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The Mpkl (SIt2) mitogen-activated protein (MAP) kinase has been implicated in several biological processes
in Saccharomyces cerevisiae. The Rlm1 protein, a member of the MADS box family of transcription factors,
functions downstream of Mpkl in the pathway. To characterize the role of Rlm1 in mediating the transcrip-
tional activation by the Mpkl pathway, we constructed a LexA-RIm1AN chimera in which sequences, including
the MADS box domain of the Rlm1 protein, were replaced by the LexA DNA binding domain and tested the
ability of this chimera to activate a LexA operator-controlled reporter gene. In this assay, the Rlm1 protein was
found to activate transcription in a manner regulated by the Mpkl pathway. The Mpkl protein kinase
phosphorylated RIm1AN in vitro and the LexA-RIm1AN chimera protein was phosphorylated in vivo in a
Mpkl-dependent manner. These results suggest that Mpkl regulates the transcriptional activity of Rlm1 by
directly phosphorylating it. We identified a Mpk1-like protein kinase, Mlp1, as an Rlm1-associated protein by
using the yeast two-hybrid system. Overexpression of MLPI suppresses the caffeine-sensitive phenotype of the
bck1A mutation. The additivity of the milpIA defect with the mpkIA defect with regard to the caffeine sensitivity,
combined with the results of genetic epistasis experiments, suggested that the activity of Rlm1 is regulated

independently by Mpkl MAP kinase and the Mlpl MAP kinase-like kinase.

Extracellular molecules that regulate cell proliferation and
differentiation in eukaryotes exert their effects through path-
ways that detect signals at the cell surface and transmit them
through the cytoplasm to the nucleus. Transcription factors in
the nucleus are typically the ultimate targets of these signaling
pathways, and they function to elicit alterations in gene expres-
sion that in turn regulate cellular events. One mechanism for
transmitting these signals involves a protein phosphorylation
cascade leading to activation of mitogen-activated protein ki-
nases (MAPKSs) or extracellular signal-regulated kinases (ERKs)
(1, 19, 20). Thus, these enzymes are thought to function as
intermediaries between membrane-associated signaling mole-
cules and the nucleus. MAPKs/ERKs are activated through
protein kinase cascades that are comprised of three highly
conserved core components. The MAPKSs are activated in re-
sponse to dual phosphorylation on tyrosine and threonine res-
idues catalyzed by a family of dual-specificity protein kinases,
termed MEK (MAPK or ERK kinase) or MAPKK (MAPK
kinase). MAPKK/MEK itself is phosphorylated and activated
by upstream regulators, MAPKK kinases (MAPKKKs), that
include Raf, MEK kinase (MEKK), and Mos (19). Each of
these upstream components also functions in multiple cell sig-
naling processes.

Defining the targets of MAPKs is of fundamental impor-
tance for understanding at a molecular level how intracellular
processes are dramatically altered in response to environmen-
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tal signals. The targets of MAPKSs include a number of tran-
scription factors, and it is presumed that it is by phosphoryla-
tion of these factors that extracellular stimuli regulate
transcription. One promoter motif that mediates the response
to ERKs is the c-fos serum response element (SRE). The c-fos
SRE binds a ternary complex comprised of the SRF (serum
response factor [31, 32]) and TCF (ternary complex factor [31,
32]) transcription factors. Recent findings indicate that phos-
phorylation of TCF occurs in response to activation of the
MAPK pathway and that regulation of TCF activity is an im-
portant mechanism by which promoters containing the SRE
respond to growth factor signals (9, 12, 15). However, although
progress has been made in identifying possible targets of
MAPKSs, much remains to be learned about the downstream
events caused by MAPK activation in vivo.

Through the selection of mutants and cloning of the genes
involved, yeast molecular genetics offers a powerful tool for
dissecting the components of signal transduction pathways.
One of the MAPK pathways in the budding yeast Saccharomy-
ces cerevisiae is mediated by the yeast protein kinase C ho-
molog, Pkcl. This pathway consists of Bck1 (Slk1) and Mkk1/
Mkk2, which are proposed to catalyze a protein phosphoryla-
tion cascade culminating in the activation of the Mpkl MAPK
homolog. The upstream activators of Mpk1 are the function-
ally redundant kinases Mkkl and Mkk2, which share high
sequence identity with MEK (11). Furthermore, the Bck1 ki-
nase, which has been demonstrated to function upstream of
Mkk1/MKkKk2, is closely related to MEKK. Thus, Bck1, Mkk1/
Mkk2, and Mpk1 kinases act, in that order, in the Pkcl-medi-
ated pathway (11, 16, 17). This pathway is essential for integrity
of the cell wall and also participates in nutrient sensing, growth
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TABLE 1. Strains used

Strain Genotype
1788 MATa/MATa ura3jura3 leu2/leu2 trpl/trpl his4/his4
canl/canl
DLA456-3D ............. MATo mpklA::TRPI ura3 leu2 trpl his4 canl

. MATa mipl A::URA3 ura3 leu2 trpl his4 canl

GMYS8l..... MATa mipIA::LEU2 ura3 leu? trpl his3 ade2 canl

GMY90-1A MATa ura3 leu2 trpl his4 canl

GMY90-1B.. MATo mpklA::TRPI ura3 leu2 trpl his4 canl

GMY90-1C .. MATo mip1A::URA3 mpklA::TRPI ura3 leu2 trpl his4
canl

GMY90-1D............ MATa miplA::URA3 ura3 leu2 trpl his4 canl

..MATa leu2 trpl his3 LYS2::lexA-HIS3 URA3::lexA-lacZ
MATa bck1A::HIS3 ura3 leu2 trpl his3 ade2 canl
MATa mpkIA::HIS3 ura3 leu2 trpl his3 ade2 canl
..MATa ura3 leu2 trpl his3 ade2 canl

control, and actin organization. Identification of the targets of
Mpk1 would contribute to an understanding of how the Pkcl-
Mpk1 pathway directs downstream events.

We have previously identified the RLMI gene from mutants
resistant to growth inhibition caused by overexpression of
MKKI38¢ | an activated mutation of MKKI1. RLMI encodes a
protein belonging to the MADS box family of transcription
factors. Genetic and phenotypic analyses suggest that Rlm1
functions as a transcription factor downstream of Mpk1 and is
activated by the Mpkl MAPK pathway. Consistent with this
possibility, an interaction between Mpk1 and Rlm1 in vivo was
observed with the yeast two-hybrid system (35). It is therefore
possible that activation of RIm1 by the Mpk1 pathway enables
it to regulate expression of specific genes involved in the re-
sponse. However, the role of Rlm1 in the Mpkl pathway has
been unclear, owing to the lack of a suitable functional assay
for Rlm1 in vivo.

As a first step toward assaying RIm1 function in the Mpk1l
pathway, we constructed a fusion protein, LexA-RIm1AN, in
which the NH,-terminal MADS box domain of Rlm1 was re-
placed by the DNA binding domain of LexA. We tested
whether this LexA-RIm1AN chimera would activate transcrip-
tion and confer Mpkl-mediated regulation of a LexA site
reporter gene. In this study, we present evidence suggesting
that transcriptional activation by Rlml is regulated by the
Mpkl1 pathway via direct phosphorylation by Mpkl1. Further-
more, we identified a Mpk1-like protein kinase which interacts
with RIm1 by the yeast two-hybrid screening method.

MATERIALS AND METHODS

Strains and general methods. Escherichia coli DH5a was used for DNA
manipulation (7). Another E. coli strain, BL21, was used as the host for expres-
sion of heterologous protein. The yeast strains used in this study are listed in
Table 1. Standard procedures for yeast manipulations (13) were followed. The
media used in this study included rich medium (YEPD), synthetic complete
medium (SC), synthetic minimal medium (SD), and sporulation medium (13).
SC lacking amino acids or other nutrients (e.g., SC-Leu lacks leucine) was used
to score auxotrophies and to select transformants. Yeast cells were transformed
by the lithium acetate method, using single-strand DNA as the carrier (6). Other
recombinant DNA procedures were carried out as described by Sambrook et al.
(28).

Plasmids. Plasmid YEp351[MPK1::HA] directs the expression of Mpkl
tagged at its carboxyl terminus with an epitope from the influenza virus hemag-
glutinin (HA) protein (Mpkl-HA), and plasmid YEp351[mpk1-T190A,
Y192F::HA] expresses a version of Mpk1-HA that lacks the two phosphorylat-
able residues required for its activation. Both plasmids were the kind gifts of
David E. Levin (14). Plasmid YS116 is a YEp-based URA3 plasmid harboring the
lacZ reporter gene containing LexA DNA binding sites in its promoter (25).
Plasmid YEpMLP1 is YEplac181 carrying the 2.1-kb Nrul fragment of the MLPI
gene. The NH,-terminal portion of the MLPI coding sequence was amplified by
PCR using the 5’ primer 5'-CCCGGATCCAAATGGCGACTGACACCGAG
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AG-3', which incorporates a BamHI site, and the 3’ primer 5'-CTTCCCGGG
ATATTACCGAACTGAA-3'. An 830-bp BamHI-Smal fragment generated by
PCR was inserted into pBluescript SK+ (SK+MLP1-1). Then a 400-bp
BamHI-HindllI fragment obtained from SK+MLP1-1 and a 1.3-kb HindIII-Sall
fragment containing the COOH-terminal portion of MLPI were inserted into the
BamHI-Sall gap of pACTII (18) to generate pACT-MLP1. In pACT-MLP1, the
transcriptional activation domain of Gal4 is fused to the NH, terminus of Mlp1.
PpACT-MLP1 rescued the caffeine sensitivity of bckIA. To create LexA-RIm1
chimera deletion plasmids, the 1.6-kb Bg/II-Clal (amino acids 1 to 525), the
1.3-kb BglII-SspI (amino acids 1 to 445), and the 730-bp Bg/II-HindIII (amino
acids 1 to 245) fragments of pACT-RLM1 were cloned into pBTM116. pACT-
MPK1 was isolated from an ACT cDNA library (provided as a gift by S. J.
Elledge), using MKKI as a bait. pACT-MPK1 expresses a fusion protein between
the activation domain of Gal4 (GAD) and the full-length coding sequence of the
SLT2/MPKI gene.

Cloning of MLPI. Plasmid pYW61 (35) contains a 2.6-kb Bg/II-PstI fragment
of pACT-RLM1 containing the full-length coding sequence, which was cloned
into the BamHI-Sall gap of pBTM116 (35). The LexA-RIm1 fusion protein
strongly activated transcription of HIS3 and lacZ reporter genes containing LexA
operators in the reporter strain 140 (35). Then, the LexA-RIm1AC plasmid
(pYW62) was constructed by removing the 1-kb Clal-Clal fragment from
pYWo61. pYW62 expresses the LexA-RIm1 fusion protein lacking the COOH-
terminal 151 amino acids. The LexA-RIm1AC fusion protein moderately acti-
vated expression of reporter genes, but histidine auxotrophy of transformants
with pYW62 could be obtained by growing cells in the presence of 130 mM
3-aminotriazole (AT), a chemical inhibitor of the HIS3 gene product, imidazole
glycerol phosphate dehydrogenase. Strain L40 was transformed simultaneously
with both pYW62 and one of the libraries of genomic DNA fragments (3). After
3 to 4 days of growth on SC-Leu-Trp plates, Leu™ Trp* transformants were
replica plated to SC-His-Leu-Trp plates containing 130 mM AT. After false-
positive clones were eliminated by curing plasmids, two transformant clones
remained. Two plasmids were rescued by transformation into E. coli. They
allowed cells to grow on SC-His containing 130 mM AT when cotransformed
with just pYW62. Both plasmids contained the entire coding region of a gene
designated YKL615, as determined by restriction site mapping. The nucleotide
sequences of both strands of the 430-bp HindIlI-Smal fragment of the plasmid
were determined by dideoxy-chain termination sequencing (29).

Construction of yeast strains containing MLP1 deletion alleles. Deletion al-
leles of MLPI were constructed by the one-step gene replacement method (27).
The 1.0-kb EcoRI-EcoRV fragment of MLPI was replaced with the 1.1-kb
Sall-EcoRI fragment of URA3 or the 1.6-kb Sall-EcoRI fragment of LEU2, after
appropriate conversion of restriction sites. The deletion removes 338 amino acids
of the open reading frame (ORF) and 23 bp of the 5’ flanking sequences. The
DNA containing the entire milplA::URA3 or miplA::LEU2 construction was used
to transform the yeast strain; this was followed by selection for Ura* or Leu™
transformants. Restriction mapping and Southern analysis of genomic DNAs
from the resulting transformants confirmed that transplacement had occurred.

Site-directed mutagenesis of MLP1. A mutation of MLPI (milpI¥'*?F) con-
taining phenylalanine instead of tyrosine at position 192 was prepared by using
the PCR-based overlap extension technique (10). An 840-bp fragment was am-
plified by PCR using the 5’ primer 5-CTTGCTGCAGTAAAAAGCGC-3'
(oligo-A) and the 3’ primer 5'-TATCGAGGTTATAAAACCCTTAATGAA-3’
(encoding Y192F). A 450-bp fragment was also amplified by using the 5’ primer
5'-TTCATTAAGGGTTTTATAACCTCGATA-3' (encoding Y192F) and the 3’
primer 5'-CGAATTCGAATCTAAAGGTC-3' (oligo-B). These two overlap-
ping mutant fragments were joined by mixing and performing a PCR amplifica-
tion in the presence of oligo-A as the 5" primer and oligo-B as the 3’ primer. PCR
amplification generated a 1.3-kb fragment that was digested with PstI and BstBI
and inserted into the PstI-Clal gap of pBluescript SK+ (SK+MLP1-2). The
430-bp HindIII-Smal fragment of SK+MLP1-2 was substituted for the corre-
sponding wild-type DNA fragment contained in YEpMLP1 to generate
YEpMLP1-Y192F. Incorporation of the mutation was verified by DNA sequenc-
ing.

Two-hybrid assays. Two-hybrid assays were performed as described previously
(3,5, 35).

B-Galactosidase assays. To create a hybrid protein containing the LexA DNA
binding domain inserted in place of the MADS box domain of RIml1, the internal
region of RLMI was amplified by PCR using the 5" primer 5'-AAGGATCCTT
ATGTACAATCTTAACCAGCCTTCAT-3', which incorporates a BamHI site,
and the 3’ primer 5'-ACATCGATATAGAAGAAACATTTGG-3'. A 910-bp
BamHI-Clal fragment generated by PCR and a 550-bp Clal-SnaBI fragment
encoding the COOH-terminal region of RLMI were inserted into the BamHI-
Smal gap of pBluescript SK+ (SK+RLM1-1). The 1.5-kb BamHI-Sall fragment
of SK+RLMI1-1 was cloned into the BamHI-Sall gap of pBTM116 (34) to
generate pYW71, expressing the chimera LexA-RIm1AN. The transactivation
activity of LexA-RIm1AN was measured by using a lacZ reporter gene down-
stream of a promoter containing LexA DNA binding sites. B-Galactosidase
assays were performed as described previously (13).

Expression of RLM1 in bacteria. To express RLMI in E. coli, the BamHI-Sall
1.5-kb fragment of SK+RLMI-1 was inserted into the BamHI-Sall gap of pGEX-
5X-1 (Pharmacia Biotech) to produce pGEX-RLM1AN. To create COOH-terminal
deletion derivatives of glutathione S-transferase (GST)-RIm1AN, the 0.7-kb
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BamHI-Sspl (amino acids 222 to 445) fragment and the 0.3-kb BamHI-EcoRI
(amino acids 222 to 328) fragment of SK+RLM1-1 were cloned into pGEX-5X-1 to
produce pGEX-RLM1AN445A and pGEX-RLMIAN328A, respectively. E. coli
BL21 transformed with pGEX-RLMIAN and its derivatives were grown in L broth
at 37°C to an optical density of 0.7 and induced for an additional 6 h in the presence
of 0.2 mM isopropylthiogalactopyranoside. GST-RIm1AN fusion proteins were pu-
rified as previously described (21).

Preparation of extracts and immunoprecipitations. Yeast cells grown to an
optical density at 600 nm of 0.5 to 1.0 in SC-Leu at 25°C were diluted 1:1 with
fresh medium prewarmed to 55°C and then maintained at 39°C for 30 min.
Control cells were diluted with medium at 25°C. After the treatments, yeast
cultures were quickly chilled, and cells were collected by rapid centrifugation.
The cell pellet was washed twice with Tris-buffered saline (20 mM Tris-HCI [pH
7.5], 150 mM NaCl) and then suspended in ice-cold lysis buffer (50 mM Tris-HCI
[pH 7.5], 100 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.5% sodium deoxy-
cholate, 5 mM NaF, 1 mM sodium pyrophosphate, 1 mM dithiothreitol, 1 pg of
leupeptin per ml, 1 ng of pepstatin A per ml, 0.5% aprotinin, 1 mM phenyl-
methylsulfonyl fluoride). An equal volume of glass beads (0.4- to 0.6-mm diam-
eter) was added to this suspension, and cells were broken by vigorous vortexing
for 5 min at 4°C. The beads and cell debris were removed by centrifugation at
10,000 X g at 2°C, and the supernatant was further clarified by centrifugation at
100,000 X g at 2°C. Cell extracts (100 mg of protein) were incubated at 4°C for
2 h with 40 pl of protein A-Sepharose beads (Sigma) containing covalently
coupled mouse monoclonal 12CAS anti-HA immunoglobulin (Boehringer
Mannheim). Immune complexes were washed three times with lysis buffer and
once with kinase buffer (100 mM Tris-HCI [pH 7.5], 50 mM MgCl,). Protein
concentrations of cell extracts were measured with Bio-Rad protein determina-
tion reagent as described previously (2).

In vitro phosphorylation assays. Immunoprecipitated Mpkl-HA was sus-
pended in 20 wl of kinase buffer with 1 pg of GST-RIm1AN fusion proteins. The
mixture was preincubated for 3 min at 30°C, after which the reaction was initi-
ated by adding ATP to a final concentration of 0.1 mM along with 10 pnCi of
[y->P]ATP. After incubation for 30 min at 30°C, the reaction was terminated by
adding sodium dodecyl sulfate (SDS) sample buffer, and samples were boiled and
subjected to SDS-polyacrylamide gel electrophoresis (PAGE) on 12% acryl-
amide gels. After electrophoresis, gels were stained with Coomassie brilliant blue
R250 and washed in 45% isopropanol-10% acetic acid. Dried gels were sub-
jected to autoradiography.

Immunoblots. Immunoprecipitated complexes were subjected to SDS-PAGE
on 12% acrylamide gels followed by electroblotting onto Immunobilon-P mem-
branes (Millipore Corporation). Blots were blocked by incubation for 1 h at
room temperature in TBS-M (Tris-buffered saline with 5% nonfat dry milk).
Blots were then incubated with monoclonal antibody 12CAS5 diluted 1:1,000 in
TBS-M for 20 h at 4°C. After three washes with TBS-M, blots were incubated for
2 h with peroxide-linked secondary antibody (Amersham) diluted 1:2,500 in
TBS-M. After four final washes with TBS-M, blots were developed with an
enhanced chemiluminescence detection kit (Amersham).

Electrophoretic mobility shift assay. Cells carrying LexA-RIm1AN were lysed
as described above except that the lysis buffer contained phosphatase inhibitors
(50 mM glycerol-2-phosphate, 1 mM sodium orthovanadate, and 0.1 uM okadaic
acid). Then cell extracts were incubated at 4°C for 2 h with 40 pl of protein
A-Sepharose beads containing covalently coupled rabbit polyclonal anti-LexA
antibody. Immunoprecipitated complexes were subjected to SDS-PAGE on 7%
acrylamide gels, and immunoblot analysis was performed with anti-LexA anti-
body. In dephosphorylation reactions, calf intestine alkaline phosphatase (CIP;
1.8 U/pl) was added to the beads containing the LexA-RIm1AN immune com-
plex and incubated at 37°C for 30 min. Control reactions contained dephosphor-
ylation buffer (50 mM Tris-HCI [pH 8.5], 1 mM EDTA) alone.

Phosphoamino acid analysis. ?P-labeled phospho-Rlm1 (GST-RIm1AN)
eluted from gels was hydrolyzed in vacuo for 90 min at 110°C in 6 N HCL
Phosphoamino acids were separated by electrophoresis at pH 3.5 (1.5 kV, 45
min) on thin-layer cellulose plates. Marker phosphoamino acids (1 mg of each)
were identified by spraying the plates with ninhydrin stain and gentle heating.
The isotope-labeled phosphoamino acids were detected by autoradiography.

RESULTS

Transcriptional activation by RIm1. We tested the idea that
Rlm1 serves as a transcription factor regulated by the Mpkl
pathway. A plasmid (pYW71) was constructed to direct expres-
sion of a hybrid protein in which a portion of Rlm1, including
the MADS box domain, was replaced with the DNA binding
region of the bacterial LexA repressor (Fig. 1A). In the LexA-
RIm1AN construct, the fusion protein is bound to DNA
through LexA. The ability of the LexA-RIm1AN protein to
activate transcription was monitored by using a lacZ reporter
gene containing lex4A DNA binding sites in its promoter. Ex-
pression of the LexA DNA binding domain alone failed to
activate transcription of the reporter. However, the LexA-
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FIG. 1. Transcriptional activation by RIm1AN. (A) LexA-RIm1AN fusion
construct. The LexA DNA binding region was fused to residues 222 to 676 of
RIm1. (B) Cells harboring the LexA-lacZ reporter gene were transformed with
pBTM116 (LexA) or pYW71 (LexA-RIm1AN). Cells were grown at 25°C in
synthetic medium containing the appropriate amino acids and 2% glucose and
were assayed for B-galactosidase activity as described previously (13). The units
shown are the averages of two or three experiments. Strains: wild-type (WT),
W303-1A; bekIA, TNP44; mpklA, TNP46.

RIm1AN fusion protein caused significant expression of the
reporter gene, resulting in B-galactosidase activity that was
much higher than the background level observed in the same
host strain expressing the LexA DNA binding domain alone
(Fig. 1B). Thus, expression of B-galactosidase is absolutely
dependent on RIm1AN. This result demonstrates that RIm1AN
lacking its MADS box domain can activate transcription when it
is bound to DNA by virtue of its attachment to the LexA DNA
binding domain.

To test whether the Mpk1 pathway could modulate the abil-
ity of Rlm1 to activate transcription, we also quantified expres-
sion of the lacZ reporter gene directed by the LexA-RIm1AN
fusion protein in bckIA and mpkIA mutant cells. Plasmid
pYW71 was transformed along with the LexA-lacZ reporter
gene into bckIA (TNP44) (23) and mpklIA (TNP46) (23)
strains, and transformants were tested for 3-galactosidase ac-
tivity (Fig. 1B). In these bcklA and mpklA mutant strains, the
LexA-RIm1AN fusion protein was unable to activate transcrip-
tion of the reporter gene. These data show that the ability of
Rlm1 protein to regulate transcription is dependent on the
activation of the Mpk1 pathway.

The Mpkl pathway is activated in response to mild heat
shock (14). Since the results described above indicated that
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FIG. 2. Effect of mild heat shock on RIm1AN transcriptional activity. Wild-
type cells (W303-1A) carrying the LexA-lacZ reporter gene and pYW71 (LexA-
RIm1AN) were grown to mid-log phase (5 X 107) at 20°C in SC-Trp-Ura. Cells
were diluted with fresh medium prewarmed to 37°C and shifted to 37°C (solid
bar). Control cells were diluted with medium at 20°C and grown at 20°C (open
bar). Aliquots were taken at 1 h intervals and assayed for B-galactosidase activity.

Rlm1 could be a downstream target of the Mpk1 pathway, we
asked whether expression of the reporter directed by LexA-
RIm1AN could be stimulated by an increase in growth temper-
ature. Wild-type cells carrying pYW71 (LexA-RIm1AN) and
the LexA-lacZ reporter gene were grown at 20°C and then
shifted to 37°C. As shown in Fig. 2, a time-dependent 2.5- to
3-fold increase was observed following the temperature shift.
The results support the possibility that signaling through Mpk1
regulates Rlml transcriptional activity. Thus, the extent of
activation of the Mpk1 pathway can be monitored by using a
LexA-lacZ reporter gene directed by the LexA-RIm1AN fusion
protein.

In vitro phosphorylation of RIm1AN by Mpkl. The forego-
ing results suggest that the RIm1 protein contains a transcrip-
tional activation domain the activity of which is modulated by
the Mpkl1 protein kinase. To test whether the RIm1AN portion
of the LexA-RIm1AN fusion protein is phosphorylated by
Mpkl in vitro, RIm1AN was expressed as a GST fusion in E.
coli and purified on a GST column. Immune complexes iso-
lated from yeast cells expressing Mpk1-HA were used for ki-
nase assays. The Mpk1-HA protein contains Mpk1 tagged at
the COOH terminus with an influenza virus HA epitope and is
biologically functional (14). Kamada et al. (14) have shown
that the Mpk1 protein kinase is strongly activated by mild heat
shock using bovine myelin basic protein as the substrate:
Mpk1-HA from cells growing at 23°C showed very weak kinase
activity against this substrate, while the enzyme from cells
grown at 30°C was moderately active, and the enzyme from
cells grown at 37°C was strongly active. Consistent with these
results, phosphorylation of RIm1AN increased when Mpkl-
HA was immunoprecipitated from cells that had been grown at
39°C for 30 min compared with Mpkl-HA immunoprecipi-
tated from cells grown at 25°C (Fig. 3). In a control experiment
with unfused GST protein, no phosphorylation was observed
(data not shown), indicating that the phosphorylation of GST-
RIm1AN is actually on RIm1AN.

To verify that phosphorylation of RIm1AN was mediated by
Mpk1-HA, rather than a contaminating protein kinase in the
immune precipitates, a mutant form of Mpkl, Mpkl-TAYF,
that lacks the two phosphorylatable residues predicted to be
required for activation was tested for protein kinase activity,
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FIG. 3. Invitro phosphorylation of RIm1AN by Mpk1. Wild-type cells (strain
1788) were transformed with YEp351[MPK1::HA] or YEp351[mpk1-T190A,
Y192F::HA]. Mpk1-HA (WT [wild type]) and Mpkl-TAYF-HA (mpkl-TAYF)
were immunoprecipitated from extracts of cultures subjected to temperature
shift at 25°C for 30 min or 39°C for 30 min (see Materials and Methods). In vitro
protein kinase assays were conducted with GST-RIm1AN (top) as a substrate,
and the reaction mixtures were subjected to SDS-PAGE on a 12% acrylamide gel
as described in Materials and Methods (middle). A parallel set of immune
complexes was subjected to immunodetection of Mpk1-HA (bottom).

using GST-RIm1AN as the substrate. Mutation of both Thr-
190 to Ala and Tyr-192 to Phe inactivates the biological func-
tion of Mpk1 (14). Mpkl-TAYF-HA immune complexes dis-
played no detectable protein kinase activity toward RIm1AN
above that found in immunoprecipitates from a control strain
that did not express HA-tagged Mpk1 (Fig. 3). Taken together,
these results clearly indicate that RIm1AN is phosphorylated
by Mpkl MAPK in vitro.

The nature of the phosphorylation sites was determined by
phosphoamino acid analysis of in vitro-labeled GST-RIm1AN.
This experiment revealed that phosphate was incorporated onto
both serine and threonine residues (Fig. 4A). The RIm1AN pro-
tein contains 10 Ser/Thr-Pro motifs that form the core poten-
tial MAPK sites. To map the regions responsible for phosphor-
ylation by Mpkl, we tested the phosphorylation of a set of
RIm1AN deletion mutants (Fig. 4B). Deletion mutants of
RIm1AN were fused to GST for bacterial expression, and the
GST-RImIAN truncation derivatives were phosphorylated in
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FIG. 4. Characterization of RIm1AN as substrate for Mpkl. GST-RIm1AN
was phosphorylated in vitro by Mpk1 as described in the legend to Fig. 3. (A)
Phosphoamino acid analysis of GST-RIm1AN. Phosphoamino acid analysis was
done as described in Materials and Methods. Encircled areas represent the
location of phosphoserine (P-Ser), phosphothreonine (P-Thr), and phosphoty-
rosine (P-Tyr) based on ninhydrin staining. (B) The COOH-terminal deletion
derivatives of GST-RIm1AN were tested by the in vitro phosphorylation assay.
The structures of the mutants used are shown above; open and shaded circles
indicate conserved Ser-Pro and Thr-Pro motifs, respectively, with their amino
acid positions. The bands corresponding to these GST-RIm1AN derivative pro-
teins are marked with circles.
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FIG. 5. Modification of RIm1AN by phosphorylation. Wild-type (WT) cells
(W303-1A) harboring pYW71 (LexA-RIm1AN) were treated with mild heat
shock as described in the legend to Fig. 3. LexA-RIm1AN was immunoprecipi-
tated from extracts of cultures, and the immunoprecipitates were incubated with
(+) or without (—) CIP. The samples were analyzed by SDS-PAGE (7% gel)
followed by immunoblotting with anti-LexA antibodies (top). Wild-type (W303-
1A) and mpklIA (TNP46) cells harboring pYW71 were treated with mild heat
shock as described above. LexA-RIm1AN immune complexes were subjected to
SDS-PAGE. Immunodetection was performed with anti-LexA antibodies (bot-
tom).

vitro by Mpkl immunoprecipitated from cells that had been
grown at 39°C for 30 min. Each phosphorylation reaction was
then fractionated by SDS-PAGE. Deletion of the COOH-ter-
minal 231 amino acids (446 to 676) had little effect on the level
of phosphorylation. In contrast, phosphorylation was absent
from the GST-RIm1AN (amino acids 222 to 328) protein (Fig.
4B). These results suggest that potential Mpk1 phosphoryla-
tion sites are likely to reside within RIm1 amino acids 329 to
445. This region contains three Ser/Thr-Pro motifs, Ser-374,
Ser-427, and Thr-439.

The LexA-RIm1AN chimera is phosphorylated in vivo. To
test whether the LexA-RIm1AN fusion protein is phosphory-
lated in vivo, modification of the LexA-RIm1AN protein was
examined by immunoblotting with a LexA antibody. When cell
extracts from wild-type strains harboring plasmid pYW71
(LexA-RIm1AN) were subjected to immunoblot analysis, we
detected a protein immunoreactive with the LexA antibody.
The strains were then tested for the response of LexA-
RImIAN to mild heat shock. Immunoblots of cell extracts
grown at 39°C showed that the LexA-RIm1AN protein was
shifted substantially to a higher, more slowly migrating band
upon treatment with mild heat shock (Fig. 5). To test the
possibility that the mobility shift of LexA-RIm1AN results from
phosphorylation, we treated lysates with CIP and assayed the
mobility shift by immunoblot analysis. Phosphatase treatment
resulted in a shift to a lower LexA-RIm1AN band (Fig. 5),
demonstrating that the changes in LexA-RIm1AN mobility
were due to phosphorylation.

To determine whether the phosphorylation of LexA-
RIm1AN is dependent on the Mpkl pathway, heat shock-in-
duced in vivo phosphorylation of LexA-RIm1AN was examined
in mpkIA mutant cells expressing the LexA-RIm1AN protein.
In the mpkI A mutant, no change in LexA-RIm1AN pattern was
seen upon exposure to 39°C (Fig. 5). Taken together, these
observations suggest that phosphorylation of LexA-RIm1AN in
response to mild heat shock occurs through the Mpk1-depen-
dent pathway.

Isolation of Rlm1-interacting proteins. One of the hallmarks
of MADS box proteins is their potential to interact with other
regulatory proteins to control gene transcription. The yeast
two-hybrid system was used to screen for proteins that interact
with Rlm1. Plasmid pYW62 expresses a truncated form of
RIm1 (RIm1AC) lacking its COOH-terminal 151 amino acids
as a fusion to the DNA binding domain of LexA (see Materials
and Methods). The yeast reporter strain L40 containing
pYWo62 was then transformed with plasmid libraries consisting
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of fusions between the GAD and yeast genomic DNA frag-
ment (3). Nine positive clones were obtained from 1.2 X 10°
transformants screened. Two clones (5 and 9) were found to
strongly interact with the LexA-RIm1AC fusion protein and
contained the same gene (Fig. 6A). This gene was designated
MLPI (Mpkl-like protein kinase; see below).

The MLPI gene encodes a Mpkl-like protein kinase. Se-
quence analysis revealed that MLPI is identical to a sequence
designated YKL615 cloned by the chromosome XI sequencing
project (33). The MLPI gene encodes a 433-residue protein
that contains the 11 conserved subdomains shared by protein
kinases and is most similar to Mpkl. Sequence alignment
shows 61% identity over a 388-amino-acid overlap (Fig. 7).
However, a characteristic regulatory domain most highly con-
served among MAPKSs (Thr-X-Tyr, where X is Glu, Pro, or
Gly) was not present in Mlpl. Instead, a related sequence in
which the residues corresponding to Thr-X-Tyr were replaced
by Lys-Gly-Tyr in Mlpl was found. Therefore, by sequence
criteria, Mlpl does not represent a member of the MAPK
family but may share enzymatic properties with Mpkl. Two
other nearly invariant residues are also replaced in Mlpl: ar-
ginine in place of lysine at position 54 in subdomain II and
asparagine in place of aspartate at position 171 in subdomain
VII (Fig. 7). However, the sequence conservation between the
Mpkl and Mlpl domains argues that Mlpl is nevertheless
functional.

To examine the phenotypic defect associated with loss of

A

DNA-binding Activating -His B-galactosidase
protein protein AT activity
LexA GAD <1
LexA-RIm1AC GAD 6112.1
LexA-Rim1AC | GAD-Mip1 866173
LexA-Rim1AC | GAD-Mpk1 515129
LexA GAD-Mip1 <1
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FIG. 6. Two-hybrid interaction. (A) The reporter strain L40 (LYS2::LexA-
HIS3 URA3::LexA-lacZ) was transformed with various plasmids as indicated.
Approximately 3 X 10° cells of each transformant were spotted onto SC-His
medium containing 130 mM AT. Plates were incubated at 30°C for 4 days.
Transformants were assayed for B-galactosidase activity as described previously
(13). Plasmids: LexA, pBTM116; LexA-RImIAC, pYW62; GAD, pACTIL;
GAD-MLP1, pACT-MLP1; GAD-MPKI1, pACT-MPKI. B-Galactosidase activ-
ity is expressed in units/milligram of protein. (B) To decide which region of RIm1
is responsible for interacting with Mpk1 or Mlpl1, various truncated derivatives of
RIm1 were introduced into the L40 two-hybrid assay system. The interactions
between Mpk1 or Mlpl and RIm1 COOH-terminal deletions were examined by
growth on SC-His medium containing 10 mM AT.
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FIG. 7. Homology between the amino acid sequences of Mlpl and Mpkl.
Comparison of amino acid sequence between Mlp1 and Mpk1 is shown. Identical
amino acids are indicated by shaded boxes. Critical threonine and tyrosine
resides (The-X-Tyr motif) which are conserved among all MAPKs are under-
lined. Conserved Lys and Asp residues in protein kinases are marked with circles.

MLP]I function, a deletion mutant of MLPI was constructed in
vitro. A 1.0-kb EcoRI-EcoRV region containing the MLPI
OREF was replaced with the S. cerevisiae URA3 gene (see Ma-
terials and Methods). The deletion allele (miplA::URA3) was
then introduced into wild-type diploid yeast strains. Transfor-
mants were tested for possession of the deletion allele by
Southern blot analysis (data not shown). Heterozygous diploid
transformants were sporulated, and progeny from individual
tetrads were dissected onto plates and analyzed. Four spores
from each tetrad gave rise to colonies. The mipIA::URA3 seg-
regants grew normally at all temperatures ranging from 14°C to
38°C and were not sensitive to caffeine (data not shown).

Similar regions of Rlm1 are required for binding to Mpkl
and Mlpl. The Rlm1 sequences required for binding to Mlp1
were examined to determine whether they coincided with the
Mpk1-binding domains. DNA fragments from RLMI which
encode various truncated versions of RIm1 were fused with the
LexA DNA binding domain, and these LexA-RIm1 deletion
chimeras were transformed into the yeast reporter strain 140
carrying GAD-MIpl or GAD-Mpkl. As shown in Fig. 6B,
Milpl and Mpkl interacted with the 200-amino-acid region
(246 to 445) of Rlm1. Thus, similar regions of the RIm1 protein
are required for binding to both Mpk1 and Mlp1. These results
suggest that the Mpkl and Mlpl binding domains may be a
target for phosphorylation signals generated in response to the
Mpk1 pathway. In fact, this region contains major Mpk1 phos-
phorylation sites (Fig. 4B).

To test whether this region of Rlm1 acts as a transcriptional
activation domain, we generated a series of deletion mutants
and examined their abilities to activate the LexA operator-
controlled reporter gene as described above. Deletion of the
COOH-terminal region (amino acids 526 to 676) severely re-
duced transcriptional activation by the fusion protein; further
deletions resulted in a complete loss of transcriptional activity
(data not shown). These results suggest that the COOH-ter-
minal region of RIm1 is required for transcriptional activation.

Genetic interaction of Mlp1 with the Mpkl pathway. Since
the Mpkl and Mlpl proteins associated with Rlm1, we ex-
pected that Mlp1 may affect the Mpk1 pathway. This possibility
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was examined by several genetic tests. First, we tested the
effects of overexpressing Mlp1 in bckIA and mpklA mutants.
As shown in Fig. 8A, a multicopy plasmid encoding MLPI
(YEpMLP1) suppressed the caffeine-sensitive phenotype of
bckIA cells but failed to suppress the temperature-sensitive
growth defect. However, the caffeine sensitivity of mpklA was
not suppressed by MLPI overexpression. Since Mlp1l associ-
ates with RIm1, we imagined that this result may be due to the
regulation of Rlml. To explore this possibility, we examined
the effect of MLPI overexpression in bckIA rlmIA double
mutants and found that overexpression failed to suppress the
caffeine-sensitive phenotype of bckIA rimIA cells (data not
shown). This result indicates that suppression of bckIA by
MLPI overexpression requires Rlm1 activity.

If Mlp1 operates in a pathway parallel to the Mpk1 pathway,
then disruption of mipl would be expected to enhance the
severity of the defects observed in mpklA mutants. We further
examined the relationship between the Mpkl pathway and
MiIp1 by constructing mpklA mipIA strains. Analysis of colony
growth at 30 and 33°C (a semipermissive temperature for
mpklIA) revealed that the mpkIA miplA double mutants grew
as well as the mpkIA mutants (data not shown). As expected,

YEp181 | YCPBCK1
YEpMLP1
YEpMLP1 | \CRBC

YEp181

A

bck1A

YCpMPK:1

YEpMLP1

B
MPK1* | mpk1
MLPT1* Mip1*
MPK1* | mpk1
mip1 mip1

FIG. 8. Genetic interaction of Mlp1 with the Mpk1 pathway. (A) Cells were
transformed with the indicated plasmids, and then transformants were streaked
onto YEPD containing 2 mM caffeine. Plates were incubated for 2 days at 25°C.
Strains: bck1A, TNP44; mpklA, TNP46. (B) Caffeine sensitivity of mipI A mpkIA
double mutants. DLA456-3D (mpklA::TRPI) was crossed with GMY80 (miplA::
URA3). The resulting diploid was sporulated, and the tetrads were dissected.
Each strain was streaked onto YEPD containing 1.1 mM caffeine (left). The
plate was incubated for 2 days at 25°C. Strains: MPKI* MLPI*, GMY90-1A;
MPKI" mipIA, GMY90-1D; mpkIA MLPI*, GMY90-1B; mpkIA mipIA,
GMY90-1C.
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TABLE 2. Effects of the mlpIA mutation on RIm1AN
transcriptional activity”

B-Galactosidase activity (U)

Genotype

0h 2 h at 37°C
MLPI™* 269 = 21 1,538 = 39
miplA 93 =27 889 £ 6

@ Wild-type (MLPI"; W303-1A) and mipIA (GMY81) cells harboring the
LexA-lacZ reporter gene were transformed with pYW71 (LexA-RIm1AN). Cells
were grown at 20°C, then shifted to for 2 h, and subsequently assayed for
B-galactosidase activity.

the mpk1A mipIA cells failed to grow at 37°C, and this growth
defect was rescued when the medium was osmotically stabi-
lized by 1 M sorbitol. Thus, the presence of the milpIA muta-
tion did not enhance the temperature-sensitive growth defect
of mpklA. However, additivity of the mipIA and mpkIA mu-
tations was observed with regard to caffeine sensitivity. Al-
though mpklA mutants are sensitive to caffeine, they grow if
the caffeine concentration is less than 2 mM. As shown in Fig.
8B, mpklA miplA double mutants failed to grow in the pres-
ence of 1.1 mM caffeine. As Rlm1 determines caffeine sensi-
tivity mediated by the Mpk1 pathway, these results suggest that
the Mlp1 protein kinase affects the Mpk1 pathway through the
Rlml1 transcription factor.

The effect of the mipIA mutation on the transactivation
potential of LexA-RIm1AN was investigated in the context of
the LexA operator as described above. Plasmid pYW71 (LexA-
RIm1AN) was transformed along with the LexA-lacZ reporter
gene into the mlpIA strain, and transformants were tested for
B-galactosidase activity in response to mild heat shock. The
mliplA mutation slightly reduced the activity of RIm1AN (Ta-
ble 2), whereas the mpkIA mutation resulted in a complete loss
of transcriptional activity of LexA-RIm1AN (Fig. 1B). These
data demonstrate that transcriptional activation by the LexA-
RIm1AN fusion protein is mainly regulated by Mpk1.

Effect of the mipI*’*?" mutation on its ability to suppress
beckIA. Activation of MAPKSs requires phosphorylation of a
tyrosine and a threonine residue. These sites lie in the phos-
phorylation lip between subdomains VII and VIII of the pro-
tein kinases. In Mlpl the residue corresponding to Thr is
Lys-190, while that corresponding to Tyr is Tyr-192 (Fig. 7). To
test whether Tyr-192 is important for Mlp1 function, we gen-
erated a mutation leading to a Phe substitution for Tyr-192
(mip1¥*93F). Mutation of Tyr-192 to Phe severely diminished
the biological activity of MPKI (18). A multicopy plasmid en-
coding mip1¥"??" (YEpMLP-Y192F) was unable to suppress
the caffeine-sensitive phenotype exhibited by the bck1A mutant
(Fig. 8A). This result suggests that this tyrosine residue may be
a key factor in the activity of Mlpl protein kinase.

DISCUSSION

We have previously identified RIm1 as a downstream com-
ponent of the Mpkl pathway. The Rlm1 protein contains a
MADS box domain which defines a family of transcription
factors, and we envisage that RIm1 serves as a transcriptional
activator by using its DNA binding motif to recognize specific
promoter elements. However, the role of Rlm1 in the Mpkl
pathway has been unclear, since we have yet to identify a
specific DNA sequence which it recognizes. To develop an
assay for Rlm1 function, we changed its DNA binding speci-
ficity by replacing the RIm1-MADS box domain with the LexA
DNA binding domain. We then tested whether the LexA-
RIm1AN fusion protein has the ability to activate transcription
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from a LexA reporter gene. We used this system to show that
(i) RIm1 possesses an ability to stimulate transcription, (ii)
transcriptional activation by LexA-RIm1AN is dependent on
the Mpkl pathway, and (iii) the COOH terminus of the Rlm1
protein is required for its transcriptional activation. Taken
together with our demonstration that RIm1AN can be phos-
phorylated in vitro and in vivo by the Mpkl protein kinase,
these results suggest that the Mpkl MAPK directly phosphor-
ylates RIm1 and regulates its transcriptional activation func-
tion. Consistent with this possibility, RIm1 associates with
Mpkl in the yeast two-hybrid assay. These findings may pro-
vide a direct link between the intracellular signaling pathway
mediated by Mpk1 and the activity of the Rlm1 protein.

The yeast two-hybrid assay showed that Mpkl associates
with the middle region of Rlm1 between amino acids 246 and
445. We used various deletion mutants of RIm1AN to evaluate
the regions on RIm1AN that became phosphorylated by Mpk1
in vitro. These experiments demonstrated that RIm1AN is
mainly phosphorylated by Mpk1 on its middle region between
amino acids 329 and 445. Thus, the Mpk1-associated domain in
Rlm1 is phosphorylated by Mpkl in vitro. Deletion of the
Rlm1 COOH-terminal domain (amino acids 526 to 676) sub-
stantially reduced transcriptional activity, indicating that the
COOH-terminal region of Rlm1 is required for transcriptional
activation. This domain contains a distinctive sequence of con-
secutive asparagines (35), and it is likely that the Asp-rich
domain alters a structure involved in activation. Based on these
results, it is reasonable to anticipate that the Rlm1 COOH
terminus contains a strong transcriptional activation domain
whose activity is potentiated by phosphorylation of multiple
Ser/Thr-Pro motifs presented in the middle region. We ob-
served that the truncated form Rlm1(87-469) failed to activate
transcription but retained the ability to associate with Mpkl
(30). RIm1(87-469) might be predicted to function as a dom-
inant negative protein that can interfere with the activity of the
wild-type RIm1 protein by sequestering Mpkl. Indeed, over-
expression of RIm1(87-469) suppressed the lethality caused by
overexpression of Mkk173%¢ (30). This finding further suggests
that the COOH-terminal activation domain of Rlm1 is critical
for its function.

One of the hallmarks of MADS box proteins is their poten-
tial to interact with other regulatory proteins to control gene
transcription. In mammalian cells, activation of the MAPK
pathway by growth factor signals leads to phosphorylation of
the SRF accessory factor TCF/Elk-1 and the activation of tran-
scription (8, 32). Our results suggest that activation of the
Mpk1 pathway leads to the phosphorylation of the Rlm1 pro-
tein and activation of transcription. However, in this study, we
used a truncated form of Rlm1 (RIm1AN) lacking the MADS
box domain to assay RIml function. Since the regions of
MADS box proteins, such as SRF and yeast Mcm1, that me-
diate interaction with accessory proteins are located immedi-
ately adjacent to the MADS box (4, 22, 24, 26), it is possible
that the intact RIm1 protein interacts with additional cofactors
in activating its target genes. Such putative partners may not be
required for activity of the COOH-terminal transcription acti-
vation domain when RIm1AN is fused to the DNA binding
domain of LexA. Further experiments will be required to de-
termine whether transcriptional activation of Rlm1 requires
specific contacts with other proteins.

Our findings indicate that RIm1 is a downstream target of
Mpkl. However, unlike Mpkl pathway mutants, the rimiA
cells grow normally at any temperature, grow on glycerol me-
dium and are not sensitive to nitrogen starvation (35). One
possibility is that RIm1 is an important downstream compo-
nent of the Mpkl pathway, but additional Rlm1-like proteins
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that prevent rlmiA cells from acquiring the growth defects are
present. Searches of the databases with RLM1 identified an
ORF (YBR182c) on chromosome II that could encode a pro-
tein with 93% identity to Rlm1 in the first 60 amino acids. This
high level of sequence identity in the MADS box domain
suggested that the two might bind to the same DNA sequence
and regulate the same genes. We isolated the YBRI82c gene
and prepared a strain containing a chromosomal deletion of
the gene (36). The ybri82cA cells grew normally at all temper-
atures ranging from 14 to 38°C and were not sensitive to
caffeine. The caffeine-sensitive phenotype caused by rlm1A was
not enhanced in rlmIA ybrl82cA double mutants. Further-
more, the ybrI82cA mutation had no effect on the toxicity of
MKK1-P386 overproduction (36). These observations strongly
suggest that YBR182c is not involved in the Mpk1 pathway.

The MLPI gene was identified by the yeast two-hybrid
screening method as a gene encoding an RIm1-binding protein.
The MLPI gene product is highly homologous to Mpkl and
both protein kinases associate with the same region of Rlm1.
This finding suggests that the Mpk1 and Mlp1 protein kinases
have related functions. The following evidence suggests that
Mlpl affects the Mpkl pathway through the regulation of
Riml1 function. First, overexpression of Mlp1 suppressed the
caffeine-sensitive phenotype of bckl1A mutants, while it failed
to suppress its temperature-sensitive growth defect. This find-
ing suggests that Mlp1l overproduction suppressed the bckIA
mutation through Rlm1, because Rlml1 is involved in the caf-
feine sensitivity but not in the temperature-sensitive growth
(35). Second, we found that mpkIA mipIA double mutants
were more sensitive to caffeine than the mpklA mutant. Taken
together, these observations suggest that rather than function-
ing in the same regulatory pathway, Mlp1l and Mpk1 perform
independent but related functions in determining caffeine sen-
sitivity through the regulation of Rlm1. Although overexpres-
sion of Mlp1 did not suppress the mpkIA mutant phenotype,
this may be because the effect of Mlp1 overexpression is de-
pendent on the basal activity of Mpkl.

Although the Mlp1 protein kinase is most similar to Mpk1,
Mlp1 does not have the Thr-X-Tyr motif found in all MAPK
family members but instead contains a Lys-Glu-Tyr sequence
at the corresponding site. The Thr-X-Tyr motif is involved in
phosphorylation and activation by dual-specificity MAPKKs,
suggesting that Mlp1 may not be activated by MAPKKs. This
suggests that MIp1 may not be strictly categorized as a member
of the MAPK family. However, identification of such a MAPK-
like protein kinase raises some interesting possibilities. First, it
would be interesting to test whether the Tyr residue in Mlp1 is
phosphorylated and, if so, whether this phosphorylation regu-
lates MlIp1 kinase activity. We showed that mutation of Tyr-192
in Mlp1 to Phe (mip1¥*9%) eliminates its ability to suppress the
bck1A mutation. This finding supports the possibility that Tyr-
192 in Mlpl1 is important for its function. Second, what is the
upstream activator(s) of Mlpl? One possibility is that an up-
stream activator molecule stimulates Mlp1 to autophosphory-
late on a Tyr residue, resulting in its activation. Another in-
triguing question is the connection between the Mlpl and
Mpk1 pathways. Overexpression or disruption of MLPI af-
fected the caffeine sensitivity but not the temperature-sensitive
growth resulting from mutations in the Mpk1 pathway. These
results indicate that MIp1 does not recognize all targets of the
Mpk1 pathway, such as components involved in temperature-
sensitive growth. Thus, Mlp1 might share some substrates with
Mpkl, but it might have a quite distinct specificity.
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