was ligated to
the 750-bp Notl fragment of GFP, and the orientation of the GFP insert was
determined by digestion with Spel. The resulting plasmid, pSKPTP2-GFP, was
digested with Kpnl and Sacl, and the ~3.5-kb PTP2-GFP fragment was cloned
into YEplac181, a plasmid containing a 2um origin of replication and bearing the
LEU2 gene (20), to produce pPTP2-GFP. The Ptp2-GFP fusion is functional
since it suppressed lethality of a sinIA strain which hyperactivates the HOG
pathway, as determined by the S5-fluoro-orotic acid assay described previously
(33, 59). Briefly, functional PTP2 carried on a low-copy-number or multicopy
plasmid allows an sin]A strain, IMY101 (MATa sin1A::HIS3 + pSLN1-URA3) to
grow on media containing 5-fluoro-orotic acid (59). The pPTP2-GFP plasmid
produced a single protein of expected size, ~111 kDa, that cross-reacted with the
monoclonal anti-GFP antibody (Clontech).

Plasmid pPTP3-GFP was constructed by replacing the PTP3 stop codon with
a Notl site, using PCR. The oligonucleotide containing the NotI site, 5'-TCTA
GAGCGGCCGCATTGTGGCAATTCTTTC-3', was paired with the oligonu-
cleotide 5'-CGGGATCCATGAAGGACAGTGTAGACTGC-3' (start codon in
bold). The resulting 2.8-kb fragment was digested with NotI and BamHI and
ligated into pSK to generate pPSKBNPTP3. Plasmid pSKBNPTP3 was digested
with NotI and ligated to the 750-bp NotI GFP fragment. The orientation of the
GFP insert was determined by digestion with BamHI. The ~3.5-kb PTP3-GFP
fragment was isolated from pSKPTP3-GFP by digestion with KpnI and Sacl and
cloned into Yeplacl81 to produce p181PTP3-GFP. A 1.3-kb Sphl fragment
containing the endogenous PTP3 promoter and 105 bp of the PTP3 open reading
frame isolated from pAF12 (33) was ligated into p181PTP3-GFP to produce
pPTP3-GFP. This construct expresses a functional Ptp3-GFP fusion protein
since it suppressed lethality of the sin/A strain, IMY101, as described above.
Strains transformed with pPTP3-GFP expressed a protein of expected size, ~131
kDa that cross-reacted with the monoclonal anti-GFP antibody (Clontech).

The PTP3 promoter was fused to lacZ by using the yeast integrating vector
YIp357 (57), containing lacZ (American Tissue Type Collection). The promoter
region, from —785 to the start codon, was amplified by pairing the primers
5'-CCCGGTACCGTTAGACCGCAAGCGAGTTTACC-3" and 5'-CCCAAGC
TTCATGTTCTATATGATAAGTAGATC-3’ (start codon in bold). The frag-
ment was digested with KpnI and HindIII and ligated into the corresponding sites
of YIp357. The resulting plasmid, YIp-PTP3Z, was linearized by digestion with
SnaBI and transformed into the wild-type haploid, BBY48 (1). Integration of
YIp-PTP3Z at the PTP3 locus was confirmed by Southern analysis (63).

To construct the mpklA::HIS3 allele, PCR was used to produce a 522-bp
fragment corresponding to the 5" end of the gene having a BamHI site upstream
of the start site and a Smal site at the start codon. PCR was also used to generate
a 340-bp fragment corresponding to the 3’ end of the gene having a Smal site
1.39 kb downstream of the start site and an EcoRI site 205 bp downstream of the
stop codon. Both fragments were ligated into pUC19 digested with BamHI and
EcoRI to generate plasmid pJL1. This plasmid was digested with Smal, and a
1.8-kb blunt-ended BamHI fragment of HIS3 (69) was ligated to produce pJL2,
containing the mpklA::HIS3 allele.

To construct plasmid p181-MPKIHA, a 2.2-kb KpnI-Narl fragment from
pFLA44-SLT2HA (75), kindly provided by M. Snyder (Yale University, Depart-
ment of Biology), was ligated into YEplac181. Plasmid pNV7MKK1386 was a
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kind gift from K. Irie and K. Matsumoto (Nagoya University, Nagoya, Japan)
(71). Plasmid p112PTP2 was constructed by isolating a 4-kb PvulI fragment from
pHS6.7 (59) and ligating it into the corresponding sites of YEplacl112 (20).
Plasmid p112PTP3 was produced by isolating a 5.6-kb Sall fragment from pAF12
(33) and ligating it into the corresponding sites of YEplac112. Ptp2 and Ptp3
were expressed in E. coli by using the pRSETa vector (Invitrogen). The PTP2
fragment from pGST-PTP2 (33) was isolated as a 2.44-kb BamHI-HindIII frag-
ment and cloned into pRSETa. The PTP3 fragment from pGST-PTP3 (33) was
isolated as a 2.88-kb BamHI-SnaBI fragment and cloned into pRSETa digested
with BamHI and Pyvull.

The GST-Mpkl fusion protein was produced by cloning MPK1 into the vector
pEG(KT) (51). PCR was used to introduce a BamHI site just upstream of the
MPKI start codon and a second BamHI site 175 bp downstream of the MPKI
stop codon, using primers 5'-CGGGATCCATGGCTGATAAGATAGAGAGG
C-3’ (start codon in bold) and 5'-CGGGATCCCCGCGGAGTACGATTAAG
ATAAGC-3'. The 1.63-kb PCR product was digested with BamHI and ligated to
pEG(KT) to produce plasmid pGST-MPKI. Strains transformed with this plas-
mid expressed an 81-kDa protein that cross-reacted with anti-GST antibody
(Pharmacia).

Yeast dilution assay. To assess the ability of Ptp2 and Ptp3 to suppress growth
defects due to the hyperactive MKK1 allele, MKK1-386, pPNV7MKK1386 and the
multicopy plasmids bearing PTPs were cotransformed into galactose-inducible
yeast strains, wild-type strain JD52 (MATa trp1-A63 ura3-52 his3-A200 leu2-3,112
lys2-801 GAL™) (16) and PTP deletion strains CMY1 (pp2A), CMY2 (ptp3A),
and CMY23 (ptp2A ptp3A). The strains were cultured in synthetic medium
lacking uracil and tryptophan for 48 h at 30°C and diluted to 3.5 U (44), and
fivefold serial dilutions were aliquoted into microtiter dishes. Dilutions were
spotted by using a stainless steel pin replicator onto selective medium containing
either glucose or galactose and lacking uracil and tryptophan. The plates were
incubated at 30°C for 3 days.

Immunoblot analysis. The level of Mpkl-pY was monitored by immunoblot-
ting. Cultures of mpklA, mpkIlA ptp2A, mpklA ptp3A, and mpkIA ptp2A ptp3A
strains (in the BBY48 background) carrying p181-MPKIHA were grown to
exponential phase at 25°C, heat shocked by the addition of an equal volume of
medium at 53°C, and further incubated at 39°C. Cells from 10 ml of culture were
harvested by centrifugation, resuspended in 60 pl of L1 buffer (29) (90 mM
Na-HEPES [pH 7.5], 2% sodium dodecyl sulfate [SDS], 1 mM dithiothreitol
[DTT]), and heated at 100°C for 3 min. On ice, 60 wl of L2 buffer (29) (50 mM
Na-HEPES [pH 7.5], 5 mM EDTA, 150 mM NaCl, 1% Triton X-100) with
protease inhibitors (leupeptin, pepstatin A, antipain, aprotinin, and chymostatin
[each at 20 pg/ml] and phenylmethylsulfonyl fluoride [PMSF; 35 pg/ml]) and
protein phosphatase inhibitors (1 mM sodium orthovanadate and 40 mM B-glyc-
erophosphate) was added. Protein samples, 100 pg for anti-pY blots and 10 pg
for anti-hemagglutinin (HA) blots, were boiled in sample buffer, and Western
analysis was performed as described previously (33). Mpk1-pY was detected by
immunoblotting with anti-pY antibody PY-99 (Santa Cruz Biotechnology), and
Mpk1-HA was detected with anti-HA antibody 12CA5 (BAbCo). The secondary
antibody was rabbit anti-mouse alkaline phosphatase-conjugated antibody (Pro-
mega). Immunoreactivity was visualized with 5-bromo-4-chloro-3-indolylphos-
phate and nitroblue tetrazolium (Promega).

Coprecipitation assay. Binding between mutant PTPs and Mpk1 was detected
as follows. The catalytically inactive PTP mutants, Ptp2-C666S and Ptp3-C804A,
were fused to the C terminus of GST under regulation of the GALI-10 promoter
in the vector pEG(KT). Plasmids pGST-PTP2-C666S (33), pGST-PTP3-C804A
(33), and pEG(KT) were coexpressed with p181-MPKIHA in S. cerevisiae 334
(31). Yeast cells were grown at 30°C in synthetic medium lacking uracil and
leucine and containing 2% galactose. Cells from 100 ml of culture grown at 30°C
to ~1 U (A¢0o) Were heat shocked by the addition of an equal volume of selective
medium at 48°C and further incubated at 39°C for 25 min in prewarmed flasks.
Cells were harvested by centrifugation and lysed by glass beading in ice-cold lysis
buffer (50 mM Tris-HCI [pH 7.5], 50 mM NaCl, 5 mM MgCl,, 0.2% Triton
X-100, 0.1% 2-mercaptoethanol, 50 mM B-glycerophosphate) with protease in-
hibitors (leupeptin, pepstatin A, antipain, aprotinin, and chymostatin [each at 20
pg/ml] and 35 pg of PMSF per ml). The lysates were centrifuged, and the
resulting supernatant was incubated with 45 ul of a 1:1 slurry of glutathione-
Sepharose beads (Pharmacia Biotech Inc.). The beads were washed three times
with 600 wl of lysis buffer and then three times with lysis buffer containing 400
mM NaCl. The beads were boiled in sample buffer and analyzed by SDS-
polyacrylamide gel electrophoresis (PAGE) and immunoblotting.

Purification of Ptp2 and Ptp3 from E. coli. Hiss-Ptp2 and Hiss-Ptp3 were
expressed in E. coli BL21(DE3)pLysS (Novagen) by using an inducible T7-based
expression system. Cells were grown in 2X YT medium to early log phase, 0.3 U
(Ag00), cooled to 23°C for 1 h, induced with 0.5 mM isopropyl-B-p-thiogalacto-
pyranoside, and grown to 1.0 U (44). To isolate Hisg-PTPs, cells were lysed in
sonication buffer (20 mM Tris-HCI [pH 8], 100 mM NacCl), and the lysate was
centrifuged at 17,000 X g for 15 min. The supernatant was incubated with 1.5 ml
of Co®* immobilized metal affinity resin (Talon; Clontech) for 4 h at 4°C. After
binding, the beads were washed twice with 30 ml of sonication buffer. The resin
was transferred to a column, washed with 3 bed volumes of 20 mM Tris-HCI (pH
8)-100 mM NaCl-10 mM imidazole, and eluted with 2 bed volumes of 20 mM
Tris-HCl (pH 8)-100 mM NaCl-75 mM imidazole. Fractions containing His,-
PTPs were identified by immunoblotting with anti-His, antibody (BAbCo). As-
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says with the small-molecule phosphatase substrate p-nitrophenyl phosphate
(PNPP) showed that PTPs had comparable but low activity. Incubation of 2.3 pg
of PTPs with 20 mM PNPP in 50 mM imidazole (pH 7.5) and 1 mM DTT for
2.5 h at 30°C led to changes in 44,5 of 0.263 for Ptp2 and 0.163 for Ptp3.

Ptp2 dephosphorylation of Mpkl-pY in vitro. GST-Mpk1 was isolated from
the wild-type strain 334 (31), transformed with plasmid pGST-MPK1. The strain
was grown to ~1 U (4gy) at 23°C in synthetic medium lacking uracil and
containing 2% galactose. To activate GST-Mpk1, the culture was heat shocked
by adding an equal volume of media heated to 55°C, which brought the final
temperature to 39°C. After 1 h of incubation at 39°C, cells were harvested by
centrifugation and ~1.2 X 10” cells were lysed in 800 pl of buffer A (50 mM
Tris-HCI [pH 7.5], 50 mM NaCl, 5 mM EGTA, 5 mM MgCl,, 0.1% Triton X-100,
2.5 mM sodium orthovanadate, 1 mM DTT, 50 mM B-glycerophosphate, 35 pg
of PMSF per ml, 20 g each of aprotinin, leupeptin, pepstatin, chymostatin, and
antipain per ml). The lysate was clarified by centrifugation and mixed with 70 .l
of a 1:1 slurry of glutathione-Sepharose (Pharmacia) for 1 h at 4°C. The beads
were washed twice with 1 ml of buffer A, twice with 1 ml of buffer B (50 mM
Tris-HCI [pH 7.5], 250 mM NaCl, 5 mM EGTA, 5 mM MgCl,, 2.5 mM sodium
orthovanadate, 1 mM DTT, 50 mM B-glycerophosphate), twice with 500 wl of 1x
phosphatase buffer (50 mM imidazole [pH 7.5], 3 mM DTT), and once with 300
wl of 2X phosphatase buffer. GST-Mpk1 bound to resin was resuspended in 2X
phosphatase buffer and aliquoted into four 20-pl fractions, each containing ~100
ng of GST-Mpkl1. Aliquots of bound GST-Mpk1 were incubated at 30°C for 1 h
with 0 to 1 pg of Ptp2, with or without sodium orthovanadate (15 mM). The
reaction was terminated by adding 300 wl of ice-cold buffer B and boiling in
sample buffer. The samples were analyzed by SDS-PAGE and immunoblotting.
Half of the sample was immunoblotted with anti-pY antibody PY-99 (Santa Cruz
Biotechnology), and the other half was immunoblotted with anti-GST antibody
(Pharmacia).

RNA analysis. Yeast strains grown in YPD at 30°C to 1 U (44g,) were
untreated or heat shocked by the addition of an equal volume of YPD pre-
warmed to 48°C. Heat-shocked cultures were further incubated for 2 h at 39°C
in prewarmed flasks. Cells were harvested by centrifugation, and RNA was
prepared by freezing in phenol and SDS (64). Total RNA, ~40 g, was electro-
phoresed in formaldehyde-containing agarose gels, and hybridization was per-
formed by standard methods (63). The blot was hybridized with 3?P-labeled
probes to PTP2, PTP3, and TUBI. A 750-bp PstI fragment internal to the PTP2
open reading frame, a 1-kb Clal fragment internal to the PTP3 open reading
frame, and a 1.1-kb Bgl/lI-Clal fragment from TUBI were used to produce
32p_labeled probes (63). The blots were quantified by PhosphorImager (Molec-
ular Dynamics) analysis.

Fluorescence microscopy. Strains expressing GFP fusion proteins were grown
to 1 U (440) in synthetic medium lacking leucine to select for plasmids. To
visualize the nucleus, cultures were diluted to 0.5 U (A4gq), 4',6-diamidino-2-
phenylindole (DAPI) was added to a concentration of 2.5 pg/ml, and the cultures
were grown under low-light conditions for 30 min at 30°C (27). Cells were
adsorbed to polylysine-coated slides for 10 min and covered with coverslips.
Fluorescence images were captured by using a Zeiss Axioplan fluorescence
microscope with a Photometrics Sensys digital charge-coupled device camera
system. Images were processed by using IP-LAB Spectrum software.

RESULTS

Ptp2 and Ptp3 inactivate the cell wall integrity pathway in
yeast. To test whether Ptp2 and Ptp3 could inactivate the cell
wall integrity pathway, we determined whether overexpression
of these phosphatases could alleviate growth defects due to
mutations that hyperactivate this pathway. The MEKK muta-
tion, BCKI-20, which leads to constitutive activation of this
pathway, conferred a modest growth defect, where the dou-
bling time in rich medium at 30°C was 110 min, compared to 90
min for the wild type (38). This growth defect is likely due to
constitutive activation of the downstream MEKSs, Mkk1 and
Mkk2, and the MAPK, Mpkl (32, 37). Multicopy plasmids
bearing PTP2 or PTP3 were transformed into a strain express-
ing BCKI-20, and the growth of these strains was monitored in
selective media at 30°C. Although only slight changes in dou-
bling times were observed during exponential growth, overex-
pression of PTP2, but not PTP3, allowed BCKI-20 strains to
reach a higher culture density after 24 h of growth (Fig. 1).
Neither overexpression of PTP2 nor overexpression of PTP3
altered the growth of the wild type.

These results suggested that Ptp2 inactivates the redundant
MEKSs, Mkk1 and/or Mkk2, or the MAPK, Mpkl, in this path-
way. To test whether Ptp2 acts downstream of the MEKSs, we
used the MKK1-386 mutation, which confers a growth defect
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FIG. 1. Ptp2 but not Ptp3 suppresses growth defects due to constitutive
activation of the cell wall integrity pathway by the hyperactive MEKK mutation
BCKI-20. DL245, a strain bearing a hyperactive MEKK allele, BCKI-20, and
EG123, the isogenic wild-type strain, were transformed with a multicopy plasmid
carrying PTP2 (p112PTP2), PTP3 (p112PTP3), or empty vector YEplacl12.
Cultures of these strains were diluted in selective medium and incubated at 30°C.
The increase in optical density of the cultures at 600 nm was measured at the
indicated times with a photoelectric colorimeter. Data shown are the average of
at least two independent experiments. Strains: DL245/p112PTP2 (closed
squares); DL245/p112PTP3 (closed triangles); DL245/YEplac112 (closed cir-
cles); EG123/YEplacl12 (open circles); EG123/p112PTP3 (open triangles);
EG123/p112PTP2 (open squares).

due to constitutive activation of Mpkl (71, 72, 74). The growth
of wild-type cells expressing MKKI-386, under regulation of
the GALI promoter, was ~25-fold worse on galactose than on
glucose (Fig. 2A). A 125-fold dilution of a culture with an
optical density at 600 nm of 3.5 U grew on galactose-containing
media, while the same culture diluted 3,125-fold grew on glu-
cose containing media. Expression of PTP2 from a multicopy
plasmid allowed cells expressing MKKI-386 to grow ~25-fold
better than cells overexpressing PTP3 or containing empty
vector, suggesting that Ptp2 acts downstream of the MEK,
Mkk1 (Fig. 2A). Ptp2 also suppressed the growth defect asso-
ciated with MKKI-386 when expressed from a low-copy-num-
ber centromere-based plasmid, but not as well as multicopy
expression (compare Fig. 2A, row 1, to Fig. 2B, row 3). Thus,
Ptp2 most likely inactivates the cell wall integrity pathway by
acting on the MAPK, Mpkl.

To determine whether suppression required the phosphatase
activity of Ptp2, a catalytically inactive mutant, Ptp2-C666S
(33), was tested for suppression of the MKK1-386 defect. When
expressed from a low-copy-number plasmid, Ptp2-C666S did
not improve the growth of cells expressing MKKI-386, indicat-
ing that phosphatase activity is required for suppression (Fig.
2B, row 1). The mutant expressed from a multicopy plasmid,
however, allowed the MKKI-386 strain to grow as well as the
strain expressing wild-type PTP2 on a low-copy-number plas-
mid (Fig. 2B; compare rows 2 and 3). The ability of multicopy
Ptp2-C666A to inactivate this pathway may be due to binding
Mpkl (see below). Although the mutant is catalytically inac-
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tive, binding and sequestration of Mpk1 may prevent activation
of downstream targets. A similar result was observed with
Ptp2-C666A and Hogl (33).

Since overexpression of PTP2 suppressed growth defects
due to hyperactivation of the cell wall integrity pathway, we
tested whether deletion of PTP2 and/or PTP3 would further
exacerbate growth defects associated with MKKI-386. A strain
lacking PTP2 poorly tolerated MKK1-386 compared to the wild
type (Fig. 2A). In contrast, a strain lacking PTP3 grew as well
as the wild type in the presence of MKKI-386. Expression of
MKKI1-386 in a ptp2A ptp3A double mutant was lethal (Fig.
2A). Thus, both PTPs have a role in inactivation of this path-
way and may act synergistically.

Ptp2 and Ptp3 regulate Mpkl Tyr phosphorylation in vivo.
Overexpression of PTP2 suppressed growth defects due to
constitutively active MEKK and MEK in this pathway. Thus,
MAPK is the likely target of this phosphatase, since it requires
phosphorylation of both a Thr and a Tyr residue in the phos-
phorylation lip sequence for activation (11, 42). Therefore, we
examined whether Ptp2 and possibly Ptp3 could inactivate the
pathway by dephosphorylating Mpk1-pY. To test this, the level
of Mpkl-pY was monitored in wild-type and PTP deletion
strains by using an anti-pY antibody, since it most directly
assesses the role of PTPs. If the PTPs dephosphorylate Mpk1-
pY, then PTP deletion strains should show higher levels of
Mpkl-pY compared to the wild type after heat shock activa-
tion of Mpkl.

The level of Mpkl-pY was monitored in wild-type, pip2A,
ptp3A, and pp2A ptp3A strains expressing epitope-tagged
Mpk1, Mpk1-HA, during continuous exposure to heat stress at
39°C. In the wild type, the level of Mpkl-pY reached a maxi-
mum after 15 min of heat stress (Fig. 3). In the pp2A and
ptp3A strains, heat shock induction of Mpkl-pY was similar to
that of the wild type at 15 min (Fig. 3). In contrast, the ptp2A
strain consistently showed a slightly higher level of Mpk1-pY at
the 30-min time point. The most obvious increase in the level
of Mpkl-pY was observed in the ptp2A ptp3A strain, where a
substantial increase in the basal (0 min) and heat shock-in-
duced (15 min and beyond) levels of Mpkl-pY was seen. Since
the total amount of Mpk1 protein did not increase during heat
stress, as judged by immunoblotting with anti-HA antibody
(Fig. 3), increased Mpk1-pY levels in PTP deletion mutants is
due to their inability to dephosphorylate Mpkl. Similar results
were obtained for untagged Mpkl (data not shown). These
results indicate that PTPs are required to maintain a low basal
level of Mpk1-pY and to set an upper limit for Mpk1 activation
in response to heat stress.

These data also suggest that PTPs are involved in adapta-
tion, or inactivation of the pathway following heat stress, since
the PTP deletion strains dephosphorylated Mpkl-pY more
poorly than the wild type. In the wild type, the level of
Mpkl-pY began decreasing by 30 min of heat stress, while the
level of Mpk1-pY continued to increase at 30 min in the ptp2A
and ptp2A ptp3A strains (Fig. 3). The ptp2A ptp3A strain had
the most severe defect since Mpk1-pY levels remained high up
to 60 min. The amount of Mpkl1-pY at this time point is likely
underestimated since the ptp2A ptp3A strain is temperature
sensitive for growth at 37°C (60). This is reflected in the lower
level of Mpkl-HA protein at the 60-min time point (Fig. 3).
Therefore, both Ptp2 and to a lesser extent Ptp3 are required
for adaptation to heat stress in this pathway.

PTPs physically associate with Mpkl. If Mpk1 is a substrate
for Ptp2 and Ptp3, it should be able to bind the PTPs. To test
this, we used catalytically inactive PTPs since such mutants
have been shown to bind their substrates with greater affinity
than their wild-type counterparts (17, 66, 70, 73). Presumably,
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FIG. 2. Growth defects associated with overexpression of a constitutively active MEK allele are altered by PTP expression level. (A) Overexpression of PTP2

suppressed the growth defect due to expression of the constitutively active MKKI allele, MKK1-386, while strains lacking PTPs exacerbated these growth defects.
Wild-type, ptp2A, ptp3A, and ptp2A ptp3A strains carrying pNV7MKK1386 and either YEplac112, p112PTP2, or p112PTP3 were grown in selective medium containing
glucose. The cultures were normalized to 3.5 U (A4¢); fivefold serial dilutions were made, spotted onto synthetic medium containing galactose (left panel) or glucose
(right panel), and incubated at 30°C. (B) The catalytic activity of Ptp2 is important for suppression of the growth defect due to MKK1-386. Wild-type JD52 carrying
pNV7MKKI1386 and either p22PTP2C666A, p112PTP2C666A, or p22PTP2 was grown in synthetic medium containing glucose, and growth was examined as for panel A.

tighter binding occurs because the tyrosine-phosphorylated
substrate is not hydrolyzed and as a result is not readily re-
leased from the enzyme (19, 70). Catalytically inactive Ptp2
(Ptp2-C666S) or Ptp3 (Ptp3-C804A) fused to GST was coex-
pressed with Mpk1-HA in yeast. Cells were heat shocked for 25
min at 39°C to activate Mpkl1 and the GST-PTP proteins iso-
lated on glutathione-Sepharose beads. Both GST-Ptp2-C666S
and GST-Ptp3-C804A bound Mpkl-HA (Fig. 4). GST-PTP
mutants also bound Mpk1 when cells were untreated, suggest-
ing that Mpkl phosphorylation is not required to bind PTPs
(data not shown). Binding between PTPs and Mpk1 was spe-
cific since GST alone did not coprecipitate with Mpkl1-HA
(Fig. 4). In multiple experiments, the Ptp2 mutant bound more

Mpk1-pY Mpk1-ha
wildtype L S SR Sl - .-
ppr--- R NN
pip3A Sl B R IO e R e
pip2aptp3n (S . - . -

0 15 30 60 0 15 30 60
Time (min)

FIG. 3. Ptp2 and Ptp3 regulate the level of Mpkl-pY in vivo. The level of
Mpk1-pY was assessed in strains lacking either Ptp2, Ptp3, or both PTPs before
and during continuous exposure to heat stress. Cultures were grown at 25°C, heat
shocked at 39°C, and harvested at the indicated times. The samples were ana-
lyzed by SDS-PAGE and immunoblotting with anti-pY and anti-HA antibodies.

Mpk1-HA than the Ptp3 mutant. In addition, the interaction
between GST-Ptp2-C666S and Mpkl was more resistant to
disruption by washing with buffer containing high concentra-
tions of sodium chloride than the complex between Mpk1 and
GST-Ptp3-C804A. These differences in binding are not due to
differences in Mpk1-HA levels since they were the same in all
strains (Fig. 4). That GST-Ptp2-C666S bound more Mpkl-HA
than GST-Ptp3-C804A provides a possible biochemical mech-
anism for Ptp2 being a more effective negative regulator than
Ptp3.

Ptp2 dephosphorylates Mpkl-pY in vitro. Since the results
above suggested that Ptp2 and Ptp3 inactivate Mpk1 directly,
we tested whether they could dephosphorylate Mpkl-pY in
vitro. Ptp2 and Ptp3 tagged with six His repeats at the amino
terminus were expressed in E. coli and isolated by immobilized
metal affinity chromatography. The PTPs were incubated with
activated GST-Mpkl isolated from heat-shocked yeast. Treat-
ment of GST-Mpkl-pY with Ptp2 resulted in dephosphoryla-
tion of the pY residue in Mpkl, as judged by immunoblotting
with anti-pY antibody (Fig. 5). Dephosphorylation was due to
PTP activity since orthovanadate, an inhibitor of PTPs and
dual-specificity phosphatases (26, 70), prevented dephosphor-
ylation of Mpk1-pY. Dephosphorylation required the presence
of a reducing agent, DTT (Fig. 5) or 2-mercaptoethanol (data
not shown), which likely prevents oxidation of Cys666 in Ptp2,
which acts as a nucleophile during dephosphorylation (26, 33,
73). Compared to Ptp2, Ptp3 had significantly weaker PTP
activity toward GST-Mpkl-pY. Ptp2 and Ptp3 had similar
abilities to dephosphorylate the small-molecule substrate,
PNPP (see Materials and Methods). Approximately 3.3 times
more PNPP units of Ptp3 did not dephosphorylate Mpk1-pY as
well as Ptp2 (data not shown). Thus, Ptp2 but not Ptp3 is an
effective protein phosphatase for Mpkl-pY in vitro.
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FIG. 4. Ptp2 and Ptp3 bind Mpkl in vitro. GST fusions to the catalytically
inactive PTP mutants, GST-Ptp2C666S and GST-Ptp3C804A, or GST alone
were coexpressed with Mpk1-HA in S. cerevisiae 334. After 25 min of heat stress
at 39°C, cells were lysed by glass beading, and the GST-containing proteins were
isolated by binding to glutathione-Sepharose. Following extensive washing, the
bound proteins were analyzed by SDS-PAGE and immunoblotting with anti-
GST and anti-HA antibodies. Data shown are representative of three indepen-
dent experiments.

PTP2 transcript is elevated by heat shock in a Mpkl-depen-
dent manner. Activation of MAPK pathways often leads to an
increase in phosphatase transcript levels (24, 33, 50) and is
generally thought to be required for adaptation. Therefore, we
tested whether the cell wall integrity pathway upregulates the
expression of PTPs. Since it was previously shown that the
PTP2 transcript is upregulated in response to heat stress (59),
we tested whether PTP2 and possibly PTP3 transcripts might
be regulated in a Mpkl-dependent manner. In addition, since
Hogl is required for upregulation of PTP2 and PTP3 tran-
scripts in response to osmotic stress (33), we tested whether
Hogl might also be required to induce PTPs in response to
heat stress. Northern analysis was performed to examine the
steady-state levels of PTP2 and PTP3 transcripts before and

Ptp2 (ug) 0 o 5 1 1 1
Activated GST-Mpk1 - + + + + +
Vanadate - - - - + -
DTT + + + + + -
1 2 3 5 6
GST-Mpk1(c-pY)—> — - —

GST-MpK1(0-GST)—> | v e e o =

FIG. 5. Ptp2 dephosphorylates Mpk1-pY in vitro. Inactive GST-Mpkl1 iso-
lated from yeast grown at 23°C (lane 1) and active GST-Mpkl isolated from yeast
heat shocked at 39°C (lanes 2 to 6) were incubated for 1 h at 30°C with buffer
alone (lanes 1 and 2), Ptp2 (lanes 3 and 4), Ptp2 in the presence of vanadate (lane
5), and Ptp2 in buffer lacking DTT (lane 6). The samples were analyzed by
SDS-PAGE and immunoblotting. Half of the sample was immunoblotted with
anti-pY antibody, and the other half was immunoblotted with anti-GST antibody.
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FIG. 6. PTP2 transcript increases in response to heat shock in a Mpkl-
dependent manner. The effect of heat shock on the steady-state level of PTP2
transcript was examined in wild-type, mpkIA, hoglA, and mpkIA hogl A strains
by Northern analysis. Total RNA was isolated from untreated cells grown at 30°C
or cells heat shocked at 39°C for 2 h. The Northern blot was probed with
32P-labeled PTP2 and TUBI fragments and visualized by PhosphorImager anal-
ysis.

after heat shock for 2 h at 39°C (Fig. 6). Heat shock elevated
the PTP2 transcript ~6-fold above the basal level in the wild-
type and hogl A strains but not in the mpkIA or mpklA hogl A
strain. Thus, Mpkl, but not Hogl, is required to upregulate
PTP2 expression in response to heat stress. No obvious in-
crease in the level of PTP3 transcript was observed in response
to heat stress. Since it was difficult to detect PTP3 by Northern
analysis, a PTP3 promoter-lacZ fusion was constructed and
integrated at the PTP3 locus. Heat shock did not alter the
expression of PTP3::lacZ, as judged by assaying -galactosi-
dase activity. Therefore, heat shock activation of the cell wall
integrity pathway upregulates PTP2 but not PTP3 expression.

Ptp2 and Ptp3 are localized in different subcellular com-
partments. Ptp2 and Ptp3 show differences in the ability to
inactivate the cell wall integrity pathway and other MAPK
pathways. For example, Ptp2 is a more potent negative regu-
lator of Mpk1 and Hogl than Ptp3 (33, 73). In the pheromone
response pathway, the opposite is true: Ptp3 has a greater
influence than Ptp2 (76). We have shown that Ptp2 has greater
activity toward Mpkl-pY in vitro than Ptp3. In vivo, an addi-
tional factor may be that Ptp2 and Ptp3 are localized in dif-
ferent compartments in the cell. This seems a reasonable hy-
pothesis since Mpkl is present in both the nucleus and the
cytoplasm (34).

To examine Ptp2 and Ptp3 subcellular localization, PTPs
were fused to GFP. The PTP-GFP fusions are functional, since
they suppressed growth defects due to constitutive activation
of the HOG (see Materials and Methods) and cell wall integ-
rity pathways (data not shown). Ptp2-GFP is predominantly
nuclear when expressed from a multicopy plasmid in a pp2A
strain (Fig. 7A). In contrast, Ptp3-GFP appears cytoplasmic
and excluded from the nucleus when expressed from a multi-
copy plasmid in a p#p3A strain (Fig. 7B). The nuclear localiza-
tion of Ptp2 may therefore contribute to its greater effective-
ness on Mpkl. Heat stress did not change the localization of
PTPs; Ptp2-GFP remained nuclear and Ptp3-GFP remained
cytoplasmic. Deletion of MPKI did not detectably alter the
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FIG. 7. Subcellular localization of Ptp2 and Ptp3. Exponentially growing cells
of a ptp2A strain carrying pPTP2-GFP or a pfp3A strain carrying pPTP3-GFP
were grown in the presence of DAPI (2.5 pg/ml) for 30 min under low-light
conditions. GFP and DAPI were visualized by fluorescence microscopy.

subcellular localization of either PTP-GFP fusion under stan-
dard growth conditions. Since PTPs also inactivate the HOG
and pheromone response pathways, we also tested whether
osmotic stress or treatment with a-factor would alter their
localization. Neither signal affected PTP localization. Thus,
similar to findings for other MAPK inactivating phosphatases,
the subcellular localization of PTPs is not altered by signals
that activate MAPKSs.

DISCUSSION

Protein phosphatases can be nonspecific or specific regula-
tors of MAPK signaling pathways. For example, the vertebrate
dual-specificity phosphatases MKP-1 and MKP-2 are nonspe-
cific regulators, inactivating ERK, JINK/SAPK, and p38 (3, 4,
10, 42, 70). Other dual-specificity phosphatases, such as PACI,
recognize a subset of MAPK substrates, ERK and p38 (10).
One vertebrate dual-specificity phosphatase, MKP-3, is highly
specific for ERK (23, 53, 55, 56). In S. cerevisiae, the protein
tyrosine-specific phosphatases Ptp2 and Ptp3 show differences
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in the ability to inactivate MAPK pathways. Ptp2 is a more
effective negative regulator of Hogl than Ptp3, while Ptp3 is a
more effective negative regulator of Fus3 than Ptp2 (33, 73,
76).

To further examine the substrate specificities of Ptp2 and
Ptp3, we tested whether they could inactivate another MAPK
in yeast called Mpk1 and, if so, whether they would differ in the
ability to inactivate Mpk1l. We predicted that Ptp3 would be a
more potent negative regulator of Mpkl than Ptp2, since the
phosphorylation lip sequences in Mpkl and Fus3 are nearly
identical but different from that in Hogl (11). Our data show
that both PTPs inactivate Mpkl, demonstrating that Ptp2 and
Ptp3 regulate multiple MAPK pathways in yeast. Contrary to
our prediction, however, Ptp2 is a more effective negative
regulator of Mpk1 than Ptp3.

Genetic and biochemical data show that Ptp2 inactivates the
cell wall integrity pathway by inactivating Mpkl. Multicopy
expression of PTP2 suppressed growth defects due to the
MEKK mutation, BCKI-20, and the MEK mutation, MKKI-
386, that hyperactivate this pathway. In addition, deletion of
PTP2 exacerbated growth defects due to MKKI-386 (Fig. 2).
These results suggested that Ptp2 acts downstream of Mkk1.
Since the catalytically inactive Ptp2 mutant, Ptp2-C666S,
bound Mpkl-pY, and wild-type Ptp2 dephosphorylated
Mpkl-pY in vitro, Ptp2 likely inactivates this pathway by de-
phosphorylating Mpk1-pY in vivo. Consistent with this, the
level of Mpk1-pY in response to heat stress was higher in the
ptp2A strain than in the wild-type strain.

Ptp3 also inactivates this pathway but is a weaker negative
regulator than Ptp2. For example, multicopy expression of
PTP2 suppressed growth defects due to the hyperactive MEKK
and MEK alleles, but multicopy expression of PTP3 did not.
Genetic interactions were observed, however, when PTP3 was
deleted together with PTP2. Expression of the hyperactive
MEK allele, MKK1-386, was lethal in the ptp2A ptp3A strain
but not in either single PTP deletion strain. Biochemical data
also support a role for Ptp3 in this pathway. Heat stress in-
duced Mpkl-pY to a higher level in the pp2A ptp3A strain
compared to either single pfp mutant or the wild type. Copre-
cipitation and activity assays also indicate that Ptp3 inactivates
Mpk1 but not as efficiently as Ptp2. Ptp3-C804A coprecipitated
with Mpk1-pY, but it bound less Mpk1-pY than mutant Ptp2.
Furthermore, Ptp3 was less effective than Ptp2 at dephosphor-
ylating Mpk1-pY in vitro. These results taken together show
that Ptp3 is a weaker negative regulator of Mpk1 than Ptp2 but
has an important role in this pathway.

The differential localization of PTPs may also explain why
Ptp2 is a more effective negative regulator than Ptp3. Fluores-
cence localization of Ptp2-GFP indicates that it is predomi-
nantly nuclear whereas Ptp3-GFP is chiefly cytoplasmic. This
difference in localization is significant because MAPKs are
present in both the nucleus and the cytoplasm, with activation
of MAPKSs often leading to their nuclear accumulation (8, 39).
MAPK activation, however, does not always result in their
nuclear translocation. For example, a significant fraction of
active ERK has been shown to remain cytoplasmic after acti-
vation (21, 62). Interestingly, Mpkl is concentrated in the
nucleus at 24°C and becomes more uniformly distributed be-
tween the cytoplasm and the nucleus after 30 min of heat stress
at 39°C (34). Thus, active Mpk1 may be present in both com-
partments. We speculate that at least some active Mpkl is
nuclear and that this nuclear Mpkl is responsible for growth
defects. This would explain why altering the expression level of
PTP2 has a greater effect on the activity of this pathway than
altering the expression of PTP3 (Fig. 1 and 2). Since we cannot
rule out the possibility that some Ptp2 is cytoplasmic, Ptp2 may
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have a greater effect on this pathway for other reasons. As
described above, Ptp2 binds Mpk1 more effectively than Ptp3
and dephosphorylates Mpkl-pY more efficiently than Ptp3.
The combination of these effects likely accounts for the greater
activity of Ptp2 on this pathway.

A further implication of the differential localization of Ptp2
and Ptp3 is that Mpkl-pY freely distributes between the nu-
cleus and the cytoplasm. For example, the ptp2A and ptp3A
strains dephosphorylate Mpkl-pY nearly as well as the wild
type, although the ptp2A ptp3A strain shows a severe defect.
Since nuclear Ptp2 can compensate for cytoplasmic Ptp3 in the
ptp3A strain, this would suggest that cytoplasmic Mpkl-pY
translocates to the nucleus to be dephosphorylated by nuclear
Ptp2. In the ptp2A strain, nuclear Mpkl-pY becomes available
to cytoplasmic Ptp3 upon Mpk1-pY redistribution to the cyto-
plasm. Thus, contrary to current hypotheses, dephosphoryla-
tion of MAPK may not be required for its export from the
nucleus.

Analysis of the level of Mpkl-pY during heat shock activa-
tion suggests three roles for Ptp2 and Ptp3. One role is in
maintaining a low basal activity of Mpkl. In the absence of
heat stress, a low level of Mpk1-pY was observed in wild-type,
ptp2A, and ptp3A strains. The ptp2A ptp3A mutant, however,
showed a significantly higher basal level of Mpkl-pY. These
results are similar to those observed for Hogl and Fus3. The
ptp2A and ptp2A ptp3A strains had a high basal level of
Hogl-pY (33, 73), and the ptp3A and ptp2A ptp3A strains had
an increased basal level of Fus3-pY (76). Therefore, PTPs may
prevent the activation of MAPKSs in the absence of signal. A
second role of PTPs, not seen in other MAPK pathways, is to
set an upper limit on Mpkl Tyr phosphorylation. Mpkl-pY
reached a higher level in the single PTP deletion strains and in
the ptp2A ptp3A strain compared to the wild type. Perhaps this
mechanism prevents growth defects due to activation of a large
fraction of Mpkl.

A third role for Ptp2 and Ptp3 is in adaptation, or inactivat-
ing Mpk1-pY during prolonged exposure to heat stress. Previ-
ously, it was reported that the level of Mpk1-pY remains high
and shows no obvious decrease for up to 2 h of heat stress (75).
In our strain background, however, heat stress induced
Mpkl-pY to a maximum at ~15 min but began decreasing by
30 min. The reasons for these differences are not known but
may be due to strain-specific effects. Since the level of
Mpkl1-pY decreased in our strain background, the role of PTPs
in adaptation could be examined. We find that the level of
Mpkl1-pY remained high in both ptp2A and ptp2A ptp3A strains
compared to the wild type, consistent with a role for PTPs in
adaptation. The residual dephosphorylation of Mpkl-pY ob-
served in the ptp2A ptp3A strain may be due to Msg5, a dual-
specificity phosphatase isolated as a multicopy suppressor of
MKK1-386 growth defects (71). That Msg5 acts as a negative
regulator in this pathway is further supported by genetic evi-
dence. Although ptp2A and msg5A strains are not lethal when
MKK]I-386 is overexpressed, it is lethal in a ptp2A msg5A strain
(48). Whether Msg5 dephosphorylates Mpkl remains to be
tested.

Transcriptional activation of PTP2 may also play a role in
adaptation. In this work, we showed that the PTP2 transcript is
upregulated by heat shock in a Mpk1-dependent manner, sug-
gesting that an increase in the level of Ptp2 is required to
inactivate Mpkl. Similarly, osmotic stress elevates PTP2 and
PTP3 transcripts in a Hogl-dependent manner (33). In S.
pombe, osmotic stress induces expression of the protein ty-
rosine phosphatase, pyp2*, and this is dependent on the
MAPK, Spcl (50). This regulation is not limited to PTPs since
dual-specificity phosphatases have also been shown to be in-
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duced by MAPK pathways in S. cerevisiae and vertebrates (3,
17, 47). Upregulation of protein phosphatases may therefore
be a universal mechanism for MAPK pathway adaptation.

In summary, Ptp2 and Ptp3 are global regulators of MAPK
signaling pathways since they inactivate at least three MAPKSs,
Hogl, Fus3, and Mpk1. These phosphatases show distinct pref-
erences for MAPKSs, as has been observed for dual-specificity
phosphatases in vertebrates (42). Ptp2 is a more effective neg-
ative regulator of Mpkl and Hogl than Ptp3 (33, 73). In
contrast, Ptp3 is a more potent negative regulator of Fus3 than
Ptp2 (76). These differences are likely due to at least two
factors. First, PTPs that are better able to bind their substrates
more efficiently dephosphorylate their substrates. Ptp2 binds
more Mpkl and Hogl than Ptp3, and Ptp2 more efficiently
dephosphorylates Mpk1 (Fig. 4) and Hogl (67) in vitro. Based
on these results, we would predict that Ptp3 is better able to
bind and dephosphorylate Fus3 than Ptp2. Second, the local-
ization of PTPs likely influences their ability to inactivate
MAPKs. We propose that the nuclear localization of Ptp2
contributes to its greater ability to dephosphorylate Mpk1 and
Hogl, because a fraction of active Mpkl and Hogl accumu-
lates in the nucleus (18, 34, 48). Further examination of how
PTP localization influences their ability to inactivate MAPKs
and identification of regions within PTPs responsible for dis-
crimination between MAPKs is under way.
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