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(Background: Dual specificity protein phosphatases (DSPs) bind MAPKs through specific interaction motifs.
Results: A novel motif (IYT) in Msg5 mediates a common docking domain-independent interaction with the yeast cell integrity

Conclusion: Distinct mechanisms allow Msg5 to differentially bind Slt2 and Mlp1 or mating/pseudohyphal MAPKs Fus3 and

Significance: Elucidation of the mechanisms by which MAPKs interact with key regulators is vital to understanding cell
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MAPK phosphatases (MKPs) are negative regulators of sig-
naling pathways with distinct MAPK substrate specificities. For
example, the yeast dual specificity phosphatase Msg5 dephos-
phorylates the Fus3 and Slt2 MAPKs operating in the mating
and cell wall integrity pathways, respectively. Like other MAPK-
interacting proteins, most MKPs bind MAPKs through specific
docking domains. These include D-motifs, which contain basic
residues that interact with acidic residues in the common dock-
ing (CD) domain of MAPKs. Here we show that Msg5 interacts
not only with Fus3, Kss1, and SIt2 but also with the pseudoki-
nase Slt2 paralog Mlpl. Using yeast two-hybrid and in vitro
interaction assays, we have identified distinct regions within the
N-terminal domain of Msg5 that differentially bind either the
MAPKSs Fus3 and Kss1 or SIt2 and Mlpl. Whereas a canonical
D-site within Msg5 mediates interaction with the CD domains
of Fus3 and Kssl, a novel motif (*°>IYT'**) within Msg5 is
involved in binding to S1t2 and Mlp1. Furthermore, mutation of
this site prevents the phosphorylation of Msg5 by SIt2. This
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motifis conserved in Sdp1, another MKP that dephosphorylates
SIt2, as well as in Msg5 orthologs from other yeast species. A
region spanning amino acids 274 -373 within SIt2 and Mlp1l
mediates binding to this Msg5 motif in a CD domain-indepen-
dent manner. In contrast, SIt2 uses its CD domain to bind to its
upstream activator Mkk1. This binding flexibility may allow
MAPK pathways to exploit additional regulatory controls in
order to provide fine modulation of both pathway activity and
specificity.

Mitogen-activated protein kinase (MAPK) pathways consti-
tute very tightly regulated signaling modules that both trans-
duce and convert extracellular stimuli into appropriate cellular
responses. Mammalian MAPKs comprise four main subfami-
lies: the extracellular signal-regulated kinases 1 and 2 (ERK1/2),
the c-Jun N-terminal kinases (JNKs), the p38 MAPKs, and
ERKS5 (1). These MAPKSs contain a highly conserved TXY motif
in the kinase activation loop in which both threonine and tyro-
sine residues must be phosphorylated to achieve kinase activa-
tion. In contrast, atypical MAPKs, exemplified by ERK3 and
ERK4, contain an SEG motif in which the serine residue is the
sole phosphoacceptor (2). Several mechanisms exist to ensure
high efficiency and fidelity within each specific pathway.
Among these, selective recognition by specific protein-protein
interactions between the components of a particular pathway is
critical for the maintenance of accurate signal transduction (3,
4).

MAPKSs are activated through phosphorylation by MAPK
kinases and phosphorylate a wide range of protein substrates,
including transcription factors, protein kinases, and other cell
response effectors. In turn, MAPK signaling can be down-reg-
ulated by dephosphorylation and inactivation by a family of
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MAPK phosphatases (MKPs).> These phosphorylation/de-
phosphorylation events require not only a transient enzyme-
substrate interaction involving the active sites of these enzymes
but also the formation of a complex between the MAPK and its
cognate activator, substrate, or inactivator. This is normally
achieved through specific docking interactions between con-
served regions within both MAPKs and MAPK-interacting
proteins (3). Such docking sites are located outside the catalytic
domains of these proteins and promote binding specificity and
high affinity interactions.

One well characterized docking motif found in MAPK-inter-
acting proteins is the D motif, which has also been termed the
8-domain or DEJL (docking site for ERK and JNK, LXL) motif.
This is closely related to the conserved kinase interaction motif
(KIM) found within MAPK phosphatases and comprises a clus-
ter of positively charged amino acids, normally lysines or argin-
ines, followed by a submotif containing two hydrophobic resi-
dues leucine, isoleucine, or valine separated by one residue ((K/
R), X, «¢X¢) (5,6). Swapping one D domain for another can
completely change the specificity of protein-protein interac-
tions, indicating that these motifs are essential to maintain
binding selectivity among MAPK pathway components (7). A
second type of docking motif named the DEF motif (for docking
site for ERK EXF) has been found only in some subsets of MAPK
substrates. This consists of two phenylalanines separated by
one amino acid and followed by proline (FXFP) (8).

Docking sites have been also characterized within MAPKs
themselves. The region of the MAPK that interacts with D
motifs is complex and is formed by the common docking (CD)
domain, the ED (for Glu/Asp-containing) motif, and a hydro-
phobic docking groove (6). The CD domain is shared by all
MAPK subfamilies and is an electrostatic surface depression
containing a cluster of negatively charged amino acids (aspartic
and glutamic acids) located within the C-terminal domain of
the kinase (9). Substitution of these residues by charge-neutral
amino acids completely abrogates docking, indicating the
importance of the electrostatic interaction of the CD domain
with the positively charged amino acids within the D domains
of MAPK-interacting proteins (10). The ED motif is located
close to the CD domain in the tertiary structure of MAPKs and
has also been reported to contribute to binding specificity (11).
Close to the CD/ED regions resides a hydrophobic docking
groove that is involved in binding to the hydrophobic submotif
of the D site of MAPK partners (10). In contrast, the DEF motif
binds to a separate hydrophobic pocket that only becomes
accessible upon MAPK activation (12). In addition, a novel
interaction motif (FRIEDE) within the atypical MAPKs ERK3
and ERK4 has been shown to mediate binding to their substrate
MAPKAP kinase MK5 (13). Comparison of the MAPK docking
interactions from yeast to humans reveals the existence of con-
served molecular mechanisms underlying the specificity of
these interactions (11, 15).

Dual specificity phosphatases (DSPs) are able to dephos-
phorylate both threonine and tyrosine residues in their target

° The abbreviations used are: MKP, MAPK phosphatase; KIM, kinase interac-
tion motif; CD, common docking; DSP, dual specificity phosphatase; CWI,
cell wall integrity; SD, synthetic dextrose.
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proteins. A subfamily of these DSPs specifically targets MAPKs.
These enzymes are designated as dual specificity MKPs and
play an important role in the regulation of MAPK signaling. All
MKPs share a common structure comprising an N-terminal
non-catalytic regulatory domain, which contains the sequences
necessary for MAPK docking, and a C-terminal catalytic
domain (16).

Saccharomyces cerevisiae has five MAPK signaling pathways
involved in mating, pseudohyphal/invasive growth, cell wall
integrity (CWI), osmoregulation, and ascospore formation,
mediated by Fus3, Kss1, Slt2, Hogl, and Smk1, respectively
(17). Fus3 and Kssl are orthologous to ERK1/2, and Hogl is
orthologous to p38 (18). The closest mammalian MAPK to SIt2
is ERK5 (19). The CWl-related protein Mlp1 is a pseudokinase
paralog of Slt2 that lacks catalytic residues critical for protein
kinase activity as well as the conserved Thr residue within the
MAPK activation loop dual phosphorylation site.

Whereas an individual MAPK can be inactivated by more
than one protein phosphatase, it is also the case that a single
protein phosphatase is able to interact with and inactivate sev-
eral MAPKs (20). For example, Msg5 has been shown to
dephosphorylate Fus3 and Slt2, affecting both basal and induc-
ible kinase activities (21-24). Msg5 is expressed in yeast cells as
two isoforms that differ in the first 45 amino acids due to the use
of alternative translation initiation sites (23). We have recently
shown that this MKP is able to interact not only with Fus3 and
SIt2 but also with Kss1, a MAPK whose phosphorylation is not
down-regulated by Msg5 (25). Moreover, whereas both Msg5
isoforms interact similarly with SIt2, the longer form binds both
Fus3 and Kss1 with higher affinity than the shorter isoform. In
a study of the docking interactions within and between the
Fus3- or Kssl-mediated pathways, Reményi et al. (15) found
docking motifs in different proteins known to physically inter-
act with Fus3, such as Ste7, Msg5, and Farl. Mutation of a D
domain within Msg5 partially reduced the ability of this MKP to
decrease the elevated mating pathway output displayed by an
msg5-null mutant, indicating a contribution of the docking
interaction mediated by this motif to the ability of Msg5 to
inactivate Fus3. But the incomplete effect of D domain muta-
tion also suggests that additional Fus3-docking motifs may be
present in Msg5 (15). The interaction with SIt2 has been shown
to be mediated by the N-terminal domain of Msg5 (23).

Here we report the characterization of the interactions
between Msg5 and a number of yeast MAPKs, showing the
involvement of distinct regions located at the N terminus of
Msg5 in MAPK binding. D domain-dependent mechanisms
participate in the binding to mating (Fus3 and Kss1) MAPKs. In
contrast, a novel motif of Msg5 is involved in the interaction
with the cell wall integrity (SIt2 and Mlp1l) kinases. We also
provide evidence indicating that, as is the case in other MAPK
pathways, the CD domain of SIt2 mediates binding to its acti-
vator MKkk1, whereas a CD-proximal region containing the con-
served MAPK L16 loop is involved in binding to the negative
regulator Msg5 in a CD domain-independent fashion.

EXPERIMENTAL PROCEDURES

Yeast Strains, Genetic Methods, and Culture Conditions—
The S. cerevisiae strains PJ69-4A (MATa, trp1-901, leu2-3112,
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ura3-52, his3-200, galdA, gal80A, LYS2:GALI-HIS3, GAL2-
ADE2, met2::GAL7-lacZ) and PJ69-4a (MATw, trpl1-901, leu2-
3112, ura3-52, his3-200, galdA, gal80A, LYS2:GALI-HIS3,
GAL2-ADE2, met2::GAL7-lacZ), from Clontech, were used for
two-hybrid assays. Strains DD1-2D (msg5-1::LEU2) (21), YMF1

(MATa, wura3-52, his4, trpl-1, leu2-3, 112, can®
MSGS::6 MYC::LEU?2) (23), BY4741 (MATa, his3A1, leu2A0,
metl15A0, ura3A0), and YO07373 (BY4741 isogenic,

msg5A:KanMX4) from Euroscarf (Frankfurt, Germany) were
used for Western blotting analysis experiments. Standard pro-
cedures were employed for yeast genetic manipulations (26).
Yeast cultures were performed as reported previously (27).
When necessary, Congo red (Sigma) or a-factor (Sigma) was
added at the indicated concentrations.

DNA Manipulation and Plasmids—General DNA methods
were performed using standard techniques. Oligonucleotide
primers used for DNA amplification and directed mutagenesis
by PCR are indicated in supplemental Tables I and II.

Vectors pGBKT7 (bearing the Gal4 DNA binding domain)
and pGADT7 (bearing the Gal4 activation domain) were
obtained from Clontech. Yeast MAPK-containing constructs
pGADT7-Kssl, pGADT7-Fus3, pGADT7-Smkl, pGADT7-
SIt2, and pGADT7-Hogl were previously described (28), apart
from pGADT7-Mlp1, which was constructed by subcloning the
PCR-amplified MLPI coding sequence from S. cerevisiae
genomic DNA into pGADT7 as an Ndel-Xhol fragment.
Mutated derivatives of these reading frames (pGADT7-Kss1<7,
pGADT7-Fus3“P, pGADT7-SI1t2“°, pGADT7-SIt2<P3, and
pGADT7-MIp1<P) were modified by overlap extension PCR-
mediated site-directed mutagenesis and subcloned as described
for the wild-type construct (28). The MSGS5 reading frame was
amplified from S. cerevisiae genomic DNA; wild-type, mutant,
and truncated reading frames derived from this template were
subcloned as Ndel-Xhol fragments into the Ndel/Sall sites in
pGBKT7: pGBKT7-Msg5, pGBKT7-Msg5(1-245), pGBKT7-
Msg5(246-489),  pGBKT7-Msg5(126-489),  pGBKT7-
Msg5(1-123), pGBKT7-Msg5(90-489), pGBKT7-Msg5(1—
45), pGBKT7-Msg5(46 —489), pGBKT7-Msg5™P!, pGBKT7-
Msg5™MP?, pGBKT7-Msg5MP1/2, pGBKT7-Msg5MP3,
pGBKT7-Msg5(1-123)MP/2, and pGBKT7-Msg5(1-123)MP3,

For pGBKT7-Msg5™P"? and pGBKT7-Msg5(1-123)MP1/2,
PCR was performed as for single point mutations but using
mutant half-product templates to generate compound
double and truncated mutant reading frames following the
second round of amplification. YCplac22MSG5MP?,
YCplac22MSG5™P?, and YCplac22MSG5™P? plasmids were
generated by site-directed mutagenesis of YCplac22MSG5m
(23) following the method described previously (23).
YCplac111-SIt2(1-373) was constructed by cloning a ~3.2-kb
EcoRI-EcoRI fragment containing SLT2 into YCpLaclll
(CEN4, LEU?) (23) and then introducing a consecutive pair of
stop codons in the corresponding protein positions 374 -and 375
by site-directed mutagenesis of the obtained plasmid.

In order to express Msg5 fused to GST in yeast, the previ-
ously described plasmid pEG(KG)-MSG5 was used (23).
pEG(KG)-SIt2(274—373) was constructed by PCR-amplifying
the corresponding SLT2 region using YCplac111-S1t2(1-373)
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as template and then subcloning the BamHI- digested PCR
product into pEG-KG (2 um, GALI-10UAS-CYCI).

To obtain recombinant GST-MKkk1, plasmid pGEX-MKK1
was used (29). Recombinant Msg5-GST, MsgSMDS-GST, and
Msg5(1-123)MP3-GST were produced from plasmids con-
structed by subcloning PCR products featuring Ndel and Xhol
sites at the 5'- and 3'-ends into a modified pGEX-P1 vector (gift
of Dr. B. McStay). Recombinant Slt2, Mlp1, and Mkk1l His-
tagged proteins or protein fragments were produced from
pET15B-derived plasmids after cloning the corresponding
PCR-amplified SLT2 and MLP1 gene fragments in Ndel and
Xhol sites.

Yeast Two-hybrid Assays—Assays were performed according
to the manufacturer’s instructions (Matchmaker 3 kit, Clon-
tech). The vector pGBKT?7 or its derivatives were transformed
into PJ69-4A cells and mated with PJ69-4« cells transformed
with plasmid pGADT7 or its derivatives. Yeast diploids carry-
ing both types of plasmids were selected on synthetic dextrose
(SD) medium deficient for leucine and tryptophan. In order to
perform a qualitative analysis of the two-hybrid interactions,
representative colonies from the different diploid strains were
cultivated overnight in liquid YPD, and the corresponding cel-
lular suspensions were prepared. 10-ul volumes of inocula
(normalized by optical density at 600 nm) were spotted onto
two types of media: SD medium lacking leucine and tryptophan
and SD medium lacking leucine, tryptophan, histidine, and ade-
nine. Cell growth on the latter medium provides evidence for
the occurrence of protein-protein interaction.

For semiquantitative analysis of the two-hybrid interactions,
exponentially growing diploid cells bearing the relevant plas-
mids were collected, and the B-galactosidase activity was deter-
mined using o-nitrophenyl-B-galactoside as a substrate,
according to the manufacturer’s instructions (Clontech).

Preparation of Bacteria and Yeast Extracts—Recombinant
GST- or histidine-tagged proteins were expressed in Esche-
richia coli strain Rosetta DE3 (Novagen). Cells were collected
and lysed by sonication in PBS buffer containing 2 mm PMSF, 1
mM DTT, 1 mm EDTA, and 1 mg/ml lysozyme in the presence
of protease inhibitor mixture (Roche Applied Science). Extracts
were clarified by centrifugation and then stored at —80 °C. For
obtaining yeast extracts, the procedures employed have been
described previously (27).

Binding Assays—For in vivo binding assays, yeast cells bear-
ing pEG(KG)-derived plasmids were grown in complete syn-
thetic medium lacking uracil with 2% galactose at 24 °C. Cells
were collected and lysed as above in lysis buffer lacking SDS and
Nonidet P-40. Yeast lysates were incubated with glutathione-
Sepharose beads (Amersham Biosciences) for 2 h. Beads were
washed extensively with the same buffer and resuspended in
SDS loading buffer, and proteins were analyzed by SDS-PAGE
and immunoblotting as described (23). In vitro binding assays
were performed by mixing E. coli extracts containing GST or
GST-fused proteins with E. coli extracts bearing the corre-
sponding His-tagged proteins and then processed as above.

Immunoblot Analysis—Immunodetection of Myc- and HA-
tagged proteins was carried out using either monoclonal 9E10
(Covance) or monoclonal 4A6 (Millipore) and monoclonal
HA.11 (Covance) antibodies, respectively. Actin was immuno-

JOURNAL OF BIOLOGICAL CHEMISTRY 42039


http://www.jbc.org/cgi/content/full/M111.286948/DC1

MAPK Binding Domains in Msg5

detected by using monoclonal C4 antibodies (MP Biomedicals).
Polyclonal anti-phospho-p44/p42 MAPK (Thr-202/Tyr-204)
(Cell Signaling), anti-GST (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA), and monoclonal anti-His (Sigma) antibodies
were also used as described previously (27). Immunodetection
of Gal4BD fusion proteins was carried out using monoclonal
GAL4DNA-BD antibody (Clontech). The primary antibodies
were detected using either a horseradish peroxidase-conju-
gated secondary antibody with the ECL detection system
(Amersham Biosciences) or a fluorescently conjugated second-
ary antibody with an Odyssey Infrared Imaging System (LI-
COR Biosciences).

Real-time Quantitative PCR Assays—Real-time quantitative
PCR assays were performed as described previously (30), using
an ABI 7700 instrument (Applied Biosystems). Each cDNA was
assayed in at least duplicate PCR reactions. For quantification,
the abundance of each gene was determined relative to the
standard transcript of ACT1, and the final data of relative gene
expression between the two conditions tested were calculated
following the 27" method, as described (31). The primer
sequences are available upon request.

RESULTS

Distinct Regions of Msg5 Are Responsible for Its Interaction
with Yeast MAPKs—In order to gain insight into the mecha-
nisms that regulate the interaction of Msg5 with its substrate
MAPKSs, we first wanted to define the MAPKs that physically
interact with this phosphatase. To this end, the yeast two-hy-
brid assay was used. Msg5 was fused to the Gal4-DNA binding
domain (Gal4BD), and the five MAPKSs (Kss1, Fus3, Smkl1, SIt2,
and Hogl) as well as the pseudokinase Slt2 paralog Mlp1 (32)
were fused to the Gal4 activation domain (Gal4AD). Expression
of all of these hybrid proteins was analyzed by Western blotting
(supplemental Fig. S1). Formation of a complex between Msg5
and the corresponding MAPK results in reconstitution of the
Gal4 transcription factor and expression of the Gal4-dependent
reporter genes HIS3, ADE2, and lacZ. These interactions can
then be monitored by either growth of the diploid strains on
selective medium lacking adenine and histidine or semiquanti-
tative assays of (3-galactosidase activity. As shown in Fig. 14,
only the yeast cells expressing Msg5 together with Kss1, Fus3,
Slt2, or Mlp1l were able to grow on selective medium lacking
adenine and histidine. In addition, expression of lacZ was only
observed in these same cells (Fig. 1B). The strongest interaction
with Msg5, in terms of increased B-galactosidase activity, was
observed with MlIp1. Interactions with Slt2 and Kss1 were also
significant, whereas the lowest strength interaction was
observed with Fus3. Western blotting analysis revealed that this
was not due to low level expression of Gal4AD-Fus3 (supple-
mental Fig. S1). Despite being expressed to a similar extent as
the other kinases (supplemental Fig. S1), neither Hogl nor
Smk1 was able to interact with Msg5 in the two-hybrid assay
(Figs. 1, A and B). A catalytically inactive mutant of Msg5<'*%
(21) also failed to interact with either Hogl or Smk1 (data not
shown), ruling out the possibility that the absence of binding
was due to dephosphorylation of these kinases by Msg5.

Msg5 is composed of an N-terminal domain (approximately
residues 1-245) and a C-terminal catalytic domain (approxi-
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FIGURE 1. Interaction of Msg5 with MAPKSs. A, qualitative analysis of two-
hybrid interaction by growth analysis of diploid yeast cells transformed with
plasmids encoding the indicated proteins. Vector pGBKT7 (bearing the Gal4
DNA-binding domain) or pGBKT7-Msg5 was transformed into PJ69-4A
S. cerevisiae strain and mated with PJ69-4« S. cerevisiae strain transformed
with plasmid pGADT7 (bearing the Gal4 activation domain, pGADT7-Kss1,
pGADT7-Fus3, pGADT7-Smk1, pGADT7-SIt2, pGADT7-Mlp1, or pGADT7-
Hog1. Yeast diploids were spotted onto SD medium lacking leucine and tryp-
tophan (left) or SD medium lacking leucine, tryptophan, histidine, and ade-
nine (right). Cell growth on the latter medium provides evidence for the
occurrence of protein-protein interaction. B, semiquantitative analysis of the
two-hybrid interaction between Msg5 and the distinct MAPKs based on the
level of induction of B-galactosidase. Experiments were performed in tripli-
cate on the diploid strains described in A, with error bars representing S.D.
C, qualitative analysis of the two-hybrid interaction between the N-terminal
Msg5 (Msg5(1-245)) or C-terminal Msg5 (Msg5(246-489)) region and the
different MAPKs. Before mating, pGBKT7, pGBKT7-Msg5(1-245) or pGBKT7-
Msg5(246-489) were transformed into PJ69-4A cells, and pGADT7, or
pGADT7-Kss1, pGADT7-Fus3, pGADT7-Smk1, pGADT7-SIt2, pGADT7-MIp1, or
pGADT7-Hog1 were transformed into PJ69-4a cells. Two-hybrid assays were
performed as indicated in A. D, semiquantitative analysis of the two-hybrid
interaction between the same Msg5 protein fragments as in C and the differ-
ent MAPKs. A schematic showing both halves of Msg5 is also displayed. Exper-
iments were performed in triplicate on the diploid cells described in C, with
error bars representing S.D.
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transformed into PJ69-4« cells. Two-hybrid assays were performed as indicated in Fig. 1A. B and C, semiquantitative analysis of the two-hybrid interaction
between Msg5 or the different Msg5 fragments and the distinct MAPKs based on the level of induction of B-galactosidase. Experiments were performed in

triplicate on the diploid cells described in A, with error bars representing S.D.

mately residues 246 —489). To determine the involvement of
these two regions in interactions with distinct MAPKs, we
extended our two-hybrid analysis by using constructs contain-
ing either the isolated N-terminal or C-terminal domains of
Msg5h. As observed in Fig. 1C, the N-terminal domain of Msg5
interacted with all four of the MAPKs that bind full-length
Msg5. Although the B-galactosidase levels were significantly
reduced when compared with those measured between full-
length Msg5 and these MAPKSs, the strongest interaction was
again observed with Mlp1 (Fig. 1D). The C-terminal domain of
Msg5 fused to Gal4BD did not show interaction with any of the
MAPKs (Fig. 1D), although it was highly expressed (supple-
mental Fig. S1). These results indicate that the N-terminal
domain of Msg5 is both necessary and sufficient to mediate
protein-protein interactions with MAPK substrates.

In order to further elucidate the region of Msg5 that is
responsible for the interactions with Fus3, Kss1, SIt2, and Mlp1,
we next tested a set of Msg5 truncations fused to Gal4BD for
binding to the distinct Gal4AD-MAPK fusions. The expression
of these hybrid Msg5 proteins was also monitored by Western
blotting (supplemental Fig. S1). As shown in Fig. 2, A and B, the
region encompassing the first 123 amino acids of Msg5
(Msg5(1-123)) is necessary and sufficient for the interaction
with all four MAPKSs. In contrast, although highly expressed
(supplemental Fig. S1), a construct lacking the first 123 residues

DECEMBER 9, 2011+ VOLUME 286+NUMBER 49

(Msg5(124 —489)) failed to interact with all four MAPKs. How-
ever, although an Msg5 construct lacking the first 45 amino
acids interacted with both Slt2 and Mlpl, it could no longer
bind to either Fus3 or Kss1 (Fig. 2, A and C). Consistent with
these data, an Msg5 fragment containing only the first 45 amino
acids interacted with Fus3 and Kss1 but not with Mlp1 and Slt2
(Fig. 2, A and B). These two-hybrid results are also in agreement
with our previously reported data showing that the short Msg5
isoform, which lacks the first 45 amino acids, displays a much
lower affinity for Fus3 and Kss1 than the full-length Msg5 iso-
form in co-purification assays, whereas both isoforms bind SIt2
with the same affinity (25). Finally, a mutant of Msg5 lacking the
first 89 amino acids did not interact with Fus3 and Kss1 but was
still able to interact with SIt2 and Mlp1 (Fig. 2, A and C).

In summary, these two-hybrid data show that different
regions of Msg5 mediate the interaction of this phosphatase
with either mating- or cell wall integrity-related kinases. The
first 45 amino acids of Msg5 are necessary for interaction with
Fus3 and Kss1 and dispensable for binding to SIt2 and Mlp1,
whereas the region spanning amino acids 90 to 123 is required
for interaction with the latter two kinases.

Docking Site-dependent and -independent Mechanisms
Mediate Binding of Msg5 to Distinct MAPKs—The fact that
different regions of Msg5 mediate its binding to distinct
MAPKSs suggested that this phosphatase might have evolved
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different interaction mechanisms to selectively act on its
MAPK substrates. To gain insight into this issue, we studied the
involvement of classical docking interactions on the binding of
Msg5 to MAPKs. Msg5 has previously been shown to contain
an interaction motif for Fus3 and Kss1, spanning amino acids
27 to 39. This is referred to here as MD1 (Msg5 docking 1) and
has previously been found to contribute to the ability of Msg5 to
act on Fus3 (15). This MD1 docking motif is similar to the D
domains found in MAPK kinases, transcription factors, and
other MAPK substrates (Fig. 34). However, to date, no docking
motif has been identified that mediates the interaction of Msg5
with SIt2. Because our results indicate that the first 123 amino
acids of Msg5 are involved in binding to Fus3, Kss1, SIt2, and
Mlpl, we searched for additional putative MAPK docking
domains in this region. This analysis identified an additional
amino acid motif, located between residues 93 and 105 in Msg5,
that showed sequence homology with kinase interaction motifs
previously identified in mammalian tyrosine-specific MAPK
phosphatases (33), such as PTP-SL, LC-PTP, or STEP (Fig. 34).
This motif contains two conserved basic residues (arginines 96
and 97), whereas the characteristic LXL submotif is replaced by
YXL. To evaluate the role of the MD1 and MD2 motifs in the
interactions of Msg5 with the various MAPKs, we generated
Msg5 mutants in which key residues were substituted by ala-
nine (Fig. 3A4) and analyzed their ability to interact with MAPKs
using the two-hybrid assay. Mutations in MD1 (R29A, K324,
L34A, and L36A) clearly abrogated the ability of Msg5 to inter-
act with either Fus3 or Kss1 (Fig. 3B), whereas interactions with
either SIt2 or Mlp1 were completely unperturbed. In contrast,
mutations within MD2 involving substitution of the two argin-
ines (R96A and R97A) had no effect on interactions with either
Fus3 or Slt2 and only led to a slight reduction in the interaction
with Kss1 and Mlpl. The corresponding arginine residues of
PTP-SL, LC-PTP, and STEP have been shown to be essential for
the interaction of these phosphatases with the mammalian
MAPKs ERK?2 and p38 (34, 35). Thus, despite the resemblance
between MD2 and the KIM found in mammalian MAPK-spe-
cific tyrosine phosphatases, the conserved arginines do not
appear to play a role in mediating Msg5 binding to MAPKs.
Accordingly, a mutant of Msg5 containing substitutions in both
MD1 and MD2 behaved the same as the MD1 mutant of Msg5
in two-hybrid assays (Fig. 3B). Finally, mutation of both MD1
and MD2 in the Msg5 fragment encompassing the first 123
amino acids abolished its interaction with both Fus3 and Kss1
but not SIt2 and Mlp1 (Fig. 3C). These results confirm the
essential role of MD1 in the interaction of Msg5 with Fus3 and
Kss1 and its dispensability for the interaction of Msg5 with SIt2
and Mlp1 while indicating that MD2 does not play a functional
role in MAPK recognition.

Deletion of MSGS5 results in increased phosphorylation of
both Fus3 and SlIt2, under both basal and induced conditions
(25). To study the importance of docking interactions in the
negative regulation of these MAPKs, we analyzed the
amount of dually phosphorylated Fus3 and SIt2 in msg5SA
cells carrying a centromeric plasmid encoding either wild type
Msg5, a MD1 mutant in the two leucines of the LXL submotif
(Msg5™3*41354) " or the MD2 mutant (Msg5Roe4R74) - Ag
shown in Fig. 44, the MD1 mutant protein was unable to reduce
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the increased levels of phospho-Fus3 in pheromone-stimulated
msgSA cells to the extent promoted by either wild type Msg5 or
the MD2 mutant. Therefore, disruption of the docking interac-
tion greatly decreased the efficiency of the action of Msg5 on
Fus3. In contrast, expression of Msg5 mutated in either MD1 or
MD2 reduced the increased Slt2 phosphorylation exhibited by
msg5A mutants under CWI-stimulating conditions to a similar
extent as wild type Msg5 (Fig. 4B).

All of these data reinforce the importance of the docking
interaction through MD1 between Msg5 and Fus3 for the reg-
ulatory role of this phosphatase on the mating pathway and
suggest that the interaction of Msg5 with SIt2 and Mlp1 is not
mediated by canonical MAPK docking domains. Because this
MD1 mutant form of Msg5 only carries the substitutions of
leucines 34 and 36 by alanine, these results indicate that these
two amino acids are essential for the functionality of this dock-
ing motif. The tagging of these Msg5 constructs with the Myc
epitope allowed us to analyze the relative amount of each Msg5
isoform in the blots. Interestingly, Msg5™P" is mainly present
as the long isoform (Fig. 4). Although other possibilities cannot
be ruled out, this result suggests that the mRNA region of
MSGS corresponding to the MD1-coding sequence is critical
for the translation of the short form of this phosphatase.

A complementary approach to analyze the importance of
docking interactions between MAPKSs and their partners is to
mutate the MAPK CD domain. Alignment of the sequences
corresponding to the CD domain of mammalian Erk2 and Dro-
sophila Rolled with those of SIt2, Mlp1, Fus3, and Kss1 revealed
conserved aspartic and glutamic acids in the yeast proteins (Fig.
5A). Mutation of aspartic acid 319 to asparagine in Erk2 gives
rise to a hyperactive protein due to a deficient binding and
reduced sensitivity to the DSP MKP-3 (36). D317N and D321N
CD domain mutations in Fus3 and Kss1, respectively, did not
affect protein levels (supplemental Fig. S1) but greatly reduced
the interaction of both MAPKs with Msg5 in the two-hybrid
assay (Fig. 5, A and B). These results are in agreement with the
involvement of the Msg5 canonical docking domain MD1 in its
interaction with Fus3 and Kss1 as well as with the importance of
the CD domain of these MAPKs in binding to Ste7, Ste5, Digl,
and Dig2 (37) or Farl (15). In contrast, the SIt2 D326N and
Mlp1 E326N CD domain mutations did not decrease the asso-
ciation with Msg5 (Fig. 5, A and C). Moreover, a combination of
the D326N mutation with two other changes in conserved res-
idues within the CD of Slt2, namely aspartic acid 323 and glu-
tamic acid 327 (Fig. 54), did not result in a reduction in the
binding of this Slt2 mutant (SIt2“P3) to Msg5 (Fig. 5C). The
two-hybrid results reported so far show that binding between
Msg5 and Slt2 or Mlpl is not mediated by classical docking
interactions involving D and CD domains, in contrast to that
occurring with Fus3 or Kss1.

Msg5 Regulates the Phosphorylation of the N-terminal Kinase
Domain of Sit2 by Binding the Region Spanning Amino Acids
274 to 373—1It has previously been shown that removal of the
extreme C terminus of Slt2 (amino acids 394 —484) increases
the level of phosphorylation of the TXY motif within the acti-
vation loop (38). One possible explanation for this observation
is that this region mediates binding to a negative regulator.
Therefore, we studied the effect of Msg5 on the phosphoryla-
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(MD1and MD2), which contain conserved amino acid residues (underlined) found in MAPK docking sites of different MAPK-interacting proteins, including yeast
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cells containing plasmids that encode the indicated proteins. Before mating, pGBKT7, pGBKT7-MSGS5, pGBKT7-Msg5™P?, pGBKT7-Msg5MP?, or pGBKT7-
Msg5MP12 were transformed into PJ69-4A cells, and pGADT7 or pGADT7-Kss1, pGADT7-Fus3, pGADT7-Smk1, pGADT7-SIt2, pGADT7-MIp1,and pGADT7-Hog1
were transformed into PJ69-4« cells. Two-hybrid assays were performed as indicated in Fig. 1, A and B. C, semi qualitative (left) or semiquantitative (right)
analysis of the two-hybrid interaction of diploid cells bearing plasmids that encode the indicated proteins. Before mating, pGBKT7, pGBKT7-Msg5(1-123) or
pGBKT7-Msg5(1-123)MP'"2 expressing the first 123 amino acids of Msg5 without or with both MD1 and MD2 substitutions, respectively, were transformed into
PJ69-4A cells, and pGADT7, pGADT7-Kss1, pGADT7-Fus3, pGADT7-SIt2, or pGADT7-MIp1 were transformed into PJ69-4a cells. Two-hybrid assays were per-
formed as indicated in the legend to Fig. 1, Aand B.
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tion of a C-terminal truncation of Slt2 (SIt2(1-373)). As shown
in Fig. 6A, the SIt2(1-373) mutant showed higher levels of acti-
vation loop phosphorylation than wild-type SlIt2, both in
unstimulated conditions and after exposure of cells to the SIt2
activator Congo red in wild type cells. Interestingly, levels of
SIt2(1-373) phosphorylation were further increased under
both basal and inducing conditions in cells lacking Msg5
(msgSA). This result indicates that Msgb is still able to regulate
the phosphorylation of the truncated kinase, suggesting that
the C terminus of Slt2 is dispensable for binding to Msg5.

Because Slt2 has been shown to dimerize (39), we wanted to
rule out the possibility that the effect of Msg5 on Slt2(1-373)
phosphorylation was facilitated by binding to endogenous full-
length SIt2 protein. To this end, recombinant GST-Msg5 and
both full-length SIt2 and SIt2(1-373) tagged in the N terminus
with a poly-His epitope were produced in E. coli and tested for
in vitro interaction by a pull-down assays. As shown in Fig. 6B,
both Slt2 and SIt2(1-373) showed similar binding to GST-
Msg5, suggesting that Slt2 does not bind Msg5 through the
MAPK C-terminal tail.

In an attempt to localize the Msg5-binding region within
SlIt2, we carried out pull-down experiments using a mutant of
Slt2 (S1t2(1-273)) lacking a further 100 amino acids from the C
terminus of the protein. Unlike Slt2(1-373), SIt2(1-273) did
not bind GST-Msg5 (Fig. 6C), suggesting that the Slt2 region
spanning amino acids 274 to 373 mediates binding to Msg5. In
support of this, we showed that the SIt2 region 274 -373 fused
to GST (GST-SIt2(274-373)) bound Msg5-Myc when
expressed in yeast (Fig. 6D). Binding between this SIt2 fragment
and Msg5 was also confirmed by in vitro pull-down experi-
ments using poly-His-tagged SIt2(274-373) and GST-Msg5,
both produced in E. coli (Fig. 7A).

The Same Region of Slt2 Mediates Binding to Its Activator
Mkkl and Msg5 through CD-dependent and -independent
Binding Mechanisms, Respectively—The Msg5-binding region
of Slt2, spanning amino acids 274 to 373, includes the CD
domain (Fig. 5A). We have previously shown by hybrid assays
that the Slt2 CD domain is not required to mediate the interac-
tion of SIt2 with Msg5. In order to confirm the dispensability of
this motif in SIt2-Msg5 binding, in vitro interaction assays with
recombinant proteins individually produced in E. coli were per-
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down GST-complexes. Immunodetection was performed using anti-poly-His
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formed. A poly-His-tagged version of Slt2(274—373) mutated
in three of the critical CD domain residues (SIt2(274—
373)(323N326N.327N)) yas produced in E. coli and assayed for
binding to recombinant GST-Msg5. As observed in Fig. 74, the
CD mutant Slt2 fragment bound to the phosphatase similarly to
the wild type Slt2 fragment, suggesting that the SIt2 CD domain
is not involved in this interaction. GST-Msg5 was also able to
bind an equivalent poly-His-tagged fragment of Mlpl
(Mlp1(274—-373)) as well as the corresponding CD-mutated
version of this fragment (Mlp1(274—-373)®2*™)) (Fig. 7B). Alto-
gether, these results confirm the dispensability of the CD
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FIGURE 7. Involvement of the common docking domain of SIt2 and Mip1
on binding to distinct interactors. A, Western blot analysis of the in vitro
co-purification of recombinant Msg5 with the indicated SIt2 fragments. E. coli
extracts containing GST or GST-Msg5 were incubated with E. coli extracts con-
taining SIt2(274-373)-His (CD) or Slt2(274-373)1323N:326N327N)_Hic (cd) and
glutathione-Sepharose to pull down GST complexes. Immunodetection was
performed using anti-poly-His (top) and anti-GST (bottom) antibodies.
B, Western blot analysis of the in vitro co-purification of recombinant Msg5
with the indicated MIp1 fragments. E. coli extracts containing GST or GST-
Msg5 were incubated with E. coli extracts containing Mip1(274 -373)-His (CD)
or MIp1(274-373)42°N)His (cd) and glutathione-Sepharose to pull down GST
complexes. Immunodetection was performed as in A. C, Western blot analysis
of the in vitro co-purification of recombinant Mkk1 with the indicated SIt2
fragments. E. coli extracts containing GST or GST-Mkk1 were incubated
with E.coli extracts containing SIt2(274-373)-His (CD) or SIt2(274-
373)1323N:326N327N)_Hi< (cd) and glutathione-Sepharose to pull down GST com-
plexes. Immunodetection was performed as in A. In all cases, reproducible
results were obtained in different experiments, and selected images corre-
spond to representative blots.

domain within Slt2 for binding to Msg5 and suggest that a sim-
ilar binding mechanism is likely to operate in the interaction of
Mlp1 with Msg5.

To establish whether the CD domain present in the SIt2 frag-
ment could mediate binding to other known interactors of this
MAPK, we carried out similar pull-down experiments using
recombinant GST-Mkkl. MKkk1 is one of the two redundant
MAPK kinases acting as Slt2 activators in the CWI pathway
(29). As shown in Fig. 7C, GST-Mkk1 bound SIt2(274-373) in a
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CD-dependent manner, in contrast to that observed with GST-
Msg5. These results indicate first that the CD domain present
in this fragment is fully functional for binding cognate interac-
tors and, second, that both Mkk1 and Msg5 interact with SIt2
through CD-dependent and independent binding mechanisms,
respectively.

Identification of a Novel Motif within MsgS Involved in Bind-
ing to SIt2 and Mlpl—Because Sdpl, another DSP acting on
SIt2, lacks the characteristic N-terminal regulatory domain
where typical D domains reside, we hypothesized that its bind-
ing to this MAPK could be mediated by a similar mechanism as
that operating in Msg5. Therefore, we searched for motifs in the
first 123 amino acids of Msg5 that were also present in Sdp1.
BLAST analysis revealed a short region of homology spanning
residues 2—12 in Sdp1 and residues 101-111 in Msg5 (Fig. 84).
The IYT motif within this region is also conserved in Msg5
orthologs from other fungal species, suggesting that it may play
arelevant role in the interaction with SIt2.

In order to address the involvement of this putative motif
(MD3) of Msg5 in Slt2 binding, the conserved Ile*°%, Tyr'%3,
and Thr'®* were changed to alanine in both full-length Msg5
and Msg5(1-123), and the interaction with Slt2, Fus3, Kss1,
and Mlp1 was assayed by two-hybrid experiments. We con-
firmed that mutant hybrid proteins were expressed to a sim-
ilar extent as the wild type versions (supplemental Fig. S1).
Asshown in Fig. 8B, in contrast to that observed for Fus3 and
Kss1, loss of MD3 reduced the ability of full-length Msg5 to
bind both SIt2 and Mlp1 in the two-hybrid system. More-
over, mutation of MD3 within Msg5(1-123) completely
abrogated two-hybrid interaction of this fragment with these
two kinases. For these assays, we used the CD-mutated ver-
sions of Slt2 (SIt2<"3) and Mlp1 (Mlp1<P) to confirm that no
CD-dependent mechanism was operating in MD3-mediated
binding.

The role of MD3 as a binding motif was confirmed by both in
vitro and in vivo co-purification experiments. As shown in Fig.
8, Cand D, E. coli-produced MD3-mutated forms of both GST-
Msg5 and GST-Msg5(1-125) lost the ability to interact in vitro
with the E. coli-produced Slt2(274—373) fragment. Moreover,
compared with Msg5 wild type, a significant reduction in the
amount of Msg5™P? pulled down by GST-SIt2 from yeast
extracts was also observed (Fig. 8E). All of these results indicate
the involvement of this novel Msg5 MD3 motif in the interac-
tion with SIt2 and Mlp1.

To analyze the physiological consequences of the binding
mediated by the MD3 motif, we tested different CWI pathway-
associated phenotypes in msgSA cells expressing either the
Msg5 or the Msg5™P? mutant proteins. As shown in Fig. 94,
cells expressing Msg5™"? showed an intermediate Congo red
sensitivity between the msg5 deletant and the wild type strain,
indicating that this mutant protein is not able to fully comple-
ment the lack of Msg5.

However, when we analyzed Slt2 phosphorylation, we
observed that both mutant and wild type Msg5 reduced to the
same extent the phosphorylation of Slt2 displayed by the msg5
deletant both in basal and stimulating conditions (Fig. 9B). No
differences were detected in the expression of several CWI-
regulated genes as determined by quantitative PCR in the
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absence of stimulus. This was not an unexpected result,
because we have previously shown that although loss of
Msgb in such conditions causes a significant increase in the
phosphorylation of SIt2, this results in only a weak transcrip-
tional response (25). Nevertheless, no significant transcrip-
tional differences between the MD3 mutant and the wild
type were detected upon stimulation of the pathway (supple-
mental Fig. S2). Interestingly, a significant reduction in the
phosphorylation of Msg5 by Slt2 upon pathway activation
was clearly observed in the Msg5™"® mutant protein as com-
pared with the wild type (Fig. 9C). This indicates that the
interaction mediated by this motif is critical for this Slt2-
mediated post-translational modification of Msg5 in
response to stimuli that activate the CW1I pathway.

DISCUSSION

Many studies have demonstrated that MAPK phosphatases
can act as negative regulators of multiple distinct MAPK path-
ways (20). How they manage to act specifically on the appropri-
ate substrate under given conditions is one of the key issues in
understanding their role on signaling. In this context, it is
essential to know the mechanisms that mediate the interaction
between MKPs and MAPKs. With this goal in mind, we have
studied the physical interaction of the MKP Msg5 with distinct
yeast MAPKSs using yeast two-hybrid and in vitro binding anal-
yses. Whereas certain mammalian MKPs exemplified by
DUSP1(MKP-1) have been shown to bind and down-regulate
MAPKSs from all three major subfamilies (40), we have found
that Msg5 only interacts with ERK-type MAPKSs, showing high
substrate specificity for the ERK1/2 and ERK5 homologs Fus3/
Kss1 and Slt2, respectively. Interestingly, the yeast DSP Sdpl
also down-regulates Slt2 (28, 41), but no yeast DSP has so far
been shown to act on the p38 homolog Hogl. Therefore, a dif-
ferent evolutionary outcome for p38 kinase regulation seems to
have occurred in mammalian cells and yeast, in which Hogl
seems to be exclusively dephosphorylated by serine-threonine-
specific and tyrosine-specific phosphatases.

The phosphatase catalytic domain recognizes phosphoryl-
ated sites in the target protein. However, this recognition is
usually insufficient for providing specificity toward the sub-
strate. Binding of classical MKPs to a target MAPK is mainly
mediated through critical interaction motifs known as docking
domains, which confer substrate specificity (40). Our work pro-
vides novel insights into the mechanisms that mediate the
interaction of Msg5, a phosphatase that plays an essential role
in controlling signaling through mating and CWI pathways
with their target MAPKs.

Our two-hybrid data confirm the results obtained by
Remenyi et al. (15), indicating the existence of a D domain in
the N terminus of Msg5 that mediates binding to Fus3 and
Kssl. This D domain presents the two major elements found
in nearly all MAPK docking motifs: a cluster of basic residues
at the N terminus, interacting with the negatively charged
surface on MAPKs at the CD motif, and a hydrophobic motif
near the C terminus that binds a series of shallow hydropho-
bic pockets on the kinase surface. These authors showed that
a version of Msg5 carrying alanine substitutions in both
basic and hydrophobic residues had reduced activity in
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FIGURE 8. The MD3 motif mediates binding of Msg5 to SIt2 and Mlp1. A, top, sequence comparison by BLAST analysis between Msg5 and Sdp1
revealed a similar region in the N-terminal part of these two proteins. The area corresponding to the putative Msg5 motif MD3 is shown here. Amino
acidic changes introduced in the mutated version Msg5™P? are underlined. Bottom, multiple alignment of the Msg5 amino acid sequence stretch bearing
the MD3 motif with several Msg5 orthologs from different fungi. Alignment was performed by ClustalW (available on the World Wide Web). Identical
residues are indicated by asterisks. Dots mark similar residues. Zr, Zygosaccharomyces rouxii; Sc, S. cerevisiae; Kl, Kluyveromyces lactis; Lt, Lachancea
thermotolerans; Cg, Candida glabrata. B, semiquantitative analysis of the two-hybrid interaction of diploid cells containing plasmids that encode the
indicated proteins. Before mating, pGBKT7, pGBKT7-Msg5, pGBKT7-Msg5™P3, pGBKT7-Msg5(1-123), or pGBKT7-Msg5(1-123)"P3 were transformed into
PJ69-4A cells, and pGADT7, pGADT7-Kss1, pGADT7-Fus3, pGADT7-SIt2P3, or pGADT7-MIp1<P were transformed into PJ69-4« cells. Two-hybrid assays
were performed as indicated in Fig. 1B. C, Western blot analysis of the in vitro co-purification of recombinant GST-Msg5(1-123) (WT) and GST-Msg5(1-
123)MP3 (MD3) with SIt2(274-373)-His. E. coli extracts containing GST fusions were incubated with E. coli extracts containing SIt2(274-373)-His and
glutathione-Sepharose to pull down GST complexes. Inmunodetection was performed using anti-poly-His (top) and anti-GST (bottom) antibodies.
D, Western blot analysis of the in vitro co-purification of recombinant GST-Msg5 (WT) and GST-Msg5™P3 (MD3) with SIt2(274-373)-His. E. coli extracts
containing GST fusions were incubated with E. coli extracts containing SIt2(274-373)-His and glutathione-Sepharose to pull down GST complexes.
Immunodetection was performed as in C. E, Western blot analysis of Msg5-6Myc pulled down by GST-SIt2. Transformants of the yeast DD1-2D strain
with YCplac22MSG5m and pEG(KG) (GST) or pEG(KG)-SLT2 (S/t2) were grown to mid-log phase in selective medium at 24 °C, cells were collected, cell
extracts were prepared, and GST-SIt2 complexes obtained by purification with glutathione-Sepharose were analyzed by immunoblotting with anti-Myc
(top) and anti-GST (bottom) antibodies. In all cases, reproducible results were obtained in different experiments, and selected images correspond to
representative blots.

attenuating Fus3-mediated mating pathway output. Our interactions mediated by D sites has been described previ-
results show that mutation of arginine 29, lysine 32, and ously for other MAPK interactions (42).

leucines 34 and 36 abolishes the interaction with Fus3 and We have also shown that Msg5 uses a D domain-indepen-
Kss1l but also that mutation of leucines 34 and 36 alone dent mechanism to bind Slt2 and Mlp1 kinases. It is impor-
decreases the activity of Msg5 toward Fus3, highlighting the tant to note that not all mammalian DSPs bind to MAPKs
importance of these hydrophobic residues for binding through D domains and therefore via the CD site of MAPKs.
between these two proteins. The importance of hydrophobic  For example, it has been shown that the CD domain of p38
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FIGURE 9. Effect of the lack of Msg5 MD3 motif on the CWI pathway.
A, sensitivity to Congo red of msg5A (DD1-2D) cells transformed with the
vector  YCplac22m or plasmid  YCplac22MSG5m  (Msg5)  or
YCplac22MSG5MP3m (Msg5VP3). Cells were grown in liquid selective medium
at 24 °C,and a 10-fold dilution series of this culture was spotted onto YPD agar
medium in the absence (=) or presence of the indicated concentration of
Congo red and incubated for 2 days at 24 °C. B, Western blotting analysis of
the effect of the Msg5 MD3 mutation on Slt2 phosphorylation. The same
transformants as in A were grown to mid-log phase in selective medium at
24°C, and then aliquots were treated or not with Congo red (30 ng/ml) for
120 and 180 min. Protein extracts were prepared, and phospho-SIt2 and actin
(as a loading control) were detected by immunoblot analysis with anti-phos-
pho-p42/44 and anti-actin antibodies, respectively. C, Western blotting anal-
ysis of the effect of the Msg5 MD3 mutation on Msg5 phosphorylation. The
same transformants as in A were grown to mid-log phase in selective medium
at 24 °C, and then aliquots were either left untreated or exposed to Congo red
(30 wg/ml) for 60 and 180 min. Proteins extracts were prepared, and Msg5-
6Myc or Msg5MP3-6Myc and actin (as a loading control) were detected by
immunoblotting analysis with anti-Myc and anti-actin antibodies, respec-
tively. In all cases, reproducible results were obtained in different experi-
ments, and selected images correspond to representative blots.

and JNK is not involved in binding and deactivation by the
DSP LMW-DSP2 (43). However, in contrast to Msg5, this
mammalian protein phosphatase does not contain a canon-
ical D domain or even the regulatory N-terminal domain
found in typical MKPs. In addition, it has been shown that a
DEF motif can contribute to binding of the mammalian
DUSP1/MKP-1 to active ERK2 (44). However, Msg5 does
not contain a DEF consensus FX(F/Y)P sequence within the
N-terminal region. Here we show that Msg5 binding to Slt2
and Mlp1 is not mediated by a second putative D domain
lacking the consensus LXL submotif found in the N-terminal
region of Msg5. Therefore, despite having a fully functional
D domain that interacts with Fus3 and Kssl MAPKs, an
alternative mechanism for binding the two CWI-related
kinases is used by this MKP. Interestingly, mutation of the
KIM domain of DUSP1/MKP-1 prevents the interaction of
this phosphatase with both ERK1/2 and p38 MAPKs in mam-
malian cells. In contrast, both the binding of DUSP1/MKP-1
to JNK and its ability to inactivate this kinase are totally

42048 JOURNAL OF BIOLOGICAL CHEMISTRY

unaffected by loss of the KIM, indicating that a different site
within DUSP1/MKP-1 is involved in binding to JNK (45).

Our findings demonstrate that a motif consisting of
192IYT'** is involved in Msg5 interaction with the CW1 kinases
SIt2 and Mlp1. Remarkably, this motif is located close to the D
domain that mediates binding to Fus3 and Kss1. This reinforces
the importance of the N-terminal domain of Msg5 and gener-
ally of MKPs for binding to their substrates, regardless of the
interaction mechanism. Although the Msg5 IYT motif is situ-
ated next to the two arginines *°RR%’, it is not conserved in
mammalian phosphatases that possess a consensus D domain,
like PTP-SL, LC-PTP, and STEP (see Fig. 3A). In contrast, this
motifis present in Sdp1, the other MKP known to act on Slt2, as
well as in Msg5 orthologs from other yeast species. This sug-
gests that this motif participates in a novel conserved binding
mechanism. It is noteworthy that Sdp1, which possesses a short
N-terminal region lacking the characteristic D domains, has
been shown to interact with SIt2 but not with the other yeast
MAPKs (28).

The use of different binding modes or determinants of
MAPK recognition might allow Msg5 to differentially modulate
the activities of “mating” or “cell integrity” kinases, depending
on specific cellular situations. In fact, post-translational modi-
fications, such as phosphorylation, have been described for
Msg5 as a consequence of CW1I pathway activation. This phos-
phorylation is likely to differentially modulate Msg5 binding to
CWI or mating-related MAPKSs. In support of this, the interac-
tion of Msg5 with Slt2 is reduced under conditions that activate
the CWI pathway (23), which is consistent with the character-
istic absence of adaptation showed by this pathway. This does
not seem to be the case for the mating pathway, in which the
action of Msg5 is important for adaptation after pheromone
stimulation (21). Our results indicate that binding between
Msg5 and SIt2 through the IYT motif can provide specificity in
Msg5 phosphorylation by Slt2, because a version of Msg5 that
lacks this motif shows a deficient phosphorylation upon CW1I
pathway stimulation.

In addition, as in the case of Sdp1, Msg5 can be subjected to
redox regulation. Formation of an intramolecular disulfide
bond under oxidative conditions leads to both activation and
selective recognition of tyrosine-phosphorylated MAPK sub-
strates (46). The existence of distinct binding mechanisms
could also allow differential modulation of Msg5 action toward
distinct MAPKs following oxidative stress.

We have also studied the molecular mechanisms mediating
the interaction of Slt2 with different regulators. We show that
Slt2 binds its activator Mkk1 through the MAPK CD domain.
Bearing in mind that D domains mediate interaction of Slt2
with other CW1I pathway components, including activators like
the Mkk1-redundant MAPK kinase Mkk2 (29) and substrates
like RIm1 (47) or Swi4 (48), this indicates that Slt2 preferentially
uses this prototypic interaction mechanism for binding to acti-
vators and substrates. However, our work also shows that this
kinase is able to exploit other mechanisms for binding to regu-
lators, such as Msg5. The fact that peptide versions of D
domains from different MAPK-interacting proteins inhibit
MEK-mediated phosphorylation or MKP-mediated dephos-
phorylation (49) suggests that activators and down-regulators
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compete for binding to the same CD sites of cognate MAPKs.
Interestingly, the binding determinants within SIt2 for Mkk1
and Msg5 are different but proximally located, allowing possi-
ble steric hindrance in the interactions of these proteins with
the MAPK. In this way, Slt2 would benefit from the existence of
a specific Msg5 interaction mechanism without losing the pos-
sibility of competition among distinct MAPK partners. It has
been recently shown that MAPK activation triggers dynamic
changes within docking sites (50). Therefore, the presence of
distinct binding sites in SIt2 could be a means to differentially
regulate interaction with Msg5 and Mkk1/2 following SIt2
phosphorylation.

In addition to substrate recruitment, docking interactions
have been implicated in allosteric control of MAPK activity.
Binding of MAPKs to docking motifs of their partners may
cause MAPKs to change their conformation and expose their
activation loop (51). For example, binding of Ste5 to Fus3,
which occurs through two sites of the kinase, including the
D-site-interacting groove, induces partial autophosphorylation
and activation of Fus3 (52). It is interesting to note that the SIt2
region mediating binding to Msg5 includes the MAPK L16
loop. This loop, as well as mediating MAPK homodimerization
(53), has been regarded as a molecular switch that promotes
MAPK activation in response to conformational change (14).
Therefore, the possibility that binding of Msg5 to Slt2 could
affect its activity by an allosteric change cannot be ruled out. In
addition, the novel FRIEDE interaction motif identified in the
atypical ERK3 and ERK4 MAPKSs as essential for binding to its
substrate MKS5 is also located within the L16 loop (13). These
findings highlight the importance of this region in MAPK func-
tion. Fungal MAPKs operating in conserved CWI pathways
possess an autoinhibitory extension, located C-terminal to this
region (38). It is plausible that non-canonical binding could
affect the function of this C-terminal extension in a way differ-
ent from binding through classical CD domain-mediated dock-
ing interactions. Therefore, this may represent a novel binding
mechanism shared by fungal CWI MAPKs bearing C-terminal
extensions.

These data, together with the existence of two isoforms of
Msg5 and MAPK-dependent post-translational modifications
(23, 25), emphasize the complexity of Msg5 regulation and
illustrate different modes used by phosphatases to interact with
the MAPKSs they inactivate. In this case, the same protein phos-
phatase is able to bind to four different MAPKs. It uses either
classical docking-mediated interactions (with Fus3 and Kss1)
or the novel IYT motif-mediated binding mechanism (with SIt2
and Mlpl) here described, in which no canonical docking
domains are involved. It is also remarkable that Mlp1, a pseu-
dokinase bearing the tyrosine but not the threonine at the acti-
vation loop, is able to interact with Msg5 using the same mech-
anism as Slt2. This suggests the existence of competition
between these related kinases to bind Msg5 that could modu-
late CWI pathway activation. Elucidation of the molecular
mechanisms mediating protein-protein interactions between
key signaling regulators and their targets in MAPK pathways
may facilitate the design of substrate-selective therapeutic
drugs.
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