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The mitogen-activated protein kinases (MAPKs) play critical roles in many signal transduction processes.
Several MAPKs have been found in Saccharomyces cerevisiae, including Fus3 in the mating pathway and
Hog1 in the osmotic-stress response pathway. Cells lacking Fus3 or Hog1 activity are deficient in mating or
adaptation to osmotic shock, respectively. However, constitutive activation of either Fus3 or Hog1 is lethal.
Therefore, yeast cells have to tightly regulate both the activation and inactivation of Fus3 and Hog1 MAPKs,
which are controlled mainly by phosphorylation and dephosphorylation. Previous studies have shown that
Fus3 activity is negatively regulated by protein tyrosine phosphatase Ptp3. In contrast, the Hog1 MAPK is
mainly dephosphorylated by Ptp2 even though the two phosphatases share a high degree of sequence
similarity. To understand the mechanisms of MAPK regulation, we examined the molecular basis underlying
the in vivo substrate specificity between phosphatases and MAPKs. We observed that the amino-terminal
noncatalytic domain of Ptp3 directly interacts with Fus3 via CH2 (Cdc25 homology) domain conserved among
yeast PTPases and mammalian MAP kinase phosphatases and is responsible for the in vivo substrate
selectivity of the phosphatase. Interaction between Ptp3 and Fus3 is required for dephosphorylation and
inactivation of Fus3 under physiological conditions. Mutations in either Ptp3 or Fus3 that abolish this
interaction cause a dysregulation of the Fus3 MAPK. Our data demonstrate that the specificity of MAP kinase
inactivation in vivo by phosphatases is determined by specific protein–protein interactions outside of the
phosphatase catalytic domain.
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Mitogen-activated protein kinases (MAPKs), also known
as extracellular signal-regulated kinases (ERKs), are in-
volved in a wide range of eukaryotic signaling processes
(Lewis et al. 1998). A typical MAPK signaling pathway
contains an evolutionarily conserved kinase cascade
consisting of Raf or MAPK kinase kinase (MEKK), MAPK
kinase (MEK), and MAPK. In response to a variety of
extracellular signals, MAPK activity is regulated through
phosphorylation on the conserved TXY motif by MEKs
(Cobb and Goldsmith 1995). Each individual MAPK is
activated by distinct extracellular signals, and activation
of MAPKs results in specific physiological responses in-
cluding mitogenesis, adaptation to environmental stress,
differentiation and development in high eukaryotes
(Lewis et al. 1998; Tan and Kim 1999). In Saccharomyces
cerevisiae, five MAPK signaling pathways have been
identified that regulate mating, osmotic-stress response,

cell wall integrity, filamentous growth, and spore wall
formation (Herskowitz 1995; Gustin et al. 1998).

The S. cerevisiae mating pheromone response repre-
sents a well-characterized MAPK signaling pathway that
controls the formation of diploid cells from haploid cells
(Bardwell et al. 1994). Treatment of a or a haploid yeast
cells with mating pheromone (a- or a-factor), respec-
tively, triggers activation of a MAPK cascade that is
composed of Ste11 MEKK, Ste7 MEK, and Fus3 MAPK.
Activation of this MAPK pathway results in alteration of
cellular morphology, induction of pheromone-inducible
genes, and G1 cell cycle arrest in preparation for zygote
formation (Gustin et al. 1998). Hog1, another well-char-
acterized yeast homolog of mammalian P38/JNK stress-
activated MAPKs, is involved in cellular adaptation to
osmotic stress. High osmolarity causes activation of the
Hog1 MAPK that leads to accumulation of intracellular
glycerol to counteract the extracellular hyperosmolarity
(Gustin et al. 1998; Millar 1999).

Although Fus3 activation is required for mating phero-
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mone response, constitutive activation of the mating
pathway can cause lethality possibly as a result of irre-
versible cell cycle arrest (Miyajima et al. 1987; Nomoto
et al. 1990; Stevenson et al. 1992). Similarly, activation
of Hog1 is crucial for cell viability under hyperosmotic
conditions, yet constitutive activation of the Hog1
MAPK is lethal (Brewster et al. 1993; Maeda et al. 1993,
1994). Therefore, the activities of both Fus3 and Hog1
MAP kinases must be tightly regulated in response to
specific environmental conditions because either lack of
activity or overstimulated activity can be detrimental to
yeast cells. MAPKs are mainly activated by Tyr and Thr
phosphorylation catalyzed by MEKs. In addition, MAPKs
including Fus3 can also undergo autophosphorylation,
leading to autoactivation at lower efficiency (Errede et al.
1993). It is critical for cells to repress the basal activity of
Fus3 in the absence of pheromone to avoid unelicited
mating responses. It is equally critical for yeast cells to
deactivate Fus3 to resume normal cell growth after
pheromone stimulation. In contrast to the well charac-
terized activation mechanism that requires MEKs, much
less is known about the equally crucial mechanism for
repressing basal activity and deactivating MAPK follow-
ing stimulation.

In our previous study we demonstrated that Fus3 is
coordinately regulated by two phosphatases (Zhan et al.
1997). Constitutively expressed tyrosine-specific Ptp3
prevents the autoactivation by regulating basal tyrosine
phosphorylation. Pheromone stimulation induces a
dual-specificity phosphatase, Msg5 (Doi et al. 1994), and
Msg5 together with Ptp3 dephosphorylate and inactivate
Fus3, allowing cells to recover following mating re-
sponse. Ptp3 shares extensive sequence homology to an-
other yeast tyrosine phosphatase, Ptp2. In the absence of
Ptp3, Ptp2 can partially substitute for Ptp3 (Zhan et al.
1997). Genetic data from other groups suggest that Ptp2
is more critical than Ptp3 in the dephosphorylation and
inactivation of Hog1 MAPK, whereas Ptp3 plays a minor
role (Jacoby et al. 1997; Wurgler-Murphy et al. 1997).
Therefore, Ptp3 and Ptp2 display relative substrate selec-
tivity towards Fus3 MAPK in pheromone response and
Hog1 in osmotic stress response, respectively.

In this study we investigated the molecular mecha-
nisms responsible for the determination of Ptp3 sub-
strate preference in vivo. Analysis of chimeric molecules
in which the functional domains of Ptp2 and Ptp3 were
swapped demonstrates that substrate selectivity is deter-
mined by the amino-terminal noncatalytic domains. In
addition, Ptp3 is targeted to Fus3 MAPK in vivo through
specific and direct protein–protein interaction mediated
by the Ptp3 amino-terminal domain instead of the phos-
phatase domain. Despite the limited overall sequence
homology between tyrosine phosphatase Ptp3 and mam-
malian dual-specificity MAPK phosphatases (MKPs), we
identified a stretch of residues conserved among Ptp3
and MKPs outside of the catalytic domain that is re-
quired for Ptp3 and Fus3 interaction. We further demon-
strate that such interaction is essential for Fus3 MAPK
regulation, as mutant forms of Ptp3 that have lost Fus3
binding are unable to dephosphorylate Fus3 in vivo. On

the other hand, Fus3 mutants, which abrogate the Ptp3
interaction, become constitutively phosphorylated on
Tyr and render cells carrying these mutant alleles more
sensitive to pheromone. These results demonstrate that
the in vivo targeting of protein tyrosine phosphatase
Ptp3 to its substrate Fus3 MAPK is required in the
MAPK regulation and in the determination of substrate
selectivity of phosphatases.

Results

The amino-terminal noncatalytic domains determine
Ptp2 and Ptp3 substrate specificity in vivo

To understand the molecular mechanism responsible for
substrate selectivity between Ptp2 and Ptp3, we first set
out to test the differential regulation of Fus3 or Hog1 by
PTPases biochemically by examining kinase activities in
vivo in PTPase gene disruption strains. The Fus3 kinase
was immunoprecipitated from wild type, ptp2D, ptp3D,
or ptp2Dptp3D double disruption cells treated with
pheromone. As previously observed (Zhan et al. 1997),
ptp2D single disruption had no effect on the kinase ac-
tivity and Tyr phosphorylation of HA–Fus3 (Fig. 1A, top
and middle, lanes 5,6) compared with wild type (lanes
3,4). In contrast, ptp3D single disruption enhanced both
kinase activity (twofold increase) and Tyr phosphoryla-
tion (lanes 7,8). Double disruption of ptp2Dptp3D further
increased the kinase activity (up to threefold) and Tyr
phosphorylation (top and middle, lanes 9,10). Interest-
ingly, when Hog1 activity and Tyr phosphorylation were
determined in cells challenged with high osmolarity (0.4
M NaCl), ptp3D disruption had little effect (Fig. 1B, top
and middle, lanes 7,8) compared with wild-type cells
(lanes 3,4), whereas ptp2D single disruption increased
both the basal, as well as the stimulated, activity (two-
fold increase, top, lanes 5,6) and Tyr phosphorylation
(middle, lanes 5,6). Double disruption of ptp2Dptp3D re-
sulted in further enhancement (up to fourfold in kinase
activity, top and middle, lanes 9,10). In all the immuno-
precipitation experiments, a similar amount of HA–Fus3
or HA–Hog1 was detected (Fig. 1A,B, bottom). Therefore,
these data are consistent with previous observations that
in vivo Fus3 and Hog1 MAPKs are differentially regu-
lated by Ptp3 and Ptp2, respectively (Jacoby et al. 1997;
Wurgler-Murphy et al. 1997; Zhan et al. 1997).

PTP2 and PTP3 encode proteins that share the highest
degree of homology in the carboxy-terminal phosphatase
domains. The amino-terminal noncatalytic domains are
much less conserved than the phosphatase domains. To
investigate which domain contributes to the in vivo sub-
strate selectivity, the amino-terminal domains of Ptp2
and Ptp3 were swapped to create P2N-P3 or P3N-P2 chi-
meric molecules (Fig. 1C). These chimeric molecules
were expressed in ptp2Dptp3D double disruption cells
from centromeric plasmids under the control of the
PTP3 promoter. Kinase activity and Tyr phosphorylation
of Fus3 (Fig. 1D) or Hog1 (Fig. 1E) were measured. Intro-
duction of PTP3 into ptp2Dptp3D cells reduced Fus3 ki-
nase activity (Fig. 1D, top, lanes 9–12) and Tyr phos-
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phorylation (middle, lanes 9–12) to the level comparable
in wild type (top and middle, lanes 3,4) or ptp2D disrup-
tion cells (top and middle, lanes 5,6). Expression of PTP2
or P2N-P3, which encodes a chimeric protein with Ptp2
amino-terminal and Ptp3 phosphatase domain, failed to

reduce Fus3 kinase activity (top, lanes 13–16) and Tyr
phosphorylation (middle, lanes 13–16) in ptp2Dptp3D
cells to the levels of wild-type cells (lanes 3,4). In fact,
the activity and Tyr phosphorylation remained at levels
comparable with ptp3D disruption cells (lanes 7,8). Inter-

Figure 1. The amino-terminal noncatalytic domain determines Ptp2 and Ptp3 substrate specificities in vivo. (A) Fus3 activity and
Tyr–Pi are elevated with ptp3D disruption. HA–Fus3 (pXZ147) was expressed in wild type (Y568), ptp2D (Y572), ptp3D (Y567), or
ptp2Dptp3D double disruption cells (Y578). Logarithmically growing cells were stimulated with 2.5 µM a-factor at 30°C for 30 min.
HA–Fus3 was immunoprecipitated, and kinase activities were determined by in vitro MBP kinase assays (top). The MBP phosphory-
lation levels were quantitated with a PhosphorImager (Molecular Dynamics) and normalized to the activity in unstimulated wild-type
cells expressing untagged FUS3 (pXZ148; lane 1). In parallel, anti-Pi–Tyr and anti-HA immunoblotting were performed on the same
immunoprecipitated samples to determine Tyr phosphorylation (middle), and HA–Fus3 protein levels (bottom). *IgG(H) denotes the
immunoglobulin heavy chain. (B) Hog1 activity and Tyr–Pi are elevated with ptp2D disruption. Wild type (Y568), ptp2D (Y572), ptp3D

(Y567), or ptp2Dptp3D double disruption cells (Y578) expressing a functional HA-tagged HOG1 (pXZ331) was subjected to 0.4 M NaCl
stimulation at 30°C for 10 min. The kinase activity, Tyr–Pi, and protein levels of HA–Hog1 were determined by performing immu-
noprecipitation, in vitro kinase assay using MBP as substrate (top), and immunoblotting with anti-Pi–Tyr (middle) and anti-HA
(bottom) mAbs as described in the Materials and Methods. The kinase activity is normalized to the level in unstimulated wild-type
cells expressing vector (top, lane 1). (C) Schematic representation of PTP2/PTP3 chimeric constructs. Open boxes and shaded boxes
depict PTP2 and PTP3, respectively. The active site Cys residues are indicated. PTP3* and PTP2* represent synthetic genes that
contain PTP3 or PTP2 ORF subcloned at the 38 end of the PTP3 promoter. All plasmids use the PTP3 promoter to drive the expression
of native or chimera proteins. (D) The amino-terminal domain of Ptp3 dictates the phosphatase specificity towards Fus3. Centromeric
plasmids that express PTP3 (pXZ273), PTP2 (pXZ315), P2N-P3 (pXZ316), and P3N-P2 (pXZ317) from the endogenous PTP3 promoter
were introduced into ptp2Dptp3D double disruption cells carrying HA–FUS3 (pXZ147). These transformants or wild-type (Y568), ptp2D

(Y572), ptp3D (Y567), and ptp2Dptp3D cells (Y578) carrying HA–FUS3 (pXZ147) + vector were stimulated with 2.5 µM a-factor.
Immunoprecipitation, in vitro kinase assay, and immunoblotting were performed to measure the kinase activity (top), Tyr–Pi (middle),
and HA–Fus3 (bottom) protein levels as described for A. (E) The amino-terminal domain of Ptp2 determines its selectivity towards
Hog1. Centromeric plasmids that express PTP3 (pXZ273), PTP2 (pXZ315), P2N-P3 (pXZ316), and P3N-P2 (pXZ317) were introduced
into ptp2Dptp3D double disruption cells carrying HA–HOG1 (pXZ331). Wild type (Y568), ptp2D cells (Y572), ptp3D cells (Y567), or
ptp2Dptp3D cells (Y578) carrying the indicated plasmids were treated with 0.4 M NaCl for 5 min at 30°C. HA–Hog1 kinase activity
(top), Tyr–Pi levels (middle), and protein levels (bottom) were determined as described for B. All experiments were repeated with
similar results.
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estingly, when P3N-P2, which encodes Ptp3 amino-ter-
minal fused to Ptp2 phosphatase domain, was expressed
in ptp2Dptp3D double disruption cells, both Fus3 kinase
activity (top, lanes 17,18) and Tyr phosphorylation
(middle, lanes 17,18) were reduced to the levels compa-
rable with ptp2D single disruption cells (lanes 5,6).

In parallel, the kinase activity and Tyr phosphoryla-
tion of Hog1 in cells expressing these chimeric mol-
ecules were examined. Expression of PTP2 (lanes 13,14)
or P2N-P3 chimera (lanes 15,16) in ptp2Dptp3D cells de-
creased the Hog1 activity and Tyr phosphorylation to the
levels comparable with ptp3D single disruption (lanes
7,8) or wild-type cells (lanes 4,5). In contrast, expression
of PTP3 (lanes 11,12) or P3N-P2 (lanes 17,18) failed to
reduce the Hog1 activity and Tyr phosphorylation to the
levels of wild-type (lanes 3,4) or ptp3D cells (lanes 7,8).

These data demonstrate that P2N-P3 functionally
complements defects of Hog1 regulation in ptp2D cells,
whereas the P3N-P2 chimera complements defective
Fus3 regulation in ptp3D cells. Therefore, the functions
of Ptp2/Ptp3 chimeras in vivo are dictated by the amino-
terminal noncatalytic domains instead of the carboxy-
terminal phosphatase domains. Although we were un-
able to assess the expression level and stability of these
chimeric molecules, the observation that P2N-P3 or
P3N-P2 could functionally complement ptp2D or ptp3D,
respectively, argues against the possibility that the ex-

pression of these chimeric molecules is abnormal. Taken
together, our data strongly suggest that the amino-ter-
minal noncatalytic domains of Ptp2 and Ptp3 determine
their substrate specificity in vivo.

Specific interaction between Fus3 and Ptp3 in vivo

To investigate how the selectivity of Ptp3 towards Fus3
is achieved, we test the interaction between Fus3 and
three yeast tyrosine phosphatases, Ptp1, Ptp2, or Ptp3, by
in vivo copurification. A functional HA epitope-tagged
Fus3 was coexpressed with GST phosphatase fusion pro-
teins in yeast cells. The GST fusion proteins and their
associated proteins were purified from the total cellular
extract using glutathione (GSH)–agarose, eluted from the
affinity resin with free GSH and subsequently analyzed
by immunoblotting using anti-HA or anti-GST antibody.
HA–Fus3 was found to copurify with GST–Ptp3 (Fig. 2A).
In contrast, very little HA–Fus3 copurified with GST–
Ptp2 and no HA–Fus3 was associated with GST–Ptp1 or
GST (top). Differences in binding affinities were unlikely
to be due to lack of expression of GST, GST–Ptp1, or
Ptp2 because these proteins are readily detected in either
lysates or GSH eluates (Fig. 2A, bottom). As controls,
neither HA-tagged yeast Cdc28 kinase nor phosphoglyc-
erate kinase Pgk3, an abundant yeast protein, copurified
with GST–Ptp3 in similar assays (Fig. 2B). The interac-

Figure 2. Specific interaction between
Fus3 and Ptp3. (A) Fus3 interacts with
GST–Ptp3 but not GST–Ptp1 or GST–
Ptp2 in vivo. Total cellular lysates were
prepared from wild-type cells (Y568) co-
expressing HA–FUS3 (pXZ147) with
either vector, GST (pXZ134), GST–PTP1
(pXZ110), GST–PTP2 (pXZ113), or GST–
PTP3 (pXZ123). GST fusion proteins were
purified on GSH–agarose and eluted with
free GSH. Western blotting analysis was
performed on total lysates or GSH eluates
with anti-GST or anti-HA antibody to de-
tect GST fusion proteins or HA–Fus3. Ly-
sates prepared from cells transformed with
untagged FUS3 (pXZ148) and GST–PTP3
(pXZ123) were used as a negative control.
(*) A protein in lysate cross-reactive with
anti-HA 12CA5 mAb. Representative data
from at least two independent experiments
are shown. (B) GST–Ptp3 does not interact
with HA–Cdc28 or Pgk3. HA–CDC28
(pSF19) and either vector, GST (pXZ134),
GST–PTP3 (pXZ123), or GST–ptp3C814G
(pXZ136) were introduced into wild-type
cells (Y568) as a control. After GSH–agarose affinity purification of the GST fusion proteins, Western blotting analysis was performed
on total lysates or GSH eluates with anti-HA (12CA5), anti-Pgk3 (yeast phosphoglycerate kinase 3), or anti-GST antibody. (*) A protein
in lysate cross-reactive with anti-HA 12CA5 mAb. (C) PTP3 interacts with FUS3 but not STE7 in yeast two-hybrid assay. A two-hybrid
host strain (EGY48) was transformed with lexA DNA binding domain fusion BD–PTP3 (pXZ152) with either vector or B42 transac-
tivation domain fusion AD–FUS3 (pXZ302) or AD–STE7 (pXZ292). Alternatively, the host strain was transformed with BD–FUS3
(pXZ322) with either vector or AD–STE7 (pXZ292). At least two transformants were picked at random and streaked on SC-HWU/
Dextrose to maintain the plasmids or on SC-HWUL/Galactose/Rafinose to induce the GAL1,10 promoter-driven AD fusion proteins
and to test the expression of LEU2 reporter. The dependence of LEU2 reporter expression on the AD fusion was tested by streaking
transformants on SC-HWUL/Dextrose plates on which the expression of AD fusion genes were repressed.
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tion between Fus3 and Ptp3 was further examined in a
yeast two hybrid system (Gyuris et al. 1993). PTP3 was
expressed as a lexA DNA-binding domain fusion (BD fu-
sion). FUS3 or its upstream activator STE7 MEK was
fused to the bacterial B42 transactivation domain fusion
(AD fusion). The expression of AD fusion proteins was
controlled by a galactose inducible promoter. The lexA
operator-driven LEU2 (lexAop–LEU2) reporter gene was
induced when BD–PTP3 and AD–FUS3 were coex-
pressed on medium containing galactose, suggesting a
positive interaction (Fig. 2C). Although AD–STE7 was
able to interact with BD–FUS3, no interaction was de-
tected between BD–PTP3 and AD–STE7. Based on re-
sults from these two independent approaches, we con-
clude that Ptp3 specifically interacts with Fus3.

The Fus3 and Ptp3 interaction is direct

The interaction between Ptp3 and Fus3 can be direct or,
alternatively, indirectly mediated by other components
in the Fus3 MAPK pathway. Ste5 has been shown to
function as a scaffold that organizes multiple compo-
nents of pheromone signaling pathway into a protein
complex through its interactions with Ste11 MEKK, Ste7
MEK, and Fus3, etc. (Choi et al. 1994; Marcus et al. 1994;
Printen and Sprague 1994). In addition, Fus3 also forms a
complex with its upstream activating kinase, the Ste7
MEK (Bardwell et al. 1996). To exclude the possibility

that Ptp3 and Fus3 interaction is mediated by Ste5 or
Ste7, in vivo copurification was performed to determine
the Ptp3/Fus3 interaction in ste5D, ste7D, or ste5Dste7D
disruption cells (Fig. 3A). The interaction was not sig-
nificantly affected in any disruption strains compared
with wild-type cells, suggesting that this interaction is
independent of the Ste5 scaffold protein and the Ste7
MEK.

To test whether Ptp3 and Fus3 can directly interact
with each other, an in vitro binding assay was performed
using recombinant GST fusion protein purified from
Escherichia coli and Ptp3 synthesized by in vitro coupled
transcription/translation. The [35S]Met-labeled Ptp3 was
partially purified after in vitro synthesis and incubated
with immobilized GST or GST fused to transcription
factor Elk1, mammalian cyclin-dependent kinase Cdk6,
mammalian MAPK Erk1, or Fus3. The proteins retained
on GSH–agarose affinity resin were analyzed by SDS-
PAGE, Coomassie blue staining and autoradiography.
Ptp3 associated only with GST–Fus3 (Fig. 3B). Based on
the concentration of Ptp3 used in the binding assay and
the amount of Ptp3 bound, we estimated the dissociation
constant (Kd) is ∼200 nM for Fus3 and Ptp3, indicating a
high-affinity association. Although it is formally pos-
sible that Ste5 or Ste7 may modulate the association of
Fus3 and Ptp3 in vivo, these results support a model of
direct interaction.

Pheromone stimulation induces phosphorylation at

Figure 3. The Fus3 and Ptp3 interaction is
direct. (A) The Fus3 and Ptp3 interaction is
independent of Ste5 scaffold or St7 MEK.
HA–FUS3 (pXZ147) and GST–PTP3
(pXZ123) expression plasmids were trans-
formed into wild type (Y568), ste5D disrup-
tion cells (Y305), ste7D disruption cells
(Y306), or ste5Dste7D double disruption
cells (Y313). In vivo copurification assay
and immunoblotting were conducted as de-
scribed in the legend to Fig. 2A. (B) Direct
interaction of Fus3/Ptp3 detected by in
vitro binding assay. Full-length Ptp3 labeled
with [35S]Met was synthesized in reticulo-
cyte-coupled transcription/translation sys-
tem. The labeled Ptp3 was partially purified
and subjected to binding assay with recom-
binant GST or GST fused to Elk1, Cdk6,
Erk1, and Fus3 purified from E. coli. as de-
scribed in Materials and Methods. Recom-
binant proteins were visualized by Coo-
massie blue staining, and Ptp3 was detected
by autoradiography. (C) The Fus3 and Ptp3
interaction is independent of the Tyr phos-
phorylation or pheromone stimulation.
Wild-type cells (Y568) harboring HA–FUS3
(pXZ147) or HA–fus3Y182F (pXZ148) and
with either vector, GST (pXZ134), GST–
PTP3 (pXZ123), or GST–ptp3C814G
(pXZ136) were stimulated with 2.5 µM

a-factor for 30 min. In vivo copurification
assay and immunoblotting were performed
as described in the legend to Fig. 2A.
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residue Tyr-182 in the activation loop of Fus3 kinase,
and this Tyr phosphorylation is essential for Fus3 activ-
ity (Gartner et al. 1992). We have shown that Ptp3 regu-
lates the phosphorylation of Tyr-182. To test whether
the interaction between the phosphatase Ptp3 and its
substrate Fus3 is affected by Tyr phosphorylation or
pheromone stimulation, we performed in vivo copurifi-
cation to determine the association of a Fus3Y182F mu-
tant with Ptp3 or a previously described catalytically in-
active C814G mutant (Zhan et al. 1997) in unstimulated
or pheromone-stimulated cells (Fig. 3C). The association
between Fus3 and Ptp3 was detected in unstimulated
cells and was not significantly affected following stimu-
lation (lanes 9,10). The interaction was also not affected
by the Y182F mutation (lanes 11,12), which abolished
the Tyr phosphorylation site on Fus3, suggesting that
interaction is independent of Fus3 Tyr phosphorylation.
It has been demonstrated in several Tyr phosphatases
that mutations of active site will stabilize the phospha-
tase–substrate complex, presumably as a result of the
inability of the phosphatases to dephosphorylate and
subsequently release substrates (Sun et al. 1993; Garton
et al. 1996). Interestingly, the C814G mutation at the
essential Cys in Ptp3 abolished the Tyr phosphatase ac-
tivity (data not shown) yet had no significant effect on
Fus3 binding (Fig. 3C, lanes 13–16). Therefore, the cata-
lytic domain of Ptp3 may not be responsible for Fus3
interaction, consistent with the functional assays in Fig-
ure 1.

The amino-terminal noncatalytic domain
of Ptp3 mediates the interaction
with Fus3 and is essential for Ptp function

To map the Fus3 interaction site, we constructed a series
of truncated Ptp3 molecules fused to GST (Fig. 4A) and
examined their abilities to interact with HA–Fus3 by in
vivo copurification assay. Immunoblotting with anti-
GST mAb detected the expression of truncated Ptp3
molecules (Fig. 4B, bottom). HA–Fus3 associated with
full-length, wild-type Ptp3 or the C814G mutant (Fig. 4B,
middle, lanes 4,5). HA–Fus3 also copurified with GST–
DC3 (amino acid residues 1–171), GST–DC2 (residues
1–350), or GST–DC1 (residues 1–686) (middle, lanes
6,7,9), suggesting that the amino-terminal domain is suf-
ficient for Fus3 association. In contrast, when the amino-
terminal noncatalytic domain was deleted, the interac-
tion between Fus3 and Ptp3 was abolished (middle, lane
8). In addition, in the yeast two hybrid assay, AD–FUS3
could associate with full-length BD–PTP3, BD–
ptp3DC(1–350) but not with BD–ptp3DN(380–931) (data
not shown). From these results we conclude that the
amino-terminal noncatalytic domain (residues 1–171) of
Ptp3 is necessary and sufficient for Fus3 interaction.

To investigate the physiological function of the Fus3
binding domain of Ptp3, we examined the effects of de-
leting this domain on PTP3 function by two assays:
complementation of chromosomal ptp3D disruption and
suppression of STE11-4. In ptp3D cells, the basal and
stimulated Tyr phosphorylation as well as kinase activ-

ity of Fus3 are elevated. We tested the ability of wild-
type PTP3, ptp3C814G, ptp3DN(381–931), or ptp3DC(1–
350) to reverse the effects of a chromosomal ptp3D dis-
ruption when these molecules were expressed from the
endogenous promoter on centromeric plasmids (Fig. 4C).
The HA–Fus3 proteins were analyzed for Tyr phosphory-
lation and kinase activity. HA–Fus3 displayed similar
levels of Tyr phosphorylation and activity in wild type
(Fig. 4C, lanes 3,4) or ptp2D single disruption cells (lanes
5,6). Basal Tyr phosphorylation of Fus3, as well as the
pheromone-stimulated phosphorylation and kinase ac-
tivity are elevated in ptp2Dptp3D double disruption cells
(lanes 7,8). Elevated Tyr phosphorylation and kinase ac-
tivity were reduced when a genomic PTP3 clone (lanes
9,10) or the single copy PTP3 gene driven by the endog-
enous PTP3 promoter (PTP3*; lanes 11,12) was expressed
in ptp2Dptp3D. In contrast, expression of neither the
catalytically deficient C814G mutant (lanes 13,14),
ptp3DN (residues 381–931, lanes 15,16), nor ptp3DC
(residues 1–350, lanes 17,18) was able to decrease the
Fus3 Tyr phosphorylation and pheromone-stimulated ki-
nase activity to the levels in wild-type or ptp2D cells.
Because of the single copy number and low expression of
the PTP3 gene from its endogenous promoter, we were
unable to assess the protein levels of PTP3, ptp3C814G,
ptp3DN, and ptp3DC with immunoblotting. However,
when these molecules were fused to GST and expressed
from a strong yeast ADH1 promoter, all were expressed
well (Fig. 4B; data not shown). In addition, the lack of
complementation by ptp3DN is unlikely due to lack of
phosphatase activity because the purified ptp3DN has
been shown to possess enzymatic activity (Fig. 5D, bar 5;
Zhan et al. 1997).

The significance of the amino-terminal Fus3 binding
domain in Ptp3 function was further tested by examin-
ing the ability of multicopy PTP3 to suppress STE11-4-
induced pheromone-responsive element (PRE)–lacZ re-
porter expression (Fig. 4D). In cells bearing a chromo-
somal STE11-4 allele that encodes a mutant MEKK with
constitutive activity, the PRE–lacZ reporter gene expres-
sion is elevated in the absence of stimulation (Fig. 4D,
bar 2). This high-level reporter gene expression can be
suppressed when PTP3 is expressed from a multicopy
plasmid (bars 3 and 5), and the suppression is signifi-
cantly diminished by multicopy catalytically deficient
C814G mutant (bars 4 and 6). When the carboxy-termi-
nal phosphatase domain was deleted, the truncated
ptp3DC failed to reduce PRE–lacZ expression (bar 8). In-
terestingly, the PRE–lacZ expression in STE11-4 cells
was not suppressed by multicopy ptp3DN that lacks the
amino-terminal Fus3 binding domain but retains the in-
tact phosphatase domain (bar 7). The lack of suppression
by ptp3DN was not due to lack of expression because the
multicopy HA-tagged ptp3DN used in this experiment
can be readily detected in the cell extract (data not
shown). Our data suggest that the amino-terminal non-
catalytic domain is required for Ptp3 function in vivo,
possibly for targeting Ptp3 to Fus3 kinase thereby allow-
ing dephosphorylation by the phosphatase domain.

One prediction from this hypothesis is that if the Ptp3
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amino-terminal domain is fused to a different phospha-
tase that is normally not involved in Fus3 regulation, by
providing a Fus3 binding site, then this chimeric mol-
ecule may mimic the function of Ptp3. To test this pos-
sibility, the PTP1 gene or a chimeric P3N-P1 molecule
created by fusing a Ptp3 amino-terminal domain to Ptp1
was expressed in STE11-4 cells. Multicopy PTP1 was un-
able to decrease PRE–lacZ expression (Fig. 4D, bar 9)
(Zhan et al. 1997). In contrast, multicopy P3N-P1 re-
duced b-galactosidase activity (bar 10) to a level similar
to PTP3 (bar 3 or 5). Taken together, these data strongly
suggest that the amino-terminal noncatalytic domain of

Ptp3 is essential for PTP3 function in vivo. Our data also
indicate that the Ptp3 amino-terminal domain targets
the phosphatase to its physiological substrate Fus3, thus
allowing the phosphatase domain to dephosphorylate and
inactivate Fus3. This hypothesis is further tested in the
following experiments using Ptp3 with point mutations.

Point mutations in the amino-terminal CH2 motif
severely compromise Fus3 interaction and Ptp3 function

Close inspection of the Ptp3 amino-terminal amino acid
sequence (residues 1–180) revealed intriguing sequence

Figure 4. The amino-terminal noncatalytic domain of Ptp3 is necessary and sufficient for Fus3 interaction and is essential for Ptp3
function. (A) Wild type and various truncated Ptp3 molecules are depicted schematically. The numbers represent the number of amino
acid residues in Ptp3. (+) A positive interaction with Fus3; (-) no interaction. (B) The amino-terminal domain is necessary and sufficient
for Fus3 binding. Wild-type cells carrying HA–FUS3 (pXZ147) was transformed with either GST–PTP3 (pXZ123), GST–ptp3C814G
(pXZ136), GST–DC3 (pXZ125), GST–DC2 (pXZ126), GST–DN (pXZ207), or GST–DC1 (pXZ204). In vivo copurification assay and
immunoblotting were performed as described in the legend to Fig. 2A. (C) The amino-terminal domain is required for Ptp3 function
in vivo. Wild-type PTP3 (pXZ273) (lanes i11,12), ptp3C814G (pXZ274) (lanes 13,14), ptp3DN (pXZ275) (lanes 15,16), or ptp3DC
(pXZ276) (lanes 17,18) driven by endogenous PTP3 promoter from single copy plasmids were expressed in ptp2Dptp3D double disrup-
tion cells (Y578) bearing HA–FUS3 (pXZ147). A single copy genomic clone of PTP3 (lanes 9,10) was used as a control. Wild type (Y568),
ptp2D single disruption (Y572), or ptp2Dptp3D double disruption cells (Y578) carrying the indicated plasmids were stimulated with 2.5
µM a-factor for 30 min at 30°C. Anti-HA immunoprecipitation, in vitro MBP kinase assays, anti-Pi–Tyr, and anti-HA immunoblotting
were performed to determine kinase activity (top), Tyr phosphorylation (middle), and HA–Fus3 protein levels (bottom). Representative
results from at lease two independent experiments are shown. (D) Suppression of STE11-4 induced PRE–lacZ by multicopy PTP3 wild
type, C814G, ptp3DN, and ptp3DC. Ptp1 and chimeric molecule in which Ptp1 is fused to Ptp3 amino-terminal domain were depicted
schematically. SY1866 (STE11-4) carrying PRE–lacZ reporter plasmid (pUZ4) was transformed with vector, multicopy genomic PTP3
(pXZ213), ptp3C814G (pXZ214), PTP3* (pXZ77), C814G* (pXZ278), DN (pXZ279), DC (pXZ280), PTP1 (pXZ324), or P3N-P1 (pXZ325).
b-Galactosidase activity in the absence of a-factor was measured, and the control activity of SY1866 carrying only pUZ4 reporter
plasmid and vector was normalized to 100%. Each value is the mean activity measured in duplicate from two independent transfor-
mants.
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motifs that are also found in mammalian MKPs, desig-
nated as CH2A and CH2B (Cdc25 homology region)
(Keyse and Ginsburg 1993; Kwak et al. 1994; Muda et al.
1996a, 1997). In Ptp3 the homology is the highest within
the CH2A motif (Fig. 5A). The CH2A and CH2B regions
of Cdc25 flank the active site and function to maintain
the structure as revealed by crystallographic study (Fau-
man et al. 1998). In mammalian MKPs, the CH2 motifs
are located amino-terminal to the dual-specificity phos-
phatase domain. The presence of amino-terminal CH2
motifs is a unique feature shared by all MKPs, yet the
significance of these motifs is not fully understood
(Keyse 1995). Interestingly, in S. cerevisiae or Schizosac-
charomyces pombe these two motifs are present at the
amino-terminal region of tyrosine phosphatases instead
of dual-specificity phosphatases. Additionally, we also
identified a stretch of amino acids (residues 142–160 in
Ptp3; Fig. 5A) that are highly conserved between Ptp3
and mammalian MKPs but are absent in the Cdc25 phos-

phatase. Furthermore, the sequence similarity within
the CH2A motif among Ptp3 (residues 114–137) and
mammalian MKPs is higher than the similarity between
yeast Ptp3 and Ptp2 (Fig. 5A). The observations that Ptp3
and MKPs all possess these CH2 motifs in the amino
terminus raises a tantalizing hypothesis: Do the CH2
motifs of Ptp3 serve as a Fus3-binding site? We generated
three clusters of mutations in the conserved motifs (Fig.
5A) and tested the abilities of these mutant proteins to
interact with Fus3 in vivo. All three mutants were
soluble and were expressed at similar levels as wild-type
Ptp3 (Fig. 5B, bottom), suggesting that the mutations did
not cause deleterious changes on global protein struc-
ture. However, the ability to interact with Fus3 was sig-
nificantly reduced in mutant #2 (m2) and abolished in
mutant #1 (m1) or mutant #3 (m3) (Fig. 5B, middle).
Therefore, these residues conserved among yeast PT-
Pases and mammalian MKPs are critical for Fus3 and
Ptp3 interaction.

Figure 5. Mutations in the CH2 domain of Ptp3 abrogate Fus3
binding and Pp3 function in vivo. (A) The amino-terminal region of
Ptp3 contains conserved amino acid residues present in yeast tyro-
sine phosphatases and mammalian MKPs. Multiple amino acid se-
quence alignment of S. cerevisiae Ptp3 and Ptp2, S. pombe pyp1 and
pyp1, and mammalian MKPs were obtained with ClustalW
(MacVector) program. The CH2A motif is underlined. The amino

acid substitutions of mutants Ptp3 (m1, m2, or m3) generated in this study are indicated. The
accession numbers for aligned sequences are as follows: human MKP1 (X68277), MKP2
(U21108), and PAC1 (L11329); Rat MKP3 (Q64346); S. pombe SpPYP1 (P27574) and SpPYP2
(P32586); and S. cerevisiae ScPTP2 (P29461) and ScPTP3 (P40048). (B) Mutations in the CH2
domain affect the interaction with Fus3. Copurification assays were performed using lysates
prepared from wild-type cells expressing HA–Fus3 (pXZ147) together with either GST
(pXZ134), GST–Ptp3 (pXZ123), GST–mutant 1 (m1; pXZ339), GST–mutant 2 (m2; pXZ340), or
GST–mutant 4 (m4; pXZ341). GST fusion proteins or HA–Fus3 were detected by anti-HA or
anti-GST immunoblotting, respectively. (C) The CH2 domain is required for PTP3 function in
vivo. Wild-type PTP3 (pXZ273), m1 (pXZ342), m2 (pXZ343), or m3 (pXZ344) driven by endog-
enous PTP3 promoter from single copy plasmids were expressed in ptp2Dptp3D double dis-
ruption cells (Y578) bearing HA–FUS3 (pXZ147). The complementation of ptp3D by PTP3, m1,
m2, or m3 was tested by determining the Fus3 kinase activity and Tyr–Pi as described in the
legend for Fig. 1D. (D) Mutations in the CH2 domain have no effect on Ptp3 Tyr phosphatase
activity. GST, GST–Ptp3 wild-type, m1, m2, or m3 protein was purified from wild-type yeast
cells expressing the respective proteins. The Tyr phosphatase activity (top) was determined by
using MBP as a substrate, which was labeled in vitro by v-Src kinase on Tyr residues. Phos-
phatase activities were normalized to the amount of purified proteins quantified by anti-GST
immunoblotting (bottom) and densitometery scanning. Data points are the mean of duplicated
measurement.
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We assessed the abilities of PTP3 mutants to comple-
ment chromosomal ptp3D deletion when these mutant
genes were expressed from the endogenous PTP3 pro-
moter on single copy plasmids. Introducing the wild-
type PTP3 gene into ptp2Dptp3D cells (Fig. 5C, lanes
9,10) effectively reduced the elevated Fus3 kinase activ-
ity (Fig. 5C, top) and Tyr–Pi (Fig. 5C, middle) to the levels
in wild-type (lanes 3,4) or ptp2D cells (lanes 5,6). The
ptp3 m2 mutant (lanes 13,14) reduced the kinase activity
and Tyr–Pi to a level between wild-type cells and (lanes
3,4) ptp2Dptp3D double disruption cells (lanes 7,8), sug-
gesting partial complementation. In contrast, when ptp3
m1 (lanes 11,12) or m3 (lanes 15,16) was expressed, Fus3
kinase activity and Tyr–Pi remained as high as the levels
in the ptp2Dptp3D double disruption cells (lanes 7,8;
three- to fourfold higher than activity in wild type), in-
dicating a lack of complementation.

To determine whether these mutations affect Ptp3
phosphatase activity, the Ptp3 mutants were purified as
GST fusion protein from yeast cell lysates and tyrosine
phosphatase activities were measured. In vitro phospha-
tase activity was assayed using myelin basic protein
(MBP) phosphorylated on Tyr residue by v-Src Tyr kinase
as a substrate (Fig. 4D). All three mutant proteins (bars
6–8) displayed phosphatase activity similar to wild-type
Ptp3 (bar 3). Therefore, the lack of complementation by
mutant Ptp3 is not attributable to lack of phosphatase
activity. Our data demonstrate that the CH2 motifs of
Ptp3 are required for interaction with Fus3 and the
physiological function of Ptp3.

Mutations at residue Asp-317 of FUS3 increase
sensitivity of cells to pheromone, elevate
Fus3 Tyr phosphorylation and kinase activity

If the Fus3 and Ptp3 interaction is critical for the physi-
ological regulation of Fus3 MAPK, then a mutant kinase
unable to interact with Ptp3 should no longer be regu-
lated by Ptp3 and show elevated Tyr phosphorylation
even in the presence of wild-type Ptp3. Furthermore, the
FUS3 mutant should behave as a dominant gain-of-func-
tion allele. One previously identified gain-of-function al-
lele is a Leu substitution at the Ile-161 residue that is not
highly conserved among MAPKs. The Fus3I161L mutant
has elevated autophosphorylation activity, thereby in-
creasing pheromone sensitivity (Brill et al. 1994). An-
other mutation, substitution of Asp-317 to Gly, results
in insensitivity to the repression of mating pathway by
the Hog1 MAPK pathway under osmotic-shock condi-
tion (Hall et al. 1996). Interestingly, Asp-317 is evolu-
tionarily conserved among all members of the MAPK
family. An analogous mutation termed Sevenmaker
(rlsevenmaker), which contains a single amino acid substi-
tution of Asn-334 for Asp (D334N) in the Drosophila
MAPK, displays a dominant gain of function and acti-
vates several developmental pathways (Brunner et al.
1994). Similarly, the mammalian ERK2 D319N mutant
is also more sensitive to activation by stimuli and ap-
pears to be resistant to inactivation by dual-specificity
phosphatases in transfected cells (Bott et al. 1994; Chu et

al. 1996; Camps et al. 1998). However, the molecular
mechanism underlying this gain-of-function mutation is
unknown.

We examined the effects of FUS3D317N and
FUS3D317G on the pheromone sensitivity of wild-type
yeast cells (Y568). Pheromone-induced cell cycle arrest
was determined by spotting serially diluted culture from
cells expressing vector, single copy FUS3 wild type,
D317N, or D317G on medium containing various con-
centrations of a-factor. D317N and D317G had no ad-
verse effect on the growth of wild-type cells in the ab-
sence of pheromone (Fig. 6A, left). In contrast, both mu-
tants rendered the cells more sensitive towards
pheromone-induced cell cycle arrest than vector or wild-
type FUS3 alone (Fig. 6A, right). The enhanced sensitiv-
ity was also confirmed by the halo assay (data not
shown). Then, the effect on pheromone-inducible PRE–
lacZ reporter gene expression was determined. Expres-
sion of single copy D317N or D317G in wild-type cells
(Y568) resulted in more than twofold increase in basal
(Fig. 6B, left) as well as pheromone-stimulated (Fig. 6B,
right) b-galactosidase activity compared with cells car-
rying vector or wild-type FUS3. Similar expression levels
of Fus3, D317N, and D317G were detected in wild-type
cells by immunoblotting (data not shown). Therefore,
these results demonstrate that cells carrying D317N or
D317G mutant display enhanced sensitivity towards
pheromone similar to the previously characterized I161L
mutant (Brill et al. 1994).

To elucidate the biochemical mechanisms of Fus3 mu-
tations at residue Asp-317, we measured kinase activity
and Tyr phosphorylation of HA-tagged Fus3, D317N, or
D317G mutants (Fig. 6C). Upon pheromone stimulation,
the activity (Fig. 6C, top) of HA–D317N (lane 8) or HA–
D317G (lane 12) was reproducibly twofold higher than
Fus3 wild-type activity (lane 4). When the Tyr phos-
phorylation status was monitored by anti-Pi–Tyr immu-
noblotting (Fig. 6C, middle), the Tyr phosphorylation of
wild-type Fus3 is only detected when cells were stimu-
lated with pheromone (lanes 3,4). To the contrary, a dra-
matic increase in basal Tyr phosphorylation (in the ab-
sence of pheromone) was consistently observed on both
D317N (lane 7) and D317G (lane 11) mutants compared
with wild-type Fus3 (lane 3). The Tyr phosphorylation
was further increased upon pheromone stimulation
(lanes 8,12). Fus3, like all MAPK, requires phosphoryla-
tion on the Tyr residue in the conserved TXY motif (Tyr-
182) for activation and signaling. When Tyr-182 was re-
placed by Phe (Y182F) alone or in combination with
D317N or D317G, no kinase activity was detected (Fig.
6C, top, lanes 5,6,9,10,13,14). Furthermore, Tyr phos-
phorylation of wild-type Fus3, D317N, or D317G mu-
tant was eliminated by the Y182F substitution, suggest-
ing that Y182 is the site that becomes constitutively
phosphorylated. The differences in Tyr–Pi and kinase ac-
tivity were not attributable to variations in protein ex-
pression levels because similar amounts of HA-tagged
proteins were present as shown by anti-HA immuno-
blotting. Taken together, mutations at residue Asp-317
of Fus3 result in an increased sensitivity to pheromone,
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Figure 6. Mutations at residue Asp-317
of FUS3 increase Tyr phosphorylation, ki-
nase activity, and sensitivity to phero-
mone. (A) Sensitivities of cells carrying
FUS3, FUS3D317N, FUS3D317G, or
FUS3I161L to pheromone-induced growth
arrest. Centromeric plasmids containing
either vector, wild-type FUS3 (pXZ287),
FUS3D317N (pXZ289), FUS3D317G
(pXZ290), or FUS3I161L (pXZ291) ex-
pressed from endogenous FUS3 promoter
were transformed into wild-type cells
(Y568). Aliquots of the indicated strains
were serially diluted and spotted onto se-
lective agar media in the absence (left) or
presence (right) of a-factor. Plates were in-
cubated for 3 days at 30°C and photo-
graphed. Representative results from at
least three experiments using independent
transformants are shown. (B) Fus3 mutants
increase expression of lacZ reporter gene
driven by pheromone-responsive promot-
er. b-Galactosidase activities in wild-
type cells (Y568) carrying pUZ4 reporter
with either empty vector, single copy
FUS3 (pXZ287), FUS3D317N (pXZ289),
FUS3D317G (pXZ290), or FUS3I161L
(pXZ291) were determined in the absence
of a-factor (left) or presence of 2.5 µM a-fac-
tor for 2 hr (right). Y568 cells carrying
FUS3 (pXZ287) without the reporter was
included as a control. The activities in
Miller unit are the mean values from
duplicated assays with two indepen-
dent transformants. (C) Enhanced kinase
activity and Tyr–Pi of Fus3 D317N and
D317G. Wild-type cells (Y568) expressing
the HA-tagged FUS3 (pXZ147), Y182F
(pXZ150), D317N (pXZ281), D317N/Y182F
(pXZ283), D317G (pXZ282), or D317N/
Y182F (pXZ284) were treated with 2.5 µM

a-factor for 30 min. The kinase activity
(top) and Tyr–Pi (middle), and protein lev-
els (bottom) were determined as described
in the legend to Fig. 1A. (D) D317N and
D317G mutations have no effect on
Fus3 autophosphorylation activity. Fus3
(not tagged; pXZ148), HA-tagged Fus3
(pXZ147), Y182F (pXZ150), D317N
(pXZ281), D317N/Y182F (pXZ283),
D317G (pXZ282), or D317G/Y182F
(pXZ284) were immunoprecipitated from
wild-type cells (Y568) without pheromone
treatment. The autophosphorylation ac-
tivities of Fus3 were determined by adding
[g-32P]ATP to the immunoprecipitants and
incubating at 30°C for 45 min. Proteins were resolved on SDS-PAGE and analyzed by autoradiography (top). Tyr phosphorylation
(middle) and protein levels (bottom) were determined by anti-HA and anti-Pi–Tyr immunoblotting, respectively. (E) The elevated Tyr
phosphorylation of Fus3 mutants is independent of STE7. HA– FUS3 (pXZ147), FUS3D317N (pXZ281), or D317G (pXZ282) was
expressed in either wild-type (Y568) cells (lanes 3,4,7,8,11,12) or ste7D disruption (Y306) cells (lane 5,6,9,10,13,14). After 30-min
stimulation with 2.5 µM a-factor, the kinase activities and Tyr–Pi of Fus3 proteins in these cells were determined. (F) The elevated
basal Tyr phosphorylation of Fus3 D317N mutant requires its kinase activity. HA–FUS3 (pXZ147), catalytically deficient K42R
(pXZ345), D317N (pXZ281), or K42R/D317N (pXZ347) was expressed in wild-type (Y568) cells. After 30-min stimulation with 2.5 µM

a-factor, the kinase activities and Tyr–Pi of Fus3 proteins were determined.
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elevated Tyr phosphorylation, and higher kinase activ-
ity.

Several possible mechanisms can be envisioned to ex-
plain the above results. First, the Fus3 mutants may have
augmented autophosphorylation activity towards the
Tyr-182 residue as in the case of Fus3I161L mutant (Brill
et al. 1994). To test whether mutations at Asp-317 en-
hance autophosphorylation activity, HA-tagged Fus3,
D317N, and D317G were immunoprecipitated,
[g-32P]ATP was added to the immunoprecipitants, and
autophosphorylation activity was measured (Fig. 6D).
No significant difference was observed on the autophos-
phorylation activity of Fus3 wild type (top panel, lane 2),
D317N (lane 4), and D317G (lane 6). The second possi-
bility is that Fus3, D317N or D317G mutants are better
substrates for Ste7 MEK than wild type, resulting in
more efficiently phosphorylation catalyzed by Ste7. If
this is correct, then it can be predicted that in ste7D
disruption cells, the constitutive Tyr phosphorylation of
D317N or D317G should be eliminated. To test this al-
ternative mechanism, the kinase activity and Tyr phos-
phorylation of wild-type Fus3, D317N, and D317G mu-
tants were compared in wild-type or ste7D disruption
cells. No pheromone-inducible kinase activities of wild-
type Fus3, D317N, and D317G mutants were detected in
ste7D cells (Fig. 6E, top, lanes 5,6,9,10,13,14). Impor-
tantly, the basal Tyr phosphorylation of D317N and
D317G mutants in ste7D cells remained at similar levels
as in wild-type cells (lanes 7,9,11,12), suggesting that the
elevated basal Tyr phosphorylation is independent of
Ste7. However, the induction of Tyr phosphorylation of
wild type, D317N, and D317G by pheromone was elimi-
nated by ste7D disruption (lanes 6,8,10,12,14), indicating
that the induction still requires Ste7.

If the basal Tyr phosphorylation of Fus3 mutants is
attributable to autophosphorylation, then the constitu-
tive phosphorylation in the absence of pheromone
should be abolished by eliminating Fus3 catalytic activ-
ity. To test this hypothesis, we mutated a conserved Lys-
42 residue that is required for kinase activity (Errede et
al. 1993) in D317N mutant (Fig. 6F). The kinase deficient
K42R mutant did not display any kinase activity (top,
lanes 5,6), but its Tyr phosphorylation was still induced
by pheromone (middle, lanes 5,6), due to the action of
Ste7 (Gartner et al. 1992). The K42R mutation in D317N
abolished high basal Tyr phosphorylation without affect-
ing the pheromone-inducible Tyr phosphorylation
(middle, lanes 7–10), indicating that autophosphoryla-
tion is responsible for the elevated basal Tyr phosphory-
lation levels in Fus3 D317N and D317G mutants.

Together, the above data demonstrate that the D317N
or D317G mutation does not enhance the autophos-
phorylation activity of Fus3 on its Tyr residue. The el-
evated basal Tyr phosphorylation in the mutants is in-
dependent of Ste7 but requires the autophosphorylation
activity of Fus3. The balance of protein phosphorylation
is maintained by the opposing reactions of phosphoryla-
tion and dephosphorylation. Because the phosphoryla-
tion aspect of Fus3 D317N and D317G mutant is not
altered and Fus3 basal Tyr phosphorylation is controlled

by Ptp3 (Zhan et al. 1997), our data suggest a possibility
that these mutants are defective to be regulated by Ptp3.

D317N and D317G mutants are unable to interact
with Ptp3 and are more resistant to Ptp3
dephosphorylation

Because the interaction between Fus3 and Ptp3 is essen-
tial for Ptp3 function (Figs. 4 and 5), lack of interaction
with Ptp3 will render Fus3 mutants resistant to Ptp3
dephosphorylation, consequently resulting in constitu-
tive Tyr–Pi. To directly test the interaction between
Ptp3 and D317N or D317G mutant, their ability to co-
purify with Ptp3 in vivo was determined. Although HA-
tagged Fus3, D317N, and D317G proteins were ex-
pressed to similar levels in wild-type cells (Fig. 7A, im-
munoblotting on total lysate), the amount of HA-tagged
mutant proteins copurified with GST–Ptp3 was dramati-
cally diminished compared with HA–Fus3 wild type (Fig.
7A, immunoblotting on GSH eluates). The interactions
between Ptp3 and D317N or D317G were further exam-
ined by the yeast two-hybrid assay. Neither D317N nor
D317G interacted with Ptp3, whereas Fus3 showed a
positive interaction with Ptp3 (Fig. 7B). We also tested
the interaction between Fus3 mutants with the Ptp3
amino-terminal (Ptp3DC) or the phosphatase domain
(Ptp3DN) in the two-hybrid system. No interaction was
detected between Ptp3DC or Ptp3DN and D317N or
D317G (data not shown).

To further test the hypothesis that the mutant Fus3 is
resistant to dephosphorylation by Ptp3, the effects of
multicopy PTP3 on kinase activity and Tyr phosphory-
lation of Fus3, D317N, or D317G were examined. Com-
pared with the vector control (Fig. 7C, lanes 3,4), the
kinase activity (Fig. 7C, top, threefold reduction, lanes
5,6) and Tyr phosphorylation (middle, lanes 5,6) of wild-
type Fus3 was decreased when PTP3 was present in mul-
tiple copies. Reduction of activity and Tyr phosphoryla-
tion was dependent on phosphatase activity because the
catalytically deficient C814G mutant had no effect
(lanes 7,8). In contrast, expressing multiple-copy PTP3
had no effect on D317N activity and Tyr phosphoryla-
tion (lanes 9–12). Tyr phosphorylation of D317G was
slightly reduced in cells overexpressing PTP3 (lanes 13–
16) but still higher than the Tyr phosphorylation of wild-
type Fus3 in cells carrying only empty vector (lanes 3,4).
These data demonstrate that D317N and D317G muta-
tions in Fus3 significantly decrease the ability of Fus3 to
interact with Ptp3, resulting in resistance to dephos-
phorylation and inactivation by Ptp3.

Discussion

MAPK activity must be tightly regulated because dys-
regulation of MAPK can be detrimental. For instance,
although ERK activity is required for normal cell growth,
constitutive activation of the mammalian ERK1/2 path-
way by v-Ras can result in cellular transformation (Jone-
son and Bar-Sagi 1997). In S. cerevisiae the activation of
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Fus3 MAPK is required for the mating pheromone re-
sponse (Elion et al. 1990), but unregulated activation will
cause growth defects or even lethality (Sprague and
Thorner 1992; Stevenson et al. 1992; Sprague 1998).
Similarly, the activation of Hog1 stress-activated MAPK
in S. cerevisiae is essential to maintain the balance of
intra- and extracellular osmolarity (Gustin et al. 1998;
Millar 1999). The viability of cells is affected by either
constitutive Hog1 activation or lack of Hog1 activity
when cells are challenged with high osmolarity (Brew-
ster et al. 1993; Maeda et al. 1993, 1994). Therefore, yeast
cells have to specifically modulate different MAPK ac-
tivities in response to distinct extracellular stimuli. One
mechanism to achieve this is via selective activation of
upstream activating kinase MEKs (Cobb and Goldsmith
1995). However, phosphatases must also be responsible
for the highly specific inactivation of MAPKs (Tonks and
Neel 1996; Keyse 1998; Van Vactor et al. 1998).

The Fus3 MAPK is negatively regulated by the actions
of a tyrosine-specific Ptp3 and a dual-specific phospha-
tase Msg5 (Doi et al. 1994; Zhan et al. 1997). In parallel,
Hog1 is regulated by a related tyrosine phosphatase Ptp2
(Jacoby et al. 1997; Wurgler-Murphy et al. 1997). Despite
the extensive similarity between Ptp3 and Ptp2 and high
degree of sequence identity between respective sub-
strates Fus3 and Hog1, Ptp3 shows a distinctive specific-
ity towards Fus3, whereas Ptp2 is selective to Hog1.
What molecular mechanism determines the in vivo sub-
strate specificity of different phosphatases? In this study

we have demonstrated that the amino-terminal noncata-
lytic domains of Ptp2 and Ptp3 dictate the substrate
specificity. By swapping the amino-terminal noncata-
lytic domain between Ptp2 and Ptp3, the substrate speci-
ficity can be switched. We have also established that
Ptp3 is targeted to its physiological substrate Fus3
MAPK via specific and direct protein–protein interaction
mediated by the amino-terminal noncatalytic domain of
Ptp3. We have further demonstrated that the interaction
of Ptp3 and Fus3 is required for proper Fus3 MAPK regu-
lation: When the interaction with Fus3 is abolished by
either deletion or point mutations in the CH2 motif, the
mutant Ptp3 proteins can no longer dephosphorylate and
deactivate Fus3 in vivo even though these mutants re-
tain phosphatase activity. Consistently, cells carrying
Fus3 mutants that have lost the ability to interact with
Ptp3 exhibit increased sensitivity to pheromone. In ad-
dition, the mutant Fus3 displays elevated Tyr phos-
phorylation and is more resistant to dephosphorylation
by Ptp3. Our study provides direct evidence that target-
ing of tyrosine phosphatase Ptp3 to Fus3 MAPK is essen-
tial for the in vivo regulation of MAPK and is a key
mechanism to ensure the highly specific regulation of
MAPKs by phosphatases.

Fus3, similar to other MAPKs, is able to autophos-
phorylate on Tyr. Genetic study in yeast has pointed to
the physiological significance of the Fus3 autophos-
phorylation in setting the sensitivity of MAPK activa-
tion to extracellular stimuli (Brill et al. 1994). In the

Figure 7. Fus3 D317N and D317G mu-
tants are unable to interact with Ptp3 and
are more resistant to Ptp3 dephosphoryla-
tion. (A) Fus3 D317N and D317G mutants
are not copurified with GST–Ptp3. HA–
FUS3 (pXZ147), FUS3D317N (pXZ281), or
D317G (pXZ282) was coexpressed with
GST–PTP3 (pXZ123) in wild-type cells
(Y568). In vivo copurification assay was
performed as described in the legend to
Fig. 2A to determine the interaction of
Ptp3 with Fus3 wild type or mutants.
Cells expressing untagged FUS3 (pXZ148)
with GST–PTP3 (pXZ123), or HA–FUS3
(pXZ147) with either vector or GST
(pXZ134) were used as controls. Proteins
of interests in lysates or GSH eluates were
detected by immunoblotting with anti-
GST or anti-HA mAbs. (B) Lack of inter-
action between Ptp3 and Fus3 mutants
in the yeast two-hybrid assay. The two-
hybrid host strain (EGY48) was trans-
formed with lexA BD–PTP3 (pXZ152)
together with either empty vector or
B42 transactivation domain fusion
AD–FUS3 (pXZ302), AD–FUS3D317N
(pXZ285), AD–FUS3D317G (pXZ286), or AD–STE7 (pXZ292). Two transformants were picked at random and streaked out on SC-
HWUL/galactose/rafinose or SC-HWUL/dextrose plates to test the interaction. (C) Fus3 D317N and D317G mutants are resistant to
inactivation by Ptp3. Multicopy plasmids containing wild-type PTP3 gene (pXZ213) (lanes 5,6,11,12,15,16) or ptp3C814G (pXZ214),
were introduced into wild-type cells (Y568) carrying either HA-tagged FUS3 (pXZ147), D317N (pXZ281), or D317G (pXZ282). The
effects of multicopy PTP3 on Fus3 kinase activity and Tyr phosphorylation were determined by immunoprecipitation followed by in
vitro kinase assay (top) and immunoblotting (middle and bottom).
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absence of stimulation, basal Tyr phosphorylation of
Fus3 is governed by the balance between autophosphory-
lation by the kinase and dephosphorylation by Ptp3
phosphatase. The elevated Tyr phosphorylation of Fus3
D317N and D317G was not due to an increase in auto-
phosphorylation. It is more likely attributable to the lack
of dephosphorylation by Ptp3 because the D317N and
D317G mutants can no longer interact with Ptp3. In con-
trast, the other gain-of-function mutant, Fus3I161L, dis-
plays enhanced autophosphorylation; as a result, these
cells are more sensitive to pheromone (Brill et al. 1994).

The residue D317 of Fus3 is conserved in all MAPK
family members from yeast to human. Genetic analysis on
an analogous mutation termed Sevenmaker (rlsevenmaker)
that contains Asp-334 to Asn (D334N) substitution in
Drosophila MAPK rolled suggests that this mutant dis-
plays dominant gain-of-function phenotypes (Brunner et
al. 1994). The analogous mutation in mammalian ERK2
(ERK2 D319N mutant) appears to be resistant to inacti-
vation by dual-specificity phosphatases in transfected
cells (Bott et al. 1994; Chu et al. 1996). In vitro biochemi-
cal analysis has shown that recombinant ERK2 but not
the D319N mutant can bind to the dual-specificity phos-
phatase (Camps et al. 1998). Therefore, the interaction
between MAPKs and phosphatases represents a mecha-
nism for MAPK regulation conserved through evolution.

An emerging family of dual-specificity phosphatase
MKP has been implicated in MAPK inactivation. This
family of proteins shares a conserved dual-specificity
protein phosphatase domain and an amino-terminal do-
main that has two short-sequence motifs (CH2A and
CH2B) (Keyse and Ginsburg 1993; Kwak et al. 1994;
Muda et al. 1996a, 1997), also present in the catalytic
domain of the Cdc25 phosphatase (Fauman et al. 1998),
which are involved in dephosphorylation and activation
of Cdc2 kinase. The significance of these motifs in MKP
functions is unclear. Interestingly, the amino-terminal
portion of MKP-3 may contribute to its substrate speci-
ficity towards ERK1/2 MAPKs (Muda et al. 1996b, 1998).
Sequences similar to CH2 motifs are also identified in
the amino-terminal domain of Ptp3. Mutational analysis
has demonstrated that the conserved LLLDxR (residues
117–122 in Ptp3) and KK(R/K) (residues 145–147) resi-
dues in Ptp3 are required for Fus3 interaction. These
Ptp3 mutants are severely compromised in their func-
tion in Fus3 regulation. In contrast, the Ptp3 m2 mutant,
encoding substitutions in the less conserved residues,
only partially decreased the interaction with Fus3 (Fig.
6). Interestingly, ptp3 m2 also showed a partial loss of
function in the complementation test. Our data provide
the first evidence that CH2 motifs may serve as MAPK
binding sites and determine the in vivo substrate selec-
tivity of the Ptp3 phosphatase. We propose that the CH2
domain in other phosphatases also serve as a MAPK
binding motif to determine substrate specificity. Consis-
tent with this hypothesis, CH2 motifs are present in the
S. pombe pyp1 and pyp2 that also interact with and regu-
late spc1/sty1 stress-activated MAPK (Millar et al. 1995;
Shiozaki and Russell 1995). We speculate that sequence
divergence at the CH2 motif between Ptp2 and Ptp3

might determine phosphatase specificity towards Hog1
and Fus3, respectively.

Although the dual specificity Msg5 phosphatase is also
involved in Fus3 regulation, it does not possess CH2 mo-
tifs. A growing body of evidence points to a complex
network of MAPK regulation by both tyrosine phospha-
tases and dual-specificity phosphatases as first demon-
strated in S. cerevisiae. Recent studies from mammalian
tissue culture system and Drosophila genetics have dem-
onstrated the involvement of tyrosine phosphatases
PTP-ER (Karim and Rubin 1999) or PTP-SL/STEP (Pulido
et al. 1998; Zuniga et al. 1999) in MAPK regulation.
However, protein–protein interaction motifs termined
KIM (kinase interaction motif), present in several pro-
teins known to interact with MAPK (Bardwell et al.
1996; Pulido et al. 1998; Karim and Rubin 1999; Zuniga
et al. 1999), are used to mediate the interaction between
PTP-SL/STEP and MAPK. The KIM motif, which con-
tains a 16-amino-acid element (G/N)L(L/F)xRRGSN(H/
Q)S(I/L)TL(N/K) and is unrelated to CH2 domain, is not
found in yeast Ptp2 and Ptp3. A second type of MAPK
interaction motif, the so-called docking sites for ERK,
FxFP motif (DEF motif), represents another evolution-
arily conserved MAPK binding site and is often found in
close proximity to ERK phosphorylation sites on MAPK
substrates (Jacobs et al. 1999). We did identify a single
FQFP motif (amino acid residues 372–375) in Ptp3, but it
is located outside of the domain (amino acid residues
1–180) necessary and sufficient for Fus3 binding, and
there is no ERK phosphorylation consensus site in the
close proximity of this motif. It is becoming an emerging
paradigm that multiple MAPK pathways must be spe-
cifically activated/deactivated in response to distinct ex-
tracellular stimuli. To achieve high specificity in vivo,
the MKPs and yeast tyrosine phosphatases use two func-
tional domains, catalytic phosphatase domains, and CH2
domains as a substrate targeting domain. It is likely that
the CH2 domain of each MKP specifically interacts with
one or a set of MAPKs, thus determining the specificity
of MAPK dephosphorylation in vivo.

Materials and methods

Strains and plasmids

S. cerevisiae strains used in this study are listed in Table 1.
Standard methods were used for yeast genetic manipulations
(Rose et al. 1990; Guthrie and Fink 1991). Gene replacements
were performed to disrupt STE7 or STE5 gene with HIS3 or
Kanr, respectively. Disruptions were confirmed by genomic
PCR analysis with specific primers and mating assay. Plasmids
are listed in Table 2. Details of plasmid constructions are avail-
able upon request. All DNA fragments generated by PCR were
verified by sequencing analysis.

Preparation of yeast extract, in vivo copurification, in vitro
tyrosine phosphatase assay, and immunoblotting

Yeast cells harboring expression plasmids were grown to an
OD600 of ∼1.0 and harvested. Whole cell extracts were prepared
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by vortexing with glass beads in lysis buffer (25 mM Tris-HCl at
pH 7.4, 250 mM NaCl, 15 mM EGTA, 15 mM MgCl2, 1 mM DTT,
1.0%Triton X-100) with protease inhibitor cocktail (Boehringer
Mannheim). Protein concentration was determined by Bradford
assay (Bio-Rad). Cellular extracts containing 1 mg of total pro-
teins were incubated with 25 µl of 50%suspension of prewashed
GSH–agarose (Sigma) at 4°C for 1 hr. The resin was washed with
1 ml of lysis buffer for three times. GST fusion proteins and its
associated complexes were eluted from GSH–agarose with lysis
buffer containing 15 mM free GSH. Proteins of interests in ex-
tracts or GSH eluates were detected by immunoblotting using
Enhanced Chemiluminescence detection system (Amersham).
Mouse monoclonal antibody against HA epitope (12CA5), GST,
or yeast phosphoglycerate kinase (Pgk3) was obtained from Boeh-
ringer Mannheim, Zymed, or Molecular Probes, respectively.
The in vitro tyrosine phosphatase activities were measured as
described (Guan and Dixon 1990).

Two-hybrid analysis

A two-hybrid system using lexA DNA binding domain fusion
(BD fusion), B42 trans-activation domain fusion (AD fusion),
and lexA-operator driven LEU2 or lacZ reporter genes was used
to detect protein–protein interactions as descibed (Gyuris et al.
1993).

In vitro coupled transcription/translation and binding assay

pXZ128 plasmid DNA was linearized with EcoRI and used as
template in T7 TNT quick coupled rabbit reticulocyte tran-
scription/translation system (Promega) to synthesize full-
length 6 His-tagged Ptp3 labeled with L-[35S]Met (NEN). The
reaction mix was buffered with HEPES (pH 7.4) to 20 mM final
concentration and loaded on a DEAE Sephacryl mini column
(0.5-ml bed volume). The column was washed with 20 mM

HEPES (pH 7.4), and bound proteins were eluted in buffer con-
taining 20 mM HEPES (pH 7.4) and 0.5 M NaCl. Ptp3 was puri-
fied from the eluates on a mini Ni–NTA column (0.3-ml bed
volume). The amount of Ptp3 was determined by scintillation
counting. The in vitro synthesized Ptp3 was mixed with recom-
binant GST fusion proteins purified from E. coli, and GSH–
agarose in the binding buffer (20 mM Tris-HCl at pH 7.2, 150 mM

NaCl, and 0.1%Tween 20); after 1-hr incubation at 4°C, the
resin was washed three times with 0.5 ml of buffer, and proteins
were resolved by 12.5%SDS-PAGE. The gel was stained with
Coomassie brilliant blue and dried, followed by autoradiogra-
phy.

Pheromone-induced G1 arrest
and b-galactosidase reporter assay

Cells carrying vector or different FUS3 alleles (pXZ287,
pXZ289, pXZ290, or pXZ291) were grown in SC-Ura. Sensitiv-
ity to pheromone-induced G1 arrest was assessed by serially
diluting cultures from an initial concentration of ∼2 × 106 cells/
ml by a factor of 5 in 200 µl volume in a sterile 96-well plate. A
48-pin multipronged replicator was used to transfer ∼3 µl of cell
suspension to SC-Ura plates containing various concentration
of a-factor (from 0 nM to 100 nM). Cells bearing pUZ4 that
encodes a lacZ reporter gene driven by pheromone-responsive
element were grown to OD600 of ∼0.7–1.0, then incubated with
or without 2.0 µM a-factor for 2 hr. b-Galactosidase reporter
activity was assayed as described by Zhan et al. (1997). The
activity was calculated as Miller unit [OD420 × 1000]/
[OD600 × time (min) × volume of culture (ml)].

Immunoprecipitation and in vitro kinase assay

For Fus3 kinase assay, yeast cells were grown to an OD600 of
0.7–0.8 in SC media lacking the appropriate nutrient to main-
tain plasmids and stimulated with 2.5 µM a-factor for 30 min.
Immunoprecipitation of HA–Fus3 and in vitro kinase assay us-
ing MBP as substrate were performed as described (Zhan et al.
1997). For Fus3 autophosphorylation assay, HA–Fus3 immuno-
complex precipitated from extracts containing 100 µg of total
proteins was mixed with 15 µl of mixture containing 6 µM ATP,
80 µCi [g-32P]ATP (7000 Ci/mmole; ICN) in kinase buffer and
incubated at 30°C for 45 min. The reaction was terminated by
adding 5 µl of 4× SDS-PAGE sample buffer, and samples were
analyzed by 10%SDS-PAGE and autoradiography.

To determine Hog1 kinase activity, yeast cells were grown to
an OD600 of 0.7–0.8 and stimulated with NaCl at 0.4 M final
concentration for 10 min. Whole cell extracts were prepared,
and immunoprecipitation with anti-HA mAb 12CA5 (Boeh-
ringer Mannheim) was performed as described for Fus3 kinase
assay except that lysates containing 1 mg of total cellular pro-
teins were used. The immunocomplex was washed three times
with 1 ml of lysis buffer and three times with 1 ml of RIPA
buffer (50 mM Tris-HCl at pH 7.5, 150 mM NaCl, 50 mM NaF, 1
mM EDTA, 1 mM EGTA, 0.1%SDS, 1%Triton X-100, 0.5%so-
dium deoxycholic acid, 1 mM DTT, 0.25 mM sodium orthovana-
date). Kinase assay was performed as described for Fus3 kinase
assay. Phosphorylation of substrate was quantified by Phosphor-
Imaging scanning (Molecular Dynamics).

HA–Fus3 protein in immunocomplex and its Tyr phosphory-
lation were detected by immunoblotting as described (Zhan et
al. 1997). Because HA–Hog1 comigrates with mouse IgG heavy

Table 1. S. cerevisiae strains used in this study

Straina Genotype Reference of source

Y568 MATa trp1 his3 leu2 ura3 lab stock
Y572 MATa trp1 his3 leu2 ura3 ptp2D::LEU2 Guan et al. (1992)
Y567 MATa trp1 his3 leu2 ura3 ptp3D::URA3 Zhan et al. (1997)
Y578 MATa trp1 his3 leu2 ura3 ptp2D::LEU2 ptp3D::URA3 Zhan et al. (1997)
Y305 MATa trp1 his3 leu2 ura3 ste5D::Kan r this study
Y306 MATa trp1 his3 leu2 ura3 ste7D::HIS3 this study
Y313 MATa trp1 his3 leu2 ura3 ste5D::Kanr ste7D::HIS3 this study
EGY48 MATa trp1 his3 ura3-52 leu2::pLEU2-LexAop6 Gyuris et al. (1993)
SY1866 MATa STE11-4 fus1::FUS1::HIS3 leu2 ura3 trp1 his3D200::ura3 pep4D::ura3 can1 Stevenson et al. (1992)

aAll strains are isogenic except for EGY48 and SY1866.
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chain, a biotin-conjugated anti-HA mAb 12CA5 (Boehringer
Mannheim) or a rabbit polyclonal anti-Pi–Tyr antibody (Zymed)
was used to detect HA–Hog1 or Tyr phosphorylation levels,
respectively.
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Table 2. Plasmids used in this study

Plasmid Markera Reference of source

phosphatase plasmid
pXZ128 AmpR 6xHis tagged PTP3 ORF this study
pXZ134 URA3 2µ PADH1 –GST this study
pXZ110 URA3 2µ PADH –GST–PTP1 this study
pXZ113 URA3 2µ PADH –GST–PTP2 this study
pXZ123 URA3 2µ PADH –GST–PTP3 this study
pXZ136 URA3 2µ PADH –GST–ptp3C814G this study
pXZ204 URA3 2µ PADH –GST–ptp3DC1(1–686) this study
pXZ126 URA3 2µ PADH –GST–ptp3DC(1–350) this study
pXZ125 URA3 2µ PADH –GST–ptp3DC3(1–171) this study
pXZ207 URA3 2µ PADH –GST–ptp3DN(381–931) this study
pXZ339 URA3 2µ PADH –GST–ptp3m1(L117A/L118A/D119N/R121M) this study
pXZ340 URA3 2µ PADH –GST–ptp3m2(P122A/F123A/T124A/E125A) this study
pXZ341 URA3 2µ PADH –GST–ptp3m3(R145M/R146A/K147m) this study
pXZ213 LEU2 2µ PTP3 Zhan et al. (1997)
pXZ214 LEU2 2µ ptp3C814G Zhan et al. (1997)
pXZ277 LEU2 2µ PPTP3 –HA–PTP3 this study
pXZ278 LEU2 2µ PPTP3 –HA–ptp3C814G this study
pXZ279 LEU2 2µ PPTP3 –HA–ptp3DN(381–931) this study
pXZ280 LEU2 2µ PPTP3 –HA–ptp3DC(1–350) this study
pXZ324 LEU2 2µ PPTP3 –HA–PTP13 this study
pXZ325 LEU2 2µ PPTP3 –HA–ptp3DC(1–350)-PTP1 this study
pXZ209 HIS3 CEN genomic PTP3 this study
pXZ273 HIS3 CEN PPTP3 –PTP3 this study
pXZ274 HIS3 CEN PPTP3 –ptp3C814G this study
pXZ275 HIS3 CEN PPTP3 –ptp3DN(381–931) this study
pXZ276 HIS3 CEN PPTP3 –ptp3DC(1–350) this study
pXZ315 HIS3 CEN PPTP3 –PTP2 this study
pXZ316 HIS3 CEN PPTP3 –ptp2N(1–350)–ptp3C(381–931) this study
pXZ317 HIS3 CEN PPTP3 –ptp3N(1–380)–ptp2C(351–835) this study
pXZ342 HIS3 CEN PPTP3 –ptp3m1(L117A/L118A/D119N/R121M) this study
pXZ343 HIS3 CEN PPTP3 –ptp3m2(P122A/F123A/T124A/E125A) this study
pXZ344 HIS3 CEN PPTP3 –ptp3m3(R145M/R146A/K147M) this study

kinase plasmid
pSF19 TRP1 2µ PADH1 –HA–CDC28 Sorger and Murray (1992)
pXZ147 TRP1 CEN PADH1 –HA–FUS3 Zhan et al. (1997)
pXZ148 TRP1 CEN PADH1 –FUS3 Zhan et al. (1997)
pXZ150 TRP1 CEN PADH1 –HA–fus3Y182F Zhan et al. (1997)
pXZ281 TRP1 CEN PADH1 –HA–FUS3D317N this study
pXZ282 TRP1 CEN PADH1 –HA–FUS3D317G this study
pXZ283 TRP1 CEN PADH1 –HA–fus3D317N, Y182F this study
pXZ284 TRP1 CEN PADH1 –HA–fus3D317G, Y182F this study
pXZ345 TRP1 CEN PADH1 –HA–fus3K42R this study
pXZ347 TRP1 CEN PADH1 –HA–fus3 D317N/K42R this study
pXZ287 URA3 CEN PFUS3 –HA–FUS3 this study
pXZ289 URA3 CEN PFUS3 –HA–FUS3D317N this study
pXZ290 URA3 CEN PFUS3 –HA–FUS3D317G this study
pXZ291 URA3 CEN PFUS3 –HA–FUS3I161L this study
pXZ331 TRP1 2µ PGPD1 –HOG1–HA this study

2-hybrid plasmid
pXZ152 HIS3 2µ PADH1 –lexA BD–PTP3 this study
pXZ321 HIS3 2µ PADH1 –lexA BD–STE7 this study
pXZ302 TRP1 2µ PGAL1 –B42 AD–FUS3 this study
pXZ292 TRP1 2µ PGAL1 –B42 AD–STE7 this study
pXZ285 TRP1 2µ PGAL1 –B42 AD–FUS3D317N this study
pXZ286 TRP1 2µ PGAL1 –B42 AD–FUS3D317G this study

aPADH1 , PPTP3 , PFUS3 , PGPD1 , and PGAL1 are ADH1, PTP3, FUS3, GPD1, and GAL1 promoters, respectively.
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