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Kssl and Fus3 are mitogen-activated protein kinases (MAPKs or ERKs), and Ste7 is their activating
MAPK/ERK kinase (MEK), in the pheromone response pathway of Saccharomyces cerevisiae. To investigate the
potential role of specific interactions between these enzymes during signaling, their ability to associate with
each other was examined both in solution and in vivo. When synthesized by in vitro translation, Kss1 and Fus3
could each form a tight complex (K, of ~5 nM) with Ste7 in the absence of any additional yeast proteins. These
complexes were specific because neither Hogl nor Mpkl (two other yeast MAPKSs), nor mammalian Erk2, was
able to associate detectably with Ste7. Neither the kinase catalytic core of Ste7 nor the phosphoacceptor regions
of Ste7 and Kss1 were necessary for complex formation. Ste7-Kss1 (and Ste7-Fus3) complexes were present in
yeast cell extracts and were undiminished in extracts prepared from a ste5Astel11A double mutant strain. In
Ste7-Kss1 (or Ste7-Fus3) complexes isolated from naive or pheromone-treated cells, Ste7 phosphorylated Kss1
(or Fus3), and Kss1 (or Fus3) phosphorylated Ste7, in a pheromone-stimulated manner; dissociation of the
high-affinity complex was shown to be required for either phosphorylation event. Deletions of Ste7 in the region
required for its stable association with Kss1 and Fus3 in vitro significantly decreased (but did not eliminate)
signaling in vivo. These findings suggest that the high-affinity and active site-independent binding observed in
vitro facilitates signal transduction in vivo and suggest further that MEK-MAPK interactions may utilize a
double-selection mechanism to ensure fidelity in signal transmission and to insulate one signaling pathway

from another.

Cellular responses to external signals are elicited by sets of
regulatory proteins that act in a cascade. The individual tiers of
such cascades function first to transduce the extracellular stim-
ulus across the plasma membrane and then to transmit, am-
plify, and disseminate the initial signal to multiple effectors.
The pathway utilized by the yeast Saccharomyces cerevisiae to
respond to the presence of its peptide mating pheromones is
arguably the most thoroughly characterized multicomponent
signaling network in any eukaryotic cell (for reviews, see ref-
erences 5, 55, and 87). This pathway is activated when a pher-
omone that has been secreted by cells of one haploid mating
type binds to a seven-transmembrane-segment receptor on a
cell of the opposite mating type. Receptor occupancy causes
activation of a coupled heterotrimeric G protein on the inner
face of the plasma membrane (94). The signal is then trans-
mitted by the By subunits of the G protein to a series of
components including Cdc42, a member of the rho family of
GTP-binding proteins (82, 97), Ste20, a protein kinase homo-
logus to mammalian PAK (73, 95), and the multifunctional
protein Ste5 (30, 40). The exact order of function of these
proteins is not yet clear.

Next, the signal is transmitted to a protein kinase cascade
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composed of the Stell, Ste7, Kss1, and Fus3 protein kinases.
Stell phosphorylates and activates (66) the dual-specificity
protein kinase, Ste7, which, in turn, phosphorylates and acti-
vates (14, 33, 88, 99) the Ser-, Thr-specific protein kinases,
Fus3 (35) and Kssl (59). The Stell-Ste7-Kss1/Fus3 protein
kinases comprise a so-called mitogen- or messenger-activated
protein kinase (MAPK) cascade (for reviews, see references 2,
8, 41, and 57). MAPK cascades are found ubiquitously in
eukaryotic organisms, in which they have been implicated in
growth control, differentiation, tumorigenesis, and cellular
stress responses (15, 19, 62). The KSSI (22), STE7 (90), and
STE11 (76) genes were, respectively, the first MAPK (or ERK,
for extracellular-signal-regulated kinase), MEK (for MAPK/
ERK kinase), and MEKK (for MEK kinase) isolated from any
organism. Fus3, like Kss1, is a member of the MAPK family
(28); in pheromone response, these two enzymes are largely
redundant in function (31, 59, 92).

Among the known or suspected downstream targets of Fus3
and Kssl in the mating pathway are Stel2 (a transcriptional
activator) (29, 84) and Far1 (a Cdk inhibitor specific for the G,
cyclin-bound forms of the p34<P?<?® protein kinase) (69, 70).
These two effectors are thought to be largely responsible for
mediating two of the most obvious and most immediate phys-
iological responses to pheromone, namely, enhanced transcrip-
tion of a battery of pheromone-inducible genes and arrest of
the cell division cycle in the late G, phase. These changes
initiate a series of other events, which culminate in the conju-
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gation (mating) of two haploid cells of the opposite mating
type.

The budding yeast S. cerevisiae contains at least three other
discrete signaling cascades that lead to the activation of
MAPKSs (41, 57). Cells respond to high osmolarity by activating
Hogl; proper cell wall synthesis requires a protein kinase C-
dependent pathway that leads to activation of Mpk1/Slt2; and,
during sporulation, Smkl becomes activated. Moreover, a
pathway necessary for haploid cells to manifest invasive growth
utilizes Stell, Ste7, and Kss1 (but not Fus3) and probably an
as yet unidentified MAPK family member as well (77). Follow-
ing their discovery in S. cerevisiae, parallel MAPK cascades
were also found in mammalian cells (8, 16, 25). The mecha-
nisms involved in the maintenance of specificity from stimulus
to cellular response in the face of parallel MAPK cascades
containing highly conserved (or, in some cases, even identical)
components are largely unexplored.

In recent years, it has become widely appreciated that rather
stable protein-protein interactions among components of in-
tracellular signaling cascades exist and appear to play an im-
portant role in signal propagation (3, 7, 20). The roles of
certain protein-protein interactions in signal transmission are
relatively clear, but, in many cases, the complexity of protein-
protein associations observed (30, 79) seems inconsistent with
a simple model in which signal transduction proceeds down a
strictly linear pathway, with successive steps serving to amplify
the signal. Indeed, stable protein-protein interactions could
serve to facilitate other aspects of signaling, including spread-
ing an initial signal to two (or more) branches of a pathway
(signal dissemination), regulating the amplitude and duration
of a signal by feedback or feed-forward mechanisms (signal
modulation), mediating appropriate cross talk between one
pathway and another (signal integration), and avoiding inap-
propriate or adventitious activation or inhibition of one path-
way by another (signal insulation). However, there has been
little direct experimental support for such suggestions.

We describe here experiments that demonstrate a direct,
specific, and relatively stable physical interaction between a
MEK, Ste7, and each of its downstream MAPKs, Kss1 and
Fus3. Moreover, we define some of the structural requirements
for this high-affinity association and show other evidence indi-
cating that the complex is most likely not a MEK-MAPK or a
MAPK-MEK enzyme-substrate complex (ES complex). Fur-
thermore, using additional biochemical and genetic ap-
proaches, we explore the role of this interaction in the efficient
propagation of a signal in the pheromone response pathway in
vivo.

MATERIALS AND METHODS

Yeast strains, culture conditions, genetic procedures, and recombinant DNA
methods. Yeast strains used in this work are listed in Table 1. Media for yeast cell
growth were prepared as described previously (80) except that in synthetic
minimal media, twice the recommended level of amino acid supplements was
used. Conventional methods were used for all recombinant DNA manipulations
in bacteria (78). Escherichia coli DH5aF’ was used as the host for construction
and propagation of all plasmids. DNA-mediated transformation of yeast cells
was performed with lithium acetate-treated cells and single-stranded DNA as the
carrier (36). To construct the ste5A stel1A strain, plasmid pSURE11 (40) was
digested with BarmHI and Xhol, and the resulting 6.8-kb fragment (containing a
stel1A::hisG-URA3-hisG allele) was used to transform a ste5A strain, SY1492.
Ura™ transformants were selected, and successful transplacement of the STE1]
locus was verified by acquisition of a sterile phenotype that was complementable
by cotransformation with both a STE1I-containing plasmid and a STE5-contain-
ing plasmid but not by either plasmid alone. One such isolate (YLB102) was
plated on 5-fluoro-orotic acid medium (9) to select for a Ura™ derivative
(YLB103), in which the ste5A stel1A phenotype was again verified.

Yeast expression vectors. To overexpress Ste7 or a fully functional derivative
of Ste7 tagged with a C-terminal c-Myc epitope (Ste7me), cells were trans-
formed, respectively, with pNC250 (a 2um DNA plasmid containing the URA3
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TABLE 1. S. cerevisiae strains used in this study

Strain Genotype fgflé rrceen((:)er
DC17 MATw hisl J. B. Hicks
BJ2168 MATa leu2 trpl ura3-52 prb1-1112 47

pep4-3 prcl-407 gal2
YPH499 MATa ade2-101°¢ his3-A200 81
leu2-A1 lys2-801°" trpl-Al
ura3-52
YDM230 YPHA499 kss1A::hisG fus3-6:LEU2 59
E929-6C MATa cycl CYC7-H2 canl leu2- 21
3,112 trpl-Al ura3-52
E929-6C-1 E929-6C ste7-A3::LEU2 21
SY1390 MATo FUS1::HIS3 leu2 ura3 trpl 88
his4-519 his3-A200::ura3
pep4::ura3 canl
SY1492 SY1390 ste5::LEU2 88
YLB103 SY1390 ste5::LEU2 stell::hisG This work

gene and the STE7 gene under control of the CYCI promoter) or with pNC267
(the same vector expressing the epitope-tagged STE7 allele) (99). To overpro-
duce Kssl and Fus3, cells were transformed, respectively, with YEpT-KSS7 (a
2pum DNA plasmid carrying the KSS7 gene and the TRPI gene) or with YEpT-
FUS3 (the same vector carrying the FUS3 gene) (gifts of D. Ma, this laboratory).
To construct YEpT-KSSI, an EcoRI-Sphl fragment containing KSS7 and its
promoter were excised from plasmid YEp-KSS! (59) and inserted into the
corresponding sites of YEp352-TRP, a derivative of YEp352 (43) in which the
URA3 gene was replaced with the TRPI gene (constructed by K. Kuchler, this
laboratory). YEpT-FUS3 was constructed in a similar fashion, using a BarmHI-
Sall fragment containing FUS3 and its promoter that had been excised from
plasmid pYEES1 (28). YEpT-KSSI(K42R), containing K42R Q45P substitution
mutations (indicated as one-letter code for original amino acid followed by
position number followed by one-letter code for amino acid to which the original
amino acid was changed) that inactivate catalytic activity, and YEpT-
KSSI(AEF), containing T183A Y185F substitution mutations that prevent phos-
phorylation and activation (designated AEF), were constructed by inserting
EcoRI-Sphl fragments excised from, respectively, plasmids YEp-K42R Q45P
and YEp-T183A Y185F (59) into the corresponding sites of YEplacl12 (a
TRPI-containing 2pum DNA plasmid) (37). YEpU-KSSI(Aloop) was constructed
by excising an EcoRI-Sphl fragment containing this allele from phage M13-
KSS1(Aloop) and inserting it into the corresponding sites of the URA3-contain-
ing 2um DNA vector, YEp352. To generate M13-KSS1(Aloop), oligonucleotide-
directed mutagenesis (65) was performed with a commercial kit (Amersham
Corp.), using as the template M13-KSS7 (which is M13 carrying a genomic
EcoRI-Sphl fragment containing the KSS1 gene; gift of D. Ma, this laboratory)
and primer JGC3 (5'-GCCCTGTACCATCGCGTTCCGCATAATGTATAT
GTGACGTCAGGTACCGACCTCGCAGTCCAAAAT-3'). In the KSSI1(Aloop)
allele, codons 168 to 187 of KSSI are replaced with codons 236 to 245 of TPK3 (91)
and a substitution mutation (C1678S) is also present. YEpUG-KSS1(1-315) (gift
of D. Ma, this laboratory), expressing a 53-residue C-terminal truncation allele
from the GAL1 promoter, was derived from YEpGAL-KSS! (59). KSS1(1-315)
was created by using oligonucleotide-directed mutagenesis to insert a G after
codon 315 in the KSS7 coding sequence, which causes a frameshift that generates
a two-residue extension (Val-Pro) and then terminates the open reading frame
(ORF) at a TGA. Low-copy-number (CEN-based) plasmids expressing various
STE7 alleles, specifically YCpT-STE7, YCpU-STE7, YCpT-STE7(171-515),
YCpU-STE7(171-515), and YCpT-STE7(23-515), were generated in several
steps. YCplac22Nco was constructed by inserting a double-stranded oligonucle-
otide, generated by annealing LB50 (5'-GATCCCAATTGCCACCATTGTCTA
GAG-3") with LB51 (5'-CTGACTCTAGACCATGGTGGCAATTGG-3') into
YCplac22 (37) that had been cut with BarmHI and Sall. The STE7 promoter and
its upstream region (nucleotides 5 to 350 [90]) were amplified by the PCR with
genomic DNA as the template and primers STE7P-N (5'-CGCGGTACCTTGT
GGTCTTAAAAGAATGTG-3") and STE7P-C (5'-CGCGGATCCAATATAC
CACGCTGCAAAA-3"). The resulting product was digested with Kpnl and
BamHI and inserted into the corresponding sites of YCplac22Nco, yielding
YCpT-STE7P. To construct YCpT-STE7, a BamHI-HindIII fragment (con-
taining the STE7 coding sequence) was excised from pNC279 (99) and in-
serted into the corresponding sites in YCpT-STE7P. To construct YCpT-
STE7(171-515), a BamHI-HindIlI fragment (carrying the STE7(171-515) allele)
was excised from pGEMA4Z-STE7(171-515) (see below) and inserted into the
corresponding sites of YCpT-STE7P. To construct YCpT-STE7(23-515), an
Ncol-HindIIl fragment carrying the STE7(23-515) allele was excised from
pGEMAZ-STE7(23-515) (see below) and inserted into the corresponding sites of
YCpT-STE7P. YCpU-STE7 and YCpU-STE7(171-515) were constructed by in-
serting Kpnl-HindIIl fragments from, respectively, YCpT-STE7 and YCpT-
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STE7(171-515) into the corresponding sites of YCplac33 (a CEN- and URA3-
containing vector) (37). YCpT-STE7 and YCpU-STE7 restore a wild-type level
of mating proficiency to a ste7A strain (E929-6C-1). pJD11, containing eight
tandem consensus pheromone response elements (PREs; Stel2-binding sites)
driving a lacZ reporter gene, has been described before (23).

E. coli expression vectors and plasmids for in vitro transcription. pGEX-
STE7(1-172), a bacterial expression vector that produces a chimeric protein in
which the first 172 N-terminal residues of Ste7 (plus an extension of five extra-
neous residues) are fused to the C terminus of Schistosoma japonicum glutathi-
one S-transferase (GST) through a 15-amino-acid spacer (that includes a throm-
bin cleavage site), was constructed as follows. pYGU-STE7 (14) was cleaved with
Bgl11, and the resulting 5’ overhang was filled in with the Klenow fragment of E.
coli DNA polymerase 1. This intermediate was then digested with X#ol, and the
resulting Xhol-blunt-ended fragment (containing codons 1 to 172 of STE7) was
inserted into pGEX-5X-2 (Pharmacia) that had been cut with NorI, filled in, and
then cleaved with Sall. pBS-ERK2, containing the rat ERK2 ¢cDNA in pBlue-
script SK™ (Stratagene) in the T3 orientation, has been described elsewhere (11).
pBS-FUS3 contains the FUS3 OREF inserted into pBluescript SK* (Stratagene)
in the T3 orientation, and pBS-T7MPK]I contains the MPKI OREF inserted into
pBluescript SK* in the T7 orientation (gifts of C. Inouye, this laboratory). To
fuse Fus3 to an N-terminal c-Myc epitope tag, creating meFus3, an EcoRI-
BamHI fragment containing the FUS3 ORF was inserted into the corresponding
sites in pPGEM4Z-9E10 (4), yielding pGEM4Z-meFUS3, in which the N-terminal
sequence is MEQKLISEEDLEFTM- (epitope tag underlined, native Fus3 ini-
tiator Met in boldface). pPGEM4Z-KSS1, pGEMA4Z-KSSI1(AEF), and pGEMA4Z-
KSS1(1-315) were constructed by inserting the corresponding BamHI-Sphl frag-
ments from YEpGAL-KSS1, YEp-T183A Y185F, and YEpUG-KSS!(1-315) into
pGEMA4Z (Promega Biotec) that had been cleaved with the same restriction
enzymes. pPGEM4Z-KSS1(Aloop) was constructed by replacing the EcoRV-Sphl
fragment of pGEM4Z-KSS1 with the corresponding fragment from YEpU-
KSS1(Aloop). pGEMA4Z-STE7 was constructed by inserting the KpnlI-HindIII
fragment from pYGU-STE7 into the corresponding sites of pGEMA4Z.
pGEMA4Z-STE7(171-515) was constructed by replacing the EcoRI-BgIII frag-
ment in pGEM4Z-STE7 with a double-stranded oligonucleotide, generated by
annealing LB54 (5'-AATTCGGATCCAACATGGCA-3'; start codon in bold-
face, codon 171 of STE7 underlined) with LB55 (5'-GATCTGCCATGTTG
GATCCG-3'). PCR was used to amplify codons 23 to 135 of STE7, using plasmid
pGEMA4Z-STE7 as the template and primers STE7-23-X (5'-GCGAATTCAC
CATGGTGGGCAATAATGGCCA-3'; introduced initiation codon in boldface,
introduced EcoRI site in italics, and codon 23 of STE7 underlined) and T7PL
(5'-GCTCTAATACGACTCACTATAGGGAGA-3"). The product was di-
gested with EcoRI, and the resulting 113-bp EcoRI fragment was used to replace
the larger EcoRI fragment in pGEM4Z-STE?7, generating pGEM4Z-STE7(23-
515). pGEM4Z-SP6STEI2 was constructed by inserting an EcoRI fragment
(containing STE12) excised from pGAD-STE12 (gift of S. Fields) into the EcoRI
site of pGEMA4Z in the SP6 orientation. PCR was used to amplify the HOG1
OREF, using plasmid pJB17 (12) as the template and primers HOG1-5" (5'-
GCGGGATCCACCATGACCACTAACGAGGAATTCATTAGGA-3'; intro-
duced BamHI site underlined, HOG]I start codon in boldface) and HOG1-3’
(5'-CGGCGGATCCACGTCCACTTTACTTTGTAATTGAG-3'; BamHI site
underlined). The product was digested with BamHI and inserted in the SP6
orientation into the BamHI site of either pPGEM-4Z or pPGEM4Z-9E10, yielding
pGEMA4Z-SP6HOG! and pGEM4Z-meHOG 1, respectively. The latter plasmid
encodes a c-Myc epitope-tagged Hogl with the N-terminal sequence MEQKLI
SEEDLEFTM (epitope tag underlined, native Hog1 initiator Met in boldface).
PCR was also used to amplify the PBS2 ORF, using plasmid YEp24.PBS2 (10)
as the template and primers PBS2-5" (5'-GCGGGATCCACCATGGAAGAC
AAGTTTGCTAACCTCA-3’; introduced BamHI site underlined, PBS2 start
codon in boldface) and PBS2-3' (5'-CGGCGGATCCATCCCCTCAATA
CTCTGTCATAA; BamHI site underlined). The product was digested with
BamHI and inserted into the BamHI site of pPGEM4Z-9E10 in the T7 orienta-
tion, generating pGEM4Z-T7PBS2.

Transcription and translation in vitro. Most templates for in vitro transcrip-
tion, encoding the indicated proteins, were prepared from the plasmid DNAs
indicated by linearization with the restriction endonucleases specified, followed
by extraction with phenol-chloroform-isoamyl alcohol (25:24:1) and filtration
through a Sepharose CL-4B (Pharmacia) spin column: Stel2, pGEMA4Z-
SP6STE12, Sspl; Erk2, pBS-ERK2, HindIIl; Mpk1, pBS-T7MPK1, EcoRI; Hogl,
pGEMA4Z-SP6HOGI, Hindlll; meHogl, pGEM4Z-meHOG!, HindIIl; Pbs2,
pGEMA4Z-T7PBS2, EcoRI; Ste7, pPGEMA4Z-STE7, HindIII; Ste7,_,,,, pPGEM4Z-
STE7, Bglll; Ste7,; 55, pGEMA4Z-STE7(23-515), HindIIl; Ste7,7,_s;s,
pGEMA4Z-STE7(171-515), Hindlll; Kssl, pGEMA4Z-KSSI, Ndel; Ksslagp,
PGEMA4Z-KSSI(AEF), Ndel; Ksslaoop, PGEMA4Z-KSS1(Aloop), Ndel; Kssly_3se,
pGEMA4Z-KSS1, NspI; Kssl,_344, pPGEMA4Z-KSS1, BspEI; Kss1,_3,5, pPGEM4Z-
KSS1(1-315), Ndel; Kss1,_»7,, PGEM4Z-KSS1, Ncol; and, Kss1,_,os, pPGEM4Z-
KSS1, Asel. Certain templates for in vitro transcription, encoding the indicated
proteins, were generated by PCR from the templates and using the primers
given, then extracted with phenol-chloroform-isoamyl alcohol (25:24:1), and
filtered through Sepharose CL-4B in a spin column: Ste7,_,,,, pPGEM4Z-STE?7,
SP6 P/P (5'-GATTTAGGTGACACTATAGA-3") plus STE7-X-477 (5'-CG
GTCGACTATTTATCATCTTTAGACGG-3'); Ste7,_,73, PGEM4Z-STE7, SP6
P/P plus STE7-X-278 (5'-CGGTCGACTAAGAACCACAATCAGAGTA-3');
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Ste7,_oz, PGEMAZ-STE7, SP6 P/P plus STE7-X-98 (5'-GGCTACAGATCTAC
TAAAACAGGTTCATTTTG-3"); Ste7,6_515, PGEMAZ-STE7, TTPL plus STE7-
46-X (5'-GCGAATTCACCATGGTGATGTCTAACATTAATG-3'); SteTog 515,
pGEM4Z-STE7, T7PL plus STE7-98-X (5'-GCGAATTCACCATGGTTCT
GTCTTCTCTATCA-3"); and, Ksslg; 3¢5, pPGEM4Z-KSSI, T7PL plus KSS1-
97-X (5'-GCGAATTCACCATGGAAACCGATTTACAAA-3'). To incorporate
an SP6 RNA polymerase promoter into the PCR products encoding Ste7,4_s;5,
Ste79g 515, and Kssly; 345, @ second round of PCR was performed with 1 pl of
the initial PCR mixture as the template, the downstream primer from the initial
reaction, and primer SP6EP (5'-GATTTAGGTGACACTATAGAGCGAATT
CACCATG-3'), which contains an SP6 promoter and is identical to the upstream
primer from the initial reaction in the sequence underlined. Transcription and
translation reactions in vitro were performed as described previously (6). Briefly,
RNAs synthesized by SP6, T3, or T7 bacteriophage RNA polymerase (Promega
Biotec) from linear DNA templates (see above) were purified and used to
program an mRNA-dependent rabbit reticulocyte lysate (Novagen). To radiola-
bel, translation reactions were performed in the presence of [*>S]Met (Dupont
NEN). Protein yield was calculated from the percent incorporation of [**S]Met
into protein, the known number of Met residues in each polypeptide, and the
specific radioactivity of the label, correcting for isotope dilution by the concen-
tration of endogenous Met in the lysate. The latter was determined for each
batch of lysate by adding a trace amount of [*>S]Met to a sample of the lysate,
then conducting translation reactions in the presence of increasing amounts of
exogenously added nonradioactive Met, and observing the concentration of
added Met required to reduce the incorporation of label into protein by 50%.
Prior to their use in coimmunoprecipitation studies, translation products were
concentrated and partially purified by ammonium sulfate precipitation as de-
scribed previously (6).

Buffers, protein production, and analysis. The following solutions were used
for the purposes indicated. Buffer A (immunoprecipitation of proteins translated
in vitro) was 125 mM potassium acetate, 4 mM MgCl,, 0.5 mM EDTA, 1 mM
dithiothreitol (DTT), 0.1% (vol/vol) Tween 20, 12.5% (vol/vol) glycerol, and 20
mM Tris-HCI (pH 7.2); buffer B (lysis of yeast cells and immunoprecipitation of
proteins from cell extracts) was the same as buffer A except that MgCl, was
omitted and 0.5 mM ethylene glycol-bis(B-aminoethyl ether)-N,N,N',N'-tet-
raacetic acid (EGTA), 1 mM 4-(2-aminoethyl)-benzenesulfonylfluoride (Calbio-
chem), 1 mM sodium orthovanadate, 25 mM B-glycerophosphate, and 10 pg of
pepstatin A per ml were added; buffer C (assay of protein kinase activity) was the
same as buffer B except that 12 mM MgCl, and 1 mg of bovine serum albumin
(BSA) per ml were present, DTT was raised to 2 mM, glycerol was lowered to 5%
(volivol), sodium orthovanadate was lowered to 0.5 mM, and B-glycerophosphate
was lowered to 12.5 mM. Conventional methods were used for measurement of
total protein concentration, for sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE), for immunoblotting, and for purification of bacterially
expressed proteins (26, 39). SDS-PAGE sample buffer was 2 mM EDTA, 1%
(wtivol) DTT, 6% (wt/vol) SDS, 20% (vol/vol) glycerol, 0.05% (wt/vol) brom-
phenol blue, and 200 mM Tris-HCI (pH 6.8). The rabbit polyclonal antisera used
for analysis of Kss1 (59), Fus3 (13), and Ste7 (14) are described in the citations
given. The mouse monoclonal antibody (MAb) that recognizes the c-Myc
epitope (9E10) used in this work has been described elsewhere (34). Detection
of immune complexes was performed by using a commercial chemiluminescence
system (ECL; Amersham).

Preparation of yeast cell extracts, immunoprecipitation, and protein kinase
assays. Yeast strains were grown at 30°C with rotary shaking in selective medium
(40 ml) to mid-exponential phase (4595 of ~0.8). When untreated and phero-
mone-stimulated cultures were compared, cells were harvested by centrifugation,
resuspended at an Asqs of ~2 in two equal portions in fresh medium that was
buffered with 25 mM sodium succinate (pH 3.5) to impede pheromone proteol-
ysis (18), and incubated on the shaker for 15 min to permit recovery from the
prior manipulations. One portion was treated with a-factor (Peninsula Labora-
tories or Star Biochemicals) at a final concentration of 12 wM, the other was left
untreated, and both were incubated for an additional 15 min. Thereafter, the
cells were chilled rapidly in an ice-water slurry, collected by centrifugation,
washed with ice-cold phosphate-buffered saline (10 ml), resuspended in a 0.5-ml
microcentrifuge tube in buffer B (0.2 ml), and lysed by vigorous vortex mixing
with 0.2 g of glass beads (0.45- to 0.6-mm diameter) for six 30-s periods (sepa-
rated by 1-min periods of cooling on ice). The lysate was clarified by centrifu-
gation for 5 min at 13,000 X g at 4°C. The resulting crude extract was used
immediately for immunoprecipitation experiments. Prior to incubation with an-
tigen, antibodies were prebound to a mixture of protein A and protein G
immobilized on agarose beads (hereafter designated protein A/G-agarose beads)
(Oncogene Science) by incubating (for each immunoprecipitation reaction) 0.5
to 2 ul of the appropriate antiserum (or ascites fluid) with 15 pl of a suspension
(50%) of the protein A/G-agarose beads. The amount of antibody bound was
that sufficient to immunoprecipitate 20 to 40% of the antigen (~5 nM) present
in a standard reaction mixture (0.2 ml) in a 1.5-ml tube. When the antigen was
a protein produced by in vitro translation, the indicated quantity (see figure
legends) of each partially purified translation product was added to buffer A (0.2
ml), incubated for 30 min at 30°C, used to resuspend the appropriate antibody-
protein A/G-agarose complexes, and incubated for an additional 1 h at room
temperature on a roller drum. The beads were allowed to settle by gravity, and
the supernatant solution was removed. The beads were then washed three times
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with 1 ml of ice-cold buffer A, with collection by centrifugation at maximum
speed in a microcentrifuge for 2 s. Bound proteins were solubilized in 30 pl of
SDS-PAGE sample buffer, resolved by SDS-PAGE, and visualized by fluorog-
raphy using a commercial fluorography reagent (Amplify; Amersham). For the
reaction A + BoAB, K; = ([A]eq X [Bleg)/[ABleg, Where [A]q = ([4]o —
[AB].q); [Bleq = ([Blo — [ABleq), and [A], and [B], are the input concentrations
of A and B. [AB]., is the percentage of B coprecipitated with A divided by the
percentage of A precipitated by the antibody and multiplied by [B],.

When the antigen was a protein in a yeast cell extract, extract (1 mg of total
protein) in buffer B (0.2 ml) was precleared by incubation with 20 pl of a
suspension (50%) of protein A/G-agarose beads for 15 min at 4°C on a roller
drum. The beads and any residual insoluble material were removed by centrif-
ugation for 5 min at 13,000 X g at 4°C. The resulting supernatant solution was
incubated for 30 min at 4°C with the appropriate antibody-protein A/G-agarose
complexes on a roller drum. The beads were collected and washed in ice-cold
buffer B as described above. Bound proteins were eluted and subjected to
SDS-PAGE as described above and visualized by immunoblot analysis. Phos-
photransferase activity of protein kinases was measured in immune complexes as
follows. Antigen-antibody-protein A/G complexes were prepared as described
above except that 30 wl of antibody-protein A/G-agarose beads was added in
each reaction and the final wash was omitted. After the second wash, the beads
were resuspended in buffer C (0.6 to 0.8 ml), and the resulting slurry was divided
into three or four equal portions (0.2 ml each). The beads were collected by
centrifugation, and the supernatant solution was removed by aspiration. The
bead pellets were placed on ice, and one aliquot was suspended in SDS-PAGE
sample buffer for later immunoblot analysis. The remaining aliquots were over-
laid with 10 ul of buffer C containing 10 pM [y->*P]ATP (100 p.Ci/pmol), in the
absence or presence (where indicated) of an exogenous substrate (see figure
legends). The reaction was initiated by thorough mixing and transfer of the tubes
to a 30°C water bath. After incubation for 4 min, reactions were terminated by
addition of SDS-PAGE sample buffer (20 pl). In an experiment in which the
distribution of proteins after the reaction was examined (see Fig. 7), prior to
quenching, the beads were collected by centrifugation and the supernatant so-
lution was removed mixed with SDS-PAGE sample buffer (15 pl). The beads
were washed twice with ice-cold buffer B (1 ml) and then solubilized in 30 wl of
SDS-PAGE sample buffer. Reaction products were resolved by SDS-PAGE and
visualized by autoradiography.

Measurement of pheromone response. Three independent methods were used
to assess the efficiency of pheromone action. For quantitative determination of
pheromone-induced transcription, strain E929-6C-1 (Table 1) was cotrans-
formed with reporter plasmid pJD11 and either YCplac33, YCpU-STE7, or
YCpU-STE7(171-515). The resulting transformants were grown to mid-exponen-
tial phase, treated with 12 puM o-factor pheromone for 1 h, harvested by cen-
trifugation, and assayed for B-galactosidase activity as described elsewhere (23).
An agar diffusion (halo) bioassay was used to measure pheromone-induced
growth arrest and recovery as described previously (48, 75). For quantitative
measurement of mating proficiency (86), 107 exponentially growing cells of the
haploid strain to be examined (either E929-6C or E929-6C-1) carrying plasmid
YCplac22, YCpT-STE7, YCpT-STE7(171-515), or YCpT-STE7(23-515) were
mixed with a 10-fold excess of cells of the opposite mating type (strain DC17),
collected on a nitrocellulose filter, rinsed once with rich medium (YPD) (80),
and incubated on the filter on a YPD plate at 30°C for 4 h. To score the number
of prototrophic diploids formed in this time period, the cells were eluted from
the filters, dispersed by vigorous vortex mixing in sterile water, and plated, at
various dilutions, on synthetic medium lacking histidine and uracil. After 2 days
of growth, the number of His* Ura™ colonies was counted. Mating efficiency was
defined as the number of diploids formed divided by the number of input
haploids of the strain tested.

RESULTS

High-affinity and specific association of Kss1 and Fus3 with
Ste7 in vitro. To assess the interaction between either Kss1 or
Fus3 and their immediate upstream activator, Ste7, we used
coimmunoprecipitation of the radiolabeled proteins prepared
by sequential transcription and translation in vitro (6) as de-
scribed in Materials and Methods. The virtues of this tech-
nique are that known amounts of protein can be examined in
solution at low concentration under conditions such that non-
specific associations are minimized (as a result of the presence
of an ~1,000-fold excess of unlabeled protein from the reticu-
locyte lysate) and in the absence of any other yeast proteins.

Ste7, Kss1, Fus3, and Stel12 were all efficiently produced in
radiolabeled form under the conditions used (Fig. 1A, input).
As expected, Ste7 protein was immunoprecipitated by the anti-
Ste7 antiserum (Fig. 1A, lanes 7, 9, 11, and 12), whereas the
Kssl1, Fus3, and Stel2 proteins alone were not (Fig. 1A, lanes

MoL. CELL. BIOL.

A : anti-Ste7
input immunopptn
Ste7: + + + ++
Kss1: 4 + + 2
Fus3: + + + g
Ste12: + + + s
200
Ste12m - 97
’ . "~ 66
Ste7m- e g 0=
Kss1 " 45
SS —_— -
Fus?.= o .
- =30
123456 78910111213
input anti-Ste7 pptn
Ste7: + + + + ++
Fus3: =+ + +
Erk2: + + +
Hog1 : + ++
Mpk1 : -+ + +
66 =
- o N & = = < Ste7
45 = -,
.. “- - < Fus3
30

123 4567 8 9101112131415

FIG. 1. Binding and specific recognition of Kss1 and Fus3 by Ste7 in vitro.
(A) Ste7, Kssl1, Fus3, and Ste12 were synthesized in vitro and partially purified
by ammonium sulfate precipitation, and portions (for Kss1, Fus3, and Stel2, 5%
of the amount added in the immunoprecipitation [immunopptn] reactions, and
for Ste7, 25%; input) were subjected to SDS-PAGE in a 10% polyacrylamide gel
(lanes 2 to 5). Samples (1 pmol) of the same proteins, each accompanied by ~60
ng of total protein from the rabbit reticulocyte lysate, were immunoprecipitated
with anti-Ste7 antibodies either in the absence (lanes 6, 8, and 10) or in the
presence (lanes 7, 9, 11, and 12) of 1 pmol of Ste7, and the resulting immuno-
precipitates were analyzed on the same gel. Marker proteins of the indicated
molecular masses (in kilodaltons) were also resolved on the same gel (lanes 1 and
13). (B) Ste7, Fus3, Erk2, Hogl, and Mpk1 were prepared as described above,
and portions (for Fus3, Erk2, Hogl and Mpk1, 5% of the amount added into the
immunoprecipitation reactions, and for Ste7, 25%; input) and analyzed by SDS-
PAGE as for panel A (lanes 2 to 6). Samples (1 pmol) of the same proteins were
immunoprecipitated as for panel A with anti-Ste7 antibodies either in the ab-
sence (lanes 7,9, 11, and 13) or in the presence of 1 pmol of either radiolabeled
Ste7 (lanes 8, 10, 12, and 15) or nonradioactive Ste7 (lane 14), and the resulting
immune complexes were analyzed in the same gel. Because of the similar elec-
trophoretic mobilities of Ste7 and Mpk1, unlabeled Ste7 was used to permit
unambiguous visualization of Mpk1. Molecular weight standards (lane 1) were as
in panel A.

6, 8, and 10). However, when Ste7 was present, both Kss1 and
Fus3 were effectively coprecipitated (Fig. 1A, lanes 7 and 9),
whereas Stel2 was not (Fig. 1A, lane 11). The ability of Kss1
and Fus3 to coprecipitate with Ste7 is indicative of a direct
physical interaction between these proteins. When determined
as described in Materials and Methods, the K, for both the
Kss1-Ste7 and the Fus3-Ste7 complex (at physiological tem-
perature) was found to be ~5 nM. This value may be a mini-
mum estimate of the binding affinity under these conditions
because it is possible that some of the antibody species in the
polyclonal antiserum interfered with the interaction and be-
cause some of the complexes may have dissociated during the
wash steps, even though very brief washes with ice-cold buffer
were used.

Recognition of Kss1 and Fus3 by Ste7 is highly specific. To
determine if the binding of MAPKS to Ste7 was specific for
Kss1 and Fus3, the abilities of two other yeast MAPKs, Hogl
(12) and Mpkl (56), as well as a mammalian MAPK, Erk2
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FIG. 2. Mapping of the Fus3-binding domain of Ste7. (A) Shown schematically are the various Ste7 derivatives constructed (open rectangles), with the first and last
residues of each indicated by the numbers given. The position of the kinase catalytic core (grey box), subdivided (vertical bar) into its ATP-binding (left) and
substrate-binding (right) domains (89), is also shown. The location of each of 10 S/TP sequences (small black boxes), which are potential target sites for MAPK
phosphorylation (24), is indicated below each rectangle. The column to the right summarizes the results of experiments performed as for panel B. +, coprecipitated
with meFus3; —, no significant coprecipitation above the background observed in the absence of meFus3. (B) Three of the various truncated Ste7 derivatives shown
in panel A were prepared in radioactive form, meFus3 was prepared in nonradioactive form as described in the legend to Fig. 1, and portions of the Ste7 derivatives
(5% of the amount added to the immunoprecipitation [pptn] reactions; input) were subjected to SDS-PAGE in a 15% polyacrylamide gel (lanes 2 to 4). Samples (2
pmol) of the same radiolabeled proteins, accompanied by ~80 g of total protein from the rabbit reticulocyte lysate, were immunoprecipitated with the anti-c-Myc MAb
9E10 either in the absence (lanes 5, 7, and 9) or in the presence (lanes 6, 8, and 10) of 2 pmol of nonradioactive meFus3, and the resulting immune complexes were
analyzed in the same gel. Marker proteins of the indicated molecular masses (in kilodaltons) were also resolved on the same gel (lane 1).

(11), to associate with Ste7 were examined by the same
method. All three of these MAPKs were efficiently synthesized
in the in vitro transcription-translation system (Fig. 1B, input).
However, despite the fact that Hogl, Mpk1, and Erk2 are very
similar in overall structure to Kss1 and Fus3 and have ~50%
amino acid identity with Kss1 and Fus3 in their catalytic do-
mains (about the same degree of amino acid identity that Kss1
and Fus3 have with each other), none of these three MAPKs
coimmunoprecipitated with Ste7 (Fig. 1B, lanes 10, 12, and 14)
under conditions in which Fus3 (Fig. 1B, lane 8) and Kss1 (not
shown) did.

These results were confirmed with different antigen-anti-
body combinations. Ste7 bound to meFus3 (see Materials and
Methods) but not to meHog1. Pbs2 (the MEK for Hogl) did
not bind to meFus3. Similarly, Ste7, but not Pbs2, bound to
Kssl (data not shown).

The N-terminal 98 residues of Ste7 are necessary and suf-
ficient for tight binding to Fus3. To localize the region of Ste7
responsible for its high-affinity interaction with Fus3 and Kssl1,
a series of Ste7 polypeptides truncated from either the N- or
the C-terminal end was prepared and tested for the ability to
bind to meFus3. As summarized schematically in Fig. 2A and
illustrated for representative data in Fig. 2B, a fragment con-
taining the C-terminal two-thirds of Ste7 (residues 171 to 515),
which corresponds to its protein kinase catalytic core (38), was
unable to bind stably to meFus3. Conversely, a fragment rep-
resenting the noncatalytic N terminus (residues 1 to 172) and
lacking the entire kinase domain of Ste7 coimmunoprecipi-
tated with meFus3 with an affinity comparable to that dis-
played by full-length Ste7. Thus, the catalytic domain of Ste7
was completely dispensable for its high-affinity association with
meFus3.

Both Fus3 (33) and Kss1 (as shown below) can phosphory-
late Ste7 in vitro. Evidence from in vivo studies suggests that
these phosphorylations may represent a physiologically signif-
icant negative feedback control on Ste7 activity (35, 59, 99).
MAPKS are proline-directed protein kinases; the minimal con-

sensus phosphorylation site consists of a Ser or Thr followed by
a Pro (S/TP) (24). Ste7 contains 10 S/TP sites, 6 of which are
clustered within the noncatalytic N terminus (residues 105 to
168). However, a fragment of Ste7 containing all 10 S/TP sites
(residues 98 to 515) did not bind to meFus3 detectably (Fig.
2A). In marked contrast, a fragment of the N terminus (resi-
dues 1 to 98) devoid of any S/TP sites associated strongly with
meFus3 (Fig. 2B), indicating that the putative target residues
in Ste7 for MAPK phosphorylation neither are required for
nor constitute the high-affinity binding site for Fus3. Con-
versely, removal of as few as 22 residues from the noncatalytic
N terminus of Ste7 eliminated its ability to interact detectably
with meFus3 (Fig. 2A). Thus, sequences within the first 98
residues of Ste7 were both necessary and sufficient to mediate
the high-affinity interaction between Ste7 and Fus3.

Kss1 also associates with the N-terminal third of Ste7 (see
below). This result and other similarities in the properties of
Ste7-Kssl and Ste7-Fus3 complexes, including similarities in
K, (see above), half-life (see below), and nature of binding (see
below), suggest that Kssl and Fus3 bind to the same site on
Ste7 and, thus, that the binding of Kss1 and the binding of Fus3
to Ste7 are most likely mutually exclusive, although further
experiments will be required to definitively establish this point.

The phosphoacceptor loop of Kssl is not required for its
high-affinity interaction with Ste7. Both Fus3 (35) and Kssl
(59) are phosphorylated by Ste7 on both a Tyr and a Thr
residue in a -TEY- sequence located in the T loop (64) situated
between conserved protein kinase subdomains VII and VIII
(38). Likewise, all other MAPKSs examined are also phosphor-
ylated by their MEKSs at equivalent TXY sequences in their T
loops (19). This dual phosphorylation is absolutely required for
activation of all MAPKs studied (1, 61), including Fus3 (35)
and Kss1 (59). To determine whether the TEY site was nec-
essary for the association of Kss1 and Ste7, a mutant version of
Kss1, in which the TEY sequence was replaced with AEF (Fig.
3A), was tested (Fig. 3B) for its ability to associate with Ste7.
This mutant protein still coimmunoprecipitated with Ste7, in-
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FIG. 3. The phosphoacceptor sites in Kss1 are not required for its tight binding to Ste7. (A) Shown schematically are the various Kss1 derivatives constructed (open
rectangles), with the first and last residues of each indicated by the numbers given. The position of the kinase catalytic core (grey box), subdivided (vertical bar) into
its ATP-binding (left) and substrate-binding (right) domains (89), is also shown. Locations of Thr-183 and Tyr-185 (small black boxes), which are the target residues
in Kss1 for its phosphorylation and activation by Ste7 in vivo (59), are indicated below each rectangle, except in the second derivative (Kss1,gg), in which these residues
were mutated to Ala (A) and Phe (F), respectively, and the third derivative (Kssl,o0p), in which they were deleted. The column to the right summarizes the results
of experiments performed as for panel B. +, coprecipitated with Ste7; —, no significant coprecipitation above the background observed in the absence of Ste7. (B) Ste7,
Kss1, and three of the various Kss1 derivatives shown in panel A were prepared in radioactive form as described in the legend to Fig. 1, and portions (for Kss1 and
the Kssl derivatives, 5% of the amount added to the immunoprecipitation [pptn] reactions and, for Ste7, 25%; input) were subjected to SDS-PAGE in a 10%
polyacrylamide gel (lanes 1 to 5). Samples (1 pmol) of the same radiolabeled proteins, accompanied by ~80 g of total protein from the rabbit reticulocyte lysate, were
immunoprecipitated with the anti-Ste7 antibodies either in the absence (lanes 6, 8, 10, and 12) or in the presence (lanes 7, 9, 11, and 13) of 1 pmol of Ste7, and the
resulting immune complexes were analyzed in the same gel. Marker proteins of the indicated molecular masses (in kilodaltons) were also resolved on the same gel (lane

14).

dicating that the Tyr and Thr residues of the phosphoacceptor
site are not required for the high-affinity binding of Kss1 by
Ste7. However, the catalytic clefts of protein kinases also in-
teract with residues adjacent to (and to both the N and C sides
of) the phosphoacceptor amino acid (89). To determine
whether any portion of the T loop of Kss1 contributes to the
recognition of Kss1 by Ste7, this entire 21-residue segment of
Kss1 was removed and replaced with the 11-residue T loop of
the S. cerevisiae Tpk3 protein (91), a homolog of the catalytic
subunit of mammalian cyclic AMP-dependent protein kinase,
which bears no sequence similarity to the T loop of Kssl (or
Fus3). This Kss1 derivative (Kss1,,,) also retained the ability
to coimmunoprecipitate with Ste7 (Fig. 3B). Thus, in agree-
ment with our observation that the catalytic domain of Ste7 is
not required for its high-affinity association with Kssl, we
found that the target site for phosphorylation of Kss1 by Ste7
is also not required for the tight interaction of these two pro-
teins.

Nevertheless, it was noted that the apparent dissociation
constant for the binding of both Kssl,gr and Ksslye,, by
full-length Ste7 was about 10-fold weaker than that for the
interaction of Ste7 with native Kss1. This observation could
indicate that residues in the T loop do contribute somewhat
(~12% of the total) to the free energy of binding in the Ste7-
Kss1 complex. Alternatively, however, perturbations of the T
loop may have some subtle effect on the overall structure of
Kss1 that influences binding affinity. A derivative of Kss1 lack-
ing the entire ATP-binding lobe of its catalytic domain did not
detectably coimmunoprecipitate with Ste7 (Fig. 3A). Removal
of as few as 12 residues from the C terminus of Kss1 (Fig. 3A)
also eliminated its association with Ste7. These deletions prob-
ably destabilize the structure of the remainder of the molecule
(our unpublished observations).

Ste7-Fus3 and Ste7-Kss1 complexes can be isolated from
extracts of naive and pheromone-stimulated cells. To assess

the potential physiological significance of the tight binding
observed in vitro between the MEK (Ste7) and the MAPKs
(Fus3 and Kss1) of the pheromone response pathway, it was
important to establish that such complexes could be detected
when the proteins were produced in vivo. In our hands, the
endogeous level of Ste7 is so low that it cannot be measured
reliably by immunoblotting (16a). Hence, for in vivo studies,
we expressed from multicopy plasmids either Ste7me (a fully
functional version of Ste7 tagged at its C terminus with the
c-Myc epitope [99]) or, as a control, native Ste7, along with
either Fus3 or Kssl, in MATa cells that were either treated
with a-factor mating pheromone or left untreated. As detected
with polyclonal anti-Ste7 antibodies (Fig. 4, top panel, input),
Ste7 migrated upon SDS-PAGE as a series of bands with
apparent masses of 64 to 78 kDa, as has been observed previ-
ously (14, 99). The most rapidly migrating species comigrates
with Ste7 produced by in vitro translation (data not shown); it
has been shown elsewhere that the more slowly migrating
forms of Ste7 are hyperphosphorylated species (14). Com-
pared with Ste7 itself, the bands corresponding to Ste7me all
have a slightly slower electrophoretic mobility, consistent with
the extra mass contributed by the c-Myc epitope (Fig. 4, top
panel). Prior treatment of cells with pheromone caused a shift
of the Ste7me species to the more slowing migrating forms
(Fig. 4, lane 3), indicative of activation of the pheromone
response pathway, as reported previously (14, 99).

As expected, native Ste7 was not immunoprecipitated by the
anti-c-Myc MAD (Fig. 4, lane 5). When the immunoprecipi-
tates were analyzed with anti-Fus3 antibodies (Fig. 4, lower
panel), it was found that Fus3 was absent from the Ste7 control
lane but did effectively coimmunoprecipitate with Ste7me, re-
gardless of whether the cells had been stimulated by phero-
mone. The fact that Fus3 can coprecipitate even with unacti-
vated Ste7me from cell extracts is consistent with our
observation that Ste7 translated in vitro (and, thus, most likely
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FIG. 4. Ste7-Fus3 complexes are present in extracts from naive and phero-
mone-treated cells. Cultures of strain BJ2168 (Table 1), expressing from a mul-
ticopy plasmid either Ste7 or Ste7me, with or without coexpression of Fus3 from
a multicopy plasmid (as indicated), were grown, treated or not treated with
a-factor (as indicated), and harvested. Cell extracts were prepared, and portions
(5% of the amount added in the immunoprecipitation [pptn] reactions; input)
were subjected to SDS-PAGE in a 10% polyacrylamide gel (lanes 1 to 4).
Samples of the extracts were immunoprecipitated with the anti-c-Myc MAb 9E10
as described in Materials and Methods and then subjected to either three rapid
washes with ice-cold buffer (lanes 5 to 8) or three 2-min washes at 30°C (lanes 9
and 10). The resulting immunoprecipitates were solubilized, resolved by SDS-
PAGE, and analyzed by immunoblotting with a mixture of anti-Ste7 and anti-
Fus3 antisera.

unactivated) can interact strongly with either Kss1 or Fus3 that
has been translated in vitro. In complementary experiments,
native Ste7 was immunoprecipitated, and Kssl or Fus3 was
efficiently coimmunoprecipitated, by polyclonal anti-Ste7 anti-
serum (data not shown).

In the immunoprecipitation procedure used in this work, the
bead-bound immune complexes were washed rapidly three
times with an excess volume of ice-cold buffer as described in
detail in Materials and Methods. Even when the incubation
time for each wash was increased to 2 min and the temperature
of each wash was raised to 30°C, a readily detectable amount of
Fus3 was still present in the Ste7me immunoprecipitates (Fig.
4, lanes 9 and 10); however, the level of Fus3 bound was
significantly reduced. By quantitating the degree of reduction
of Fus3 (or Kss1) observed in several experiments of this type,
a preliminary estimate for the apparent half-time for dissoci-
ation of either the Ste7me-Fus3 or the Ste7me-Kss1 complex at
30°C could be obtained and was approximately 2 to 3 min for
both. Thus, although relatively stable, the Ste7-Fus3 and Ste7-
Kss1 interaction is nonetheless reversible at physiological tem-
peratures and, hence, potentially dynamic in the cell. The fact
that the Ste7me-Fus3 and Ste7me-Kss1 association could be
disrupted by such a mild treatment also demonstrated that the
complexes were not a nonphysiological aggregate of denatured
protein.

Formation of Ste7-Fus3 and Ste7-Kss1 complexes does not
require Ste5 or Stell. Ste5 protein has been shown to interact
with Stell, Ste7, Fus3, and Kssl (17, 60, 72). Kss1 also inter-
acts in the two-hybrid assay with Stel1 (17, 72). Because Stell
phosphorylates Ste7, it must interact with this substrate (tran-
siently or stably). These findings raised the possibility that the
Ste7-Fus3 and Ste7-Kss1 interaction observed by coimmuno-
precipitation from cell extracts might be mediated by bridging
through Ste5 and/or Stell. We considered both of these pos-
sibilities unlikely for two reasons. First, Ste7me and Fus3 (or
Kss1) were overproduced in the cells used for the coimmuno-
precipitation experiments, whereas both Ste5 (45a) and Stell
(14) are not abundant proteins. Second, as described above, in
vitro-translated Ste7 and Kss1 (or Fus3) bound with high af-
finity in the absence of added Ste5 or Stell. Nevertheless, to
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FIG. 5. Formation of Ste7-Kssl and Ste7-Fus3 complexes does not require
Ste5 or Stell. Cultures of strain SY1390 (STE™) or YLB103 (ste5A stellA),
carrying no plasmid (lane 1) or expressing Ste7me from a multicopy plasmid,
with coexpression from a multicopy plasmid of either Fus3 or Kss1 (as indicated),
were grown and harvested as described in Materials and Methods. Cell extracts
were prepared, and portions (5% of the amount added to the immunoprecipi-
tation [pptn] reactions; input) were subjected to SDS-PAGE in a 10% polyacryl-
amide gel (lanes 1 to 5). Samples of the extracts were immunoprecipitated with
the anti-c-Myc MAD 9E10 (lanes 6 to 9) as described in Materials and Methods,
using three rapid washes with ice-cold buffer. The resulting immunoprecipitates
were solubilized, divided into three equal portions, resolved by SDS-PAGE, and
analyzed by immunoblotting with either anti-Ste7 (top panel), anti-Fus3 (middle
panel), or anti-Kss1 (bottom panel) antiserum.

definitively address this issue, the abilities of Kss1 and Fus3 to
coimmunoprecipitate with Ste7me were examined in a ste5A
stelIA double mutant and in an otherwise isogenic STE5S™
STEI11" strain (Fig. 5). As expected, in the ste5A stel 1A double
mutant, little or no hyperphosphorylated Ste7me was ob-
served, consistent with the requirement of Stell and Ste5 for
signal transmission to Ste7 (99). Despite the total absence of
both Ste5 and Stell, Fus3 (Fig. 5, lanes 6 and 8) or Kss1 (lanes
7 and 9) still coimmunoprecipitated with Ste7me with an effi-
ciency approximately equal to that observed in the extracts
from wild-type cells (Fig. 5, lanes 6 and 8). These results are
consistent with previous results showing that a Ste7-Fus3 two-
hybrid interaction is maintained in strains with either STES or
STE11 singly deleted (17, 72).

In the complex, both Ste7 and Kss1 are catalytically active.
To examine the protein phosphotransferase activities present
in isolated Ste7-MAPK complexes, Ste7me was overproduced
in either a wild-type MATa strain or an otherwise isogenic
kssIA fus3A double mutant. Complexes were isolated both
from unstimulated cells and from cells that had been stimu-
lated by brief treatment (15 min) with a-factor, and the com-
plexes were incubated with [y-**P]ATP - Mg?" at 30°C for 4
min.

In the reaction containing immune complexes isolated from
wild-type cells, the most prominent phosphoprotein had an
apparent molecular mass of ~75 kDa (Fig. 6A, lane 1), in
agreement with the mobility expected for phosphorylated
Ste7me. Incorporation of *?P into this species was stimulated
by prior treatment of the cells with a-factor pheromone (Fig.
6A, lane 2) and was abolished when Ste7me was immunopre-
cipitated from the fus3A kss1A mutant (Fig. 6A, lanes 3 and 4).
Since it has been shown that Ste7 is phosphorylated in a Fus3-
dependent and pheromone-stimulated manner (33), these re-
sults confirmed the identification of the ~75-kDa radiolabeled
band as Ste7me.

The immunoprecipitates isolated from wild-type cells poten-
tially contained both Ste7me-Fus3 and Ste7me-Kss1 complex-
es; however, the protein kinase activity of Kss1 in vitro has not
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FIG. 6. Protein kinase activities of Ste7 and Kss1 in immune complexes.
Cultures of strain YPH499 (KSSI* FUS3") or its isogenic derivative, YDM230
(kssIA fus3A), expressing Ste7me from a multicopy plasmid and coexpressing
either an empty vector (—) or, from the same vector, normal Kssl (w.t.), a
catalytically inactive Kss1 mutant (42R), or an unactivatable Kss1 mutant (183A
185F), as indicated, were grown, treated or not treated with a-factor (as indi-
cated), and harvested as described in Materials and Methods. Cell extracts were
prepared and immunoprecipitated with anti-c-Myc MAb 9E10. The washed
immune complexes were incubated with Mg?" and [y->?P]ATP and either no
exogenous substrate (A) or 0.5 pM GST-Ste7,_,;, for 4 min at 30°C (B) as
described in Materials and Methods. Reaction products were resolved by SDS-
PAGE on a 10% polyacrylamide gel, which was dried and analyzed by autora-
diography. Migration positions of molecular mass markers are shown in kilodal-
tons on the right. (C) Samples of the reaction mixtures used for panel A were
resolved by SDS-PAGE and analyzed by immunoblotting with anti-Ste7 (top
panel) or anti-Kss1 (bottom panel) antiserum. Also, portions of the initial ex-
tracts (5% of the amount used for the immunoprecipitation reactions shown in
lanes 2, 4, and 6) were analyzed in the same way (lanes 11 to 13).

been demonstrated before. To permit characterization of Kss1
activity in the absence of Fus3, immune complexes were col-
lected from the fus3A kssIA double mutant in which Ste7me
was expressed in combination with either the normal or a
mutant version of Kss1 (Fig. 6A, lanes 5 to 10). Coexpression
of native Kss1 markedly enhanced incorporation of label into
Ste7me during the 4-min incubation (Fig. 6A, lanes 5 to 8),
whereas no incorporation into Ste7me was observed when the
cells coexpressed catalytically inactive (K42R) Kss1, demon-
strating that Ste7me is a substrate of Kssl in vitro. Under these
conditions, a prominent doublet of bands with an apparent
molecular mass of ~43 kDa was also generated during the
reaction (Fig. 6A, lanes 5 to 8). These species have a mobility
identical to that observed previously for Kss1 phosphorylated
in vivo in a Ste7-dependent manner (59). Moreover, as seen
previously in the whole-cell labeling experiments (59), incor-
poration into the ~43-kDa bands in vitro was enhanced in the
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immunoprecipitates from pheromone-treated cells (Fig. 6A,
lanes 5 and 6). Likewise, as observed in vivo (59), incorpora-
tion into catalytically inactive Kssl mutant in vitro was essen-
tially as efficient as for normal Kss1 (Fig. 6A, lanes 7 and 8),
whereas no incorporation into the unactivatable (T183A
Y185F) Kss1 mutant was detectable (Fig. 6A, lanes 9 and 10).
These results indicate (i) that Kssl is a substrate for Ste7me in
vitro (as well as vice versa) and (ii) that Ste7me phosphorylates
Kss1 in vitro exclusively on Thr-183 and Tyr-185. On the basis
of in vivo studies using site-directed mutants (59), it has been
suggested that the upper band of the doublet represents Kss1
modified solely on Tyr-185, whereas the lower band represents
Kss1 modified at both Thr-183 and Tyr-185.

To determine if the MAPKSs in the coprecipitates were also
capable of phosphorylating an exogenously added substrate,
otherwise identical reactions were carried out in the presence
of purified bacterially expressed GST-Ste7,_,,,, a phosphoac-
ceptor protein containing a cluster of six S/TP sites (as dis-
cussed above). As observed for phosphorylation of Ste7me,
GST-Ste7,_,,, was phosphorylated by the activities present in
the immune complexes isolated from wild-type cells or from
cells expressing normal Kssl (Fig. 6B, lanes 1, 2, 5, and 6).
Compared with the incorporation observed with immunopre-
cipitates of unstimulated cells expressing Fus3 and Kssl at
endogenous levels (lane 1), phosphorylation of GST-Ste7,_,,,
was increased approximately 3-fold when the immunoprecipi-
tates were isolated from pheromone-treated cells (lane 2) and
was stimulated at least 10-fold when Kss1 was overproduced
(lane 5) and as much as 30-fold when the Kss1-overproducing
cells were stimulated with a-factor (lane 6). Phosphorylation of
GST-Ste7,_,,, (and Ste7me) did not occur in reactions that
lacked Kss1 or Fus3 (lanes 3 and 4) or in reactions that con-
tained only catalytically inactive Kss1 (lanes 7 and 8) or unac-
tivatable Kss1 (lanes 9 and 10). As revealed by immunoblotting
(Fig. 6C), both the normal and mutant forms of Kss1 coimmu-
noprecipitated with Ste7me to approximately the same degree
from both naive and pheromone-stimulated cells. Kss1 and
Fus3 expressed at their endogenous levels were readily detect-
able in the coprecipitates with overproduced Ste7me by virtue
of their kinase activities (Fig. 6A and B, lanes 1 and 2) but were
more difficult to detect reliably by immunoblot analysis (Fig.
6C, lanes 1 and 2, and data not shown).

GST itself was not a substrate (data not shown) in these
reactions, nor was BSA, which was present in the assay buffer
at a concentration of 15 uM (see Materials and Methods).
However, myelin basic protein (MBP), a known substrate of
many MAPKSs (29, 32), was an exogenous substrate for Kssl
under these conditions (see below); but to achieve a compa-
rable degree of incorporation, a higher concentration of MBP
(25 uM) than of GST-Ste7,_;,, (0.5 wM) was required. Results
similar to those described above were obtained when Fus3 was
overproduced with Ste7me (instead of Kss1) in the fus3A kss1A
strain; the Ste7me-Fus3 immune complexes catalyzed phos-
phorylation of GST-Ste7,_,,, (and Ste7me) and MBP (but not
GST or BSA), and incorporation was enhanced when the cells
were pretreated with pheromone (data not shown).

The Ste7-Kss1 complex is not an enzyme-substrate complex.
The preceding results indicated that in the isolated complexes,
Ste7 was able to phosphorylate Kssl, and Kssl was able to
phosphorylate Ste7. However, the experiments did not estab-
lish whether both phosphorylation reactions could occur while
both proteins remained bound in the complex or whether prior
dissociation and rebinding were required to permit one or the
other phosphorylation reaction (or both reactions) to occur
(Fig. 7A). The fact that GST-Ste7,_,,, not only contains six
S/TP sites for phosphorylation by Kssl but also harbors the
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FIG. 7. Dynamics of Ste7-Kss1 interaction and mutual phosphorylation. (A)
Depicted schematically are the transitions between the various possible com-
plexes between Ste7 and Kssl that can presumably occur during the immune
complex kinase assay (see the legend to Fig. 6) and the substrate capture exper-
iment performed as described for panel B. Ste7me, with its N-terminal extension
and two-domain catalytic core, shown as a three-lobed molecule (shaded
spheres), is bound by anti-c-Myc MAb 9E10 (Y), which recognizes the epitope
fused to the C terminus of Ste7. Kss1, with its two-domain catalytic core, shown
as a two-lobed molecule (open spheres), can associate with Ste7 in a non-ES
complex (left), as a Ste7-Kssl ES complex poised to permit phosphorylation
(star) of Kss1 (top), or as a Kss1-Ste7 ES complex poised to permit phosphor-
ylation (star) of Ste7 (bottom). In the presence (right) of excess GST-Ste7,_,7,
(shaded circle), any Kssl released into solution will be sequestered and pre-
vented from rebinding to Ste7 in any mode. (B) To prepare complexes of
activated Ste7me bound to unactivated Kss1, a cell extract prepared from strain
E929-6C-1 (ste7A), overproducing Kss1 and not treated with pheromone, was
mixed with an equal mass of protein from an extract prepared from strain
YDM230 (kssIA fus3A), overproducing Ste7me and treated with a-factor, and
immunoprecipitated with anti-c-Myc MAb 9E10. Suspensions of the washed
complexes were divided into three equal portions and incubated for 4 min at
30°C with Mg?* and [y-*P]ATP and with either no exogenous substrate (lanes
1 and 4), 50 uM MBP (lanes 2 and 5), or 5 pM GST-Ste7,_,,, (lanes 3 and 6).
After quenching, the reactions were separated into the material still bound to the
MADbD-protein A/G beads (pellets; lanes 1 to 3) and the material in the corre-
sponding supernatant fractions (supnts; lanes 4 to 6) as described in Materials
and Methods. These fractions were then solubilized and divided into three equal
portions, which were resolved by SDS-PAGE on three separate gels and either
dried and analyzed by autoradiography (**P) or analyzed by immunoblotting with
either anti-Ste7 (Anti-7) or anti-Kss1 (Anti-K) antisera.

MEK-MAPK COMPLEXES IN S. CEREVISIAE 3645

domain responsible for high-affinity binding of Ste7 (Fig. 2)
suggested an experimental method for addressing the nature of
the Ste7-Kssl complex isolated by immunoprecipitation. We
reasoned that by adding an excess of GST-Ste7,_,,, to the
immune complexes just prior to initiating the kinase reaction,
any Kssl that dissociated into solution would be trapped as
Kss1-GST-Ste7,_,,, complexes. If phosphorylation of Kss1 by
Ste7 (or vice versa) occurs directly in the complex, these reac-
tions would not be impeded by the presence of the exogenous
competitor (given the reasonable assumption that k, is
greater than k 4). However, if phosphorylation of Kss1 by Ste7
(or vice versa) proceeds through an intermediate step in which
Kss1 dissociates into solution, the capture of Kssl by GST-
Ste7,_,,, would prevent its phosphorylation by Ste7 and/or its
phosphorylation of Ste7 (Fig. 7A). A phosphoacceptor sub-
strate for Kss1 that lacks a high-affinity binding site would not
effectively capture Kssl. This approach is similar to the tem-
plate challenge method used to determine whether a polynu-
cleotide-tracking enzyme is processive or distributive (54).

To ensure that such reactions were conducted with immune
complexes that initially contained only unactivated Kss1, an
extract was prepared from a fus3A kssIA mutant that overpro-
duced Ste7me protein and was treated with a-factor, which was
mixed with an extract prepared from a ste7A strain that over-
produced Kss1. Bead-bound immune complexes containing ac-
tivated Ste7me and unactivated Kss1 were isolated from the
resulting mixture and apportioned into three equal aliquots.
To initiate the kinase reaction, each sample received
[y->*P]ATP - Mg®" and either no exogenous protein, 5 pM
GST-Ste7,_,4,, or, as a control, 50 pnM MBP. After 4 min at
30°C, each suspension was separated into a pellet and super-
natant fraction, which were analyzed separately (Fig. 7B).

Ste7me remained bound to the antibody on the beads
throughout the course of the reaction, as expected (Fig. 7B,
upper panels). As anticipated from the half-time for dissocia-
tion of the Ste7-Kss1 complex at 30°C, a substantial fraction of
the Kss1 dissociated into the soluble fraction during the course
of the incubation (Fig. 7B, middle panels). In the absence of
any exogenous protein or when MBP was present, the majority
of the Kss1 was able to rebind to the Ste7me on the beads,
whereas when GST-Ste7,_,,, was present nearly all of the Kss1
remained in the supernatant solution, indicating that GST-
Ste7,_,,, did effectively sequester the released Kss1. Most sig-
nificantly, in the presence of GST-Ste7,_,,,, incorporation of
label into both Ste7me and Kssl was completely blocked,
whereas in its absence or in the presence of MBP, prominent
phosphorylations of both Kssl and Ste7me were observed.
Moreover, although GST-Ste7,_,,, is an excellent substrate for
activated Kss1 (Fig. 6B), only a very modest degree of incor-
poration into GST-Ste7,_,,, was detected under these condi-
tions, indicating that the Kssl released from the Ste7-Kssl
complex and captured by the GST-Ste7,_;,, was primarily in
the unactivated form, as expected. In the absence of compet-
itor, Ste7me, Kssl, and, when added, MBP became promi-
nently labeled, indicating that the released Kss1 had become
phosphorylated and activated by Ste7. These results suggest
that the initial high-affinity Ste7-Kss1 complex isolated from
cells by immunoprecipitation must dissociate before either
Kss1 or Ste7 can be phosphorylated. Thus, the initial high-
affinity complex appears to be neither a Ste7-Kss1 ES complex
nor a Kss1-Ste7 ES complex.

In assays in which complexes containing both activated Kss1
and Ste7me, or activated Kss1 bound to unactivated Ste7me,
were used, phosphorylation of Ste7me in the pellet was inhib-
ited by the presence of GST-Ste7,_,,, in solution (data not
shown), confirming that to phosphorylate Ste7me, activated
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TABLE 2. Reduction of mating efficiency by deletion of the Kssl- and Fus3-binding site of Ste7

Expt 1 Expt 2
Strain Plasmid Ste7 . Relative . Relative
* derivative Mating mating Mating mating
efficiency” cfficiency” efficiency efficiency
E929-6C(STE™) YCplac22 Ste7 0.27 1.00 0.65 1.00
E929-6C-1(ste7A) YCplac22 None <2x1077 <8 x 1077 <2x 1077 <4 x1077
YCpT-STE7 Ste7 0.22 0.81 0.51 0.78
YCpT-STE7(171-515) Ste7,71_s15 0.04 0.16 0.04 0.06
YCpT-STE7(23-515) Ste7,3515 ND* ND 0.05 0.07

“ Crossed with strain DC17 (Table 1).
b Relative to strain E929-6C(STE™) carrying plasmid YCplac22.
¢ ND, not determined.

Kssl has to first dissociate from the high-affinity complex into
solution. When an essentially identical procedure was used to
examine the nature of the high-affinity Ste7-Fus3 complex iso-
lated from cell extracts by immunoprecipitation, very similar
results were obtained (data not shown). Hence, the Ste7-Fus3
complex also is, most likely, neither a Ste7-Fus3 ES complex
nor a Fus3-Ste7 ES complex.

The domain of Ste7 required for tight binding of Kss1 and
Fus3 is necessary for optimal pheromone response. To deter-
mine if the strong interaction observed between Ste7 and Kss1
(and Fus3) produced in vitro and in cell extracts has a discern-
ible role in pheromone response in vivo, two mutant alleles of
STE7, STE7(23-515) and STE7(171-515), were constructed.
These alleles leave the catalytic core completely intact but
remove 21 residues (codons 2 to 22) and 169 residues (codons
2 to 170), respectively, of the STE7 coding sequence, which
corresponds to the segment of the N-terminal domain of Ste7
that we demonstrated was required for its high-affinity binding
of Kss1 and Fus3 in vitro (Fig. 2). It has been shown previously
that deletion of the N terminus of Ste7 does not eliminate its
ability to bind to Ste5 (17, 72) or its ability to be phosphory-
lated and activated by Stell (66). To examine the effects of
these alterations on the mating response, either the normal
STE?7 gene or each of the two N-terminally truncated mutant
genes was expressed under the control of the endogenous
STE7 promoter on a low-copy-number (CEN) plasmid in a
MATa ste7A strain. These cells were then subjected to three
different tests of pheromone response.

First, as a measure of the short-term effects of pheromone
action, a plasmid carrying a PRE-lacZ construct was intro-
duced into the same strains, and the level of induction of this
Stel2-dependent reporter gene by a-factor treatment of the
cells was examined. Compared with the ste7A strain expressing
the wild-type STE7 gene from the CEN plasmid, cells express-
ing the STE7(171-515) allele from the same plasmid exhibited
a 7- to 10-fold reduction in the level of B-galactosidase pro-
duced after 1 h of pheromone treatment (data not shown). The
STE7(23-515) allele was not tested. Second, as a measure of
the long-term effects of pheromone action, pheromone-in-
duced G, arrest and recovery from arrest were monitored in
the standard halo bioassay (75). Compared with normal cells
or the ste7A strain expressing the wild-type STE7 gene from the
CEN plasmid, cells expressing either the STE7(23-515) or the
STE7(171-515) allele from the CEN plasmid were less sensitive
to pheromone-imposed cell cycle arrest, as judged by a reduc-
tion in initial halo diameter (data not shown). More strikingly,
however, recovery from pheromone-imposed G, arrest was
much more rapid, as judged by the rate of development of
turbidity in the halos, for the cells expressing either the
STE7(23-515) or the STE7(171-515) allele than for cells ex-

pressing the wild-type STE7 gene (data not shown). Even when
the MATa ste7A strain expressed the STE7(171-515) allele
from the strong GALI promoter, the cells exhibited compara-
ble defects in pheromone response, suggesting that the phe-
notype of this allele was not due to a decreased level of ex-
pression or to a decrease in stability of the mutant protein
(data not shown). We also confirmed by immunoblotting that
Ste7 and Ste7,; 5,5 proteins were produced at comparable
levels and had comparable stabilities (data not shown).

Third, and most significantly, as a measure of overall mating
proficiency, we performed quantitative mating assays (Table
2). When transformed with the CEN vector alone, the ste7A
strain was completely sterile in a quantitative mating assay
(frequency of diploid formation, <2 X 10~7), whereas expres-
sion of the wild-type STE7 gene inserted into the same vector
restored mating to close to the level seen for an otherwise
isogenic strain carrying an intact STE7" gene on the chromo-
some (Table 2). Compared with cells expressing STE7, how-
ever, cells expressing either STE7(23-515) or STE7(171-515)
reproducibly exhibited a 5- to 17-fold reduction in the fre-
quency of diploid formation (Table 2).

In summary, by every measure tested, the loss of the domain
of Ste7 required for its tight binding to Kss1 and Fus3 in vitro
substantially reduced (approximately 10-fold) the efficiency of
the mating response in vivo. While these defects were readily
evident, it is clear that both mutant alleles retained a signifi-
cant level of residual function, relative to a ste7A null allele
(Table 2).

DISCUSSION

A stable MEK-MAPK complex. Phosphorylation and activa-
tion of a MAPK by its upstream MEK is a crucial step for
signal transmission in signaling pathways that involve a MAPK
cascade. In this study, we used the MAPKs (Kss1 and Fus3)
and the MEK (Ste7) of the S. cerevisiae pheromone response
pathway to demonstrate that these enzymes form a specific,
high-affinity (K, of ~5 nM), and relatively stable (half-time for
dissociation of ~2 min at 30°C) complex with each other. To
our knowledge, this interaction is the tightest and the most
thoroughly characterized for any MAPK and MEK described
for any organism. In addition, in the course of these studies, we
have shown for the first time that Ste7 can phosphorylate and
activate Kss1 in vitro and that once phosphorylated and acti-
vated, Kss1 has protein phosphotransferase activity in vitro.
Moreover, we have demonstrated that the N terminus of Ste7
is a substrate for both Kss1 and Fus3; hence, Kss1- and Fus3-
dependent modifications in this region may be of physiological
significance for the activity, stability, and/or localization of Ste7
in vivo.



VoL. 16, 1996

Despite the fact that Ste7, Kss1, and Fus3 are all protein
kinases and, as we demonstrated, capable of phosphorylating
each other, we found, somewhat surprisingly perhaps, that the
known or putative phosphoacceptor sites for these reactions on
each protein were not required for the formation of the high-
affinity Ste7-Kss1 or Ste7-Fus3 complexes. In agreement with
this observation, we found that the stability of the Ste7-Kssl
and Ste7-Fus3 complexes was not markedly affected by the
phosphorylation state of either partner. Using an enzyme cap-
ture approach, we confirmed that the stable Ste7-MAPK com-
plex isolated from cell extracts is not an ES complex. Finally,
we showed that mutations in Ste7 that eliminate its high-affin-
ity binding site for Kss1 and Fus3 reduce signal output in the
pheromone response pathway to 10% of its normal level. Our
findings have important implications both for signal propaga-
tion in the pheromone response pathway and for the role of
protein-protein interactions in signal transduction pathways
generally.

Specificity and generality of the stable MEK-MAPK com-
plex. Both S. cerevisiae and a mammalian cell contain parallel
MAPK cascades that transmit different signals (16, 42, 68).
How such parallel pathways are insulated from each other is an
important and largely unexplored issue (5). In this context, the
specificity of the complex between Ste7 and Kss1 (or Fus3) is
noteworthy; Ste7 did not detectably associate in vitro with two
other MAPKs that are present in haploid yeast cells (Hogl and
Mpk1) or with a mammalian MAPK (Erk2). From estimates of
the number of molecules of Kss1 (~5,000), Fus3 (~5,000), and
Ste7 (<2,000) per cell, obtained from quantitative immuno-
blotting of extracts with known amounts of the in vitro trans-
lation products to prepare standard curves (4b), and from the
K, of 5 nM, it can be calculated that >95% of the Ste7 mol-
ecules in an unstimulated haploid should be bound to Kssl
and/or Fus3 at any given instant. This situation would further
decrease the probability that Ste7 could interact, even tran-
siently, with other MAPKSs. Likewise, neither Kssl nor Fus3
(epitope tagged) was able to bind detectably to Pbs2 (the MEK
for Hogl). Taken together, these findings suggest that parallel
MAPK cascades may be insulated from each other, in part, by
formation of relatively stable complexes between the MEK and
the MAPK components within the same pathway.

Using coimmunoprecipitation of radiolabeled proteins syn-
thesized in vitro, we were unable to detect interaction between
Pbs2 and Hogl (epitope tagged) or between mammalian
MEKI1 and Erk2 (4a). However, this assay method cannot
reliably detect interactions that have a K, above 0.5 to 1 uM or
any associations that have a half-time for dissociation of <1
min at 4°C (because these would be lost during the wash steps
used in our procedure). On the other hand, in studies using the
less quantitative but potentially more sensitive two-hybrid ap-
proach in vivo and/or affinity chromatography in vitro (71),
interactions between mammalian MEKs and ERKs (98) and
between the MAPK (Mpk1) of the yeast PKC1 pathway and its
MEKs (Mkkl and Mkk2) (83) have been found. Likewise,
interaction between Ste7 and Fus3, and between Ste7 and
Kssl, has also been detected by two-hybrid analysis (17, 60,
72). Thus, strong MEK-MAPK association is likely to be a
common feature of many MAPK signaling modules, although
the interactions between Kss1 or Fus3 and Ste7 seem excep-
tionally stable.

Function of the complex. Because deletion of the sequences
in Ste7 required for its high-affinity binding to Kss1 and Fus3
in vitro caused readily detectable reductions in vivo in phero-
mone-induced transcription, in pheromone-imposed cell cycle
arrest, and in the frequency of diploid formation, it appears
that tight association of Ste7 with Kssl and Fus3 allows for
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more efficient signal transmission and amplification at the
MAPK activation step of the pathway.

Contrary to the prevailing view of protein kinase-substrate
specificity as being mediated predominantly by interactions
between the catalytic cleft of the enzyme and a contiguous
stretch of residues immediately surrounding the phosphoac-
ceptor site in the substrate (51-53), we have demonstrated
here that formation of a very specific and very high affinity
complex between a protein kinase (Ste7) and its substrate
(Kss1) can occur without the participation of either its catalytic
domain or the phosphoacceptor sites on its substrate. One role
of such a strong and selective interaction may be to impart a
second layer of specificity on top of that provided by recogni-
tion of the target phosphoacceptor sequence by the active site.
In this way, proper activation of a MAPK by its upstream MEK
would involve a double selection. A similar mechanism has
been suggested as a means by which protein-tyrosine kinases
recruit the correct SH2 domain-containing substrates to ensure
specificity and fidelity in growth factor-initiated signaling path-
ways (20, 27, 63, 67, 85). Another role for the high-affinity
complex may simply be to raise the local effective concentra-
tion of the MEK as an additional means to ensure efficient
MAPK activation or to raise the local concentration of the
MAPK to ensure efficient feedback modulation of its MEK, or
both. A similar suggestion has been made recently to explain
the purpose of the tight binding, demonstrated by affinity chro-
matography, between a MAPK, Jnk, and one of its cellular
substrates, the c-Jun transcription factor (49). Yet another
potential function for such a tight complex between a MEK
and its target MAPK may be to ensure effective mutual intra-
cellular targeting and colocalization of the proteins in the cell.

Structural basis of the complex. The high-affinity binding of
Ste7 and Kss1, and of Ste7 and Fus3, provides a useful para-
digm for a novel class of protein kinase-target interactions.
Kss1 is a substrate of Ste7, and Ste7 is a substrate of Kssl, as
demonstrated by the biochemical results presented here. Like-
wise, Ste7 phosphorylates Fus3, and Fus3 phosphorylates Ste7,
as shown by others (33) and confirmed here. If a protein kinase
associates strongly with a substrate, there are two possibilities
to explain the structural basis of such a stable interaction: (i)
the majority of the binding energy is contributed by contacts
between the catalytic pocket of the enzyme and residues sur-
rounding the phosphoacceptor site in the substrate (a typical
ES complex); and (ii) the majority of the binding energy is
supplied by contacts between residues elsewhere on the sur-
faces of the two proteins. While the second alternative appears
to be the case for the Ste7-Kss1 and Ste7-Fus3 interactions, it
is nonetheless possible that in the complex, one or the other
enzyme (or both) is positioned as an ES complex and thus
poised to phosphorylate its target sequence. Our results, how-
ever (Fig. 7), suggest that the stable high-affinity complexes
between Ste7 and its MAPKs appear to correspond to the
non-ES complex depicted in Fig. 7A. The existence of this
complex presumably increases the probability that subsequent
(and more transient) ES complexes can be formed, leading to
greater efficiency in the phosphorylation and activation of the
MAPKSs and in the phosphorylation and modulation of the
MEK. For example, when Ste7 and Kssl are bound in the
high-affinity complex, access of other proteins to the catalytic
pocket of Ste7 may be blocked. At the instant the high-affinity
complex dissociates, the catalytic pocket of Ste7 is empty and
Kss1 is the closest available protein. Once activated, Kss1 can
phosphorylate the nearby Ste7. In this way, the double selec-
tion provided by tightly binding MEK-MAPK interactions that
are separate from active site recognition of phosphoacceptor
sites can operate in two kinetically distinct steps.
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It is possible that the transition from the high-affinity com-
plex to ES complexes involves a conformational change rather
than dissociation. However, since formation of ES complexes
was blocked by the presence of competing MAPK binding sites
in solution, any such conformational change mechanism must
have properties similar to those of the simpler dissociation
model that we favor. Yet another possibility to explain our
results is that in the high-affinity complex, Ste7 and Kss1 are
situated in an enzyme-substrate orientation, but the active site
is not accessible to the exogenously added ATP. Dissociation
of the high-affinity complex would then be required to detect
any incorporation of label. Nevertheless, since MAPK activa-
tion requires two phosphorylation events, dissociation of the
high-affinity MEK-MAPK complex must obligatorily precede
the dual phosphorylation of the MAPK.

Extensions to other protein kinase interactions. In the cell,
Ste7-Kss1 and Ste7-Fus3 complexes will be influenced by as-
sociation of Ste7, Kss1, and Fus3 with other proteins. In par-
ticular, all three enzymes appear to interact with Ste5 protein
(17, 60, 72), prompting proposals (30, 79) that one of the
functions of SteS5 is to serve as a scaffold or platform that is
required to bring the components of the MAPK cascade into
contact with one another. We have clearly shown here, how-
ever, that the tight binding of Ste7 to Kss1 or Fus3 is direct and
does not require the presence of Ste5 in vitro or in cell extracts.
Other results also suggest a considerable degree of indepen-
dence of the MAPK cascade from Ste5. Stell can phosphor-
ylate and activate Ste7 in vitro, which, in turn, can phosphor-
ylate Fus3, all in the absence of Ste5 (66). Also, dominant
constitutively active alleles of STE11 can bypass the require-
ment for STES in vivo (14, 88). Finally, Ste20, Stel1, Ste7, and
probably Kss1 are involved in the haploid invasive growth
pathway and the diploid pseudohyphal growth pathway,
whereas Ste5 is not (58, 77). Thus, we believe that the sterility
of ste5 null strains is due to a defect at or upstream of the level
of Stell and that the proposed platform function of Ste5 is
ancillary. The interaction of Ste5 with Ste7 and Kss1/Fus3 may
have a function similar to (and perhaps partially redundant
with) that of the direct Ste7-Kss1/Fus3 interaction character-
ized here. Association of Stell, Ste7, Kss1, and Fus3 with Ste5
may increase their local effective concentrations, thereby en-
hancing the rate of signal transmission and providing an addi-
tional layer of specificity that insulates the MAPKs of the
pheromone signaling cascade from other signaling pathways
(96).

To distinguish between the myriad of possible functions for
the interaction of Ste5 with the members of the associated
MAPK cascade, it will be important to determine whether
binding of any of these components to Ste5 positions any of the
enzymes in an ES complex (either with each other or with
Ste5). The experimental strategy developed in this study could
be applied to this question. Furthermore, this same strategy
could be adapted to explore the nature of other putative pro-
tein kinase-scaffold interactions (20, 46, 63, 67), other protein
kinase-substrate interactions (49, 50, 74), and other protein
kinase-protein kinase associations (44, 45, 93, 98).

The high-affinity MEK-MAPK interaction characterized
here represents a single link in a network of noncatalytic pro-
tein-protein interactions between the members of a multicom-
ponent signal transduction pathway. The significant effects of
the disruption of this single link suggests that the network of
such links, collectively, substantially influences signaling dy-
namics.
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