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ABSTRACT The mitogen-activated protein kinase cas-
cade of the Saccharomyces cerevisiae pheromone response
pathway is organized on the Ste5 protein, which binds each of
the kinases of the cascade prior to signaling. In this study, a
structure—function analysis of Ste5 deletion mutants uncov-
ered new functional domains of the Ste5 protein and revealed
that Ste5 dimerizes during the course of normal signal
transduction. Dimerization, mediated by two regions in the
N-terminal half of Ste5, was first suggested by intragenic
complementation between pairs of nonfunctional Ste5 mu-
tants and was confirmed by using the two-hybrid system.
Coimmunoprecipitation of differently tagged forms of Ste5
from cells in which the pathway has been activated by SteS
overexpression further confirmed dimerization. A precise
correlation between the biological activity of various SteS
fragments and dimerization suggests that dimerization is
essential for SteS function.

Mitogen-activated protein (MAP) kinase (MAPK) cascades,
consisting of three evolutionarily conserved protein kinases
operating in sequence, mediate responses to a wide variety of
extracellular signals (1, 2). A well-defined MAPK cascade,
consisting of the Ste11 (MAPKKK), Ste7 (MAPKK), and Fus3
or Kss1 (MAPK) kinases, is central to the pheromone response
pathway in haploid cells of the yeast Saccharomyces cerevisiae
(3-5). These kinases bind to the Ste5 protein (6-8), an
essential element of the pathway, which acts as a scaffold to
organize interactions between the kinases and prevent cross-
talk between this cascade and other yeast MAPK modules (9).
STES encodes a protein of 917 amino acids, with an acidic C
terminus, a cysteine-rich N-terminal domain similar to a
Lim-type zinc finger, and a small region of homology to Farl
(5, 10-12). While homologues of Ste5 have not yet been
isolated, its essential role in the mating pathway and its
demonstrated interactions with the evolutionarily conserved
MAPK cascade suggest that Ste5S may have general relevance
to signal transduction via these cascades.

We undertook to identify the essential regions of Ste5 by
testing a series of deletion mutants for biological activity. The
unexpected results of these experiments suggested that Ste5
acts as a dimer to transmit the pheromone signal. Dimerization
was confirmed by using the two-hybrid system and by co-
immunoprecipitation. Dimerization may be part of the mech-
anism by which Ste5 organizes and regulates signal transduc-
tion through its associated MAP kinase cascade.

MATERIALS AND METHODS

Yeast Strains. Strains are described in Table 1. SM3-2 is the
progeny of a cross between strains BWT (isogenic to group I
strains) and SM1414 (10). Genomic disruptions of mating
pathway genes were created by standard procedures (14, 15)
and were confirmed by testing for sterility and for complemen-
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tation by the relevant wild-type gene. ste5 disruptions were
created by using plasmids p2-1KS-C::HIS3 (10) and pKS-5bl.
pKS-5bl contains the Xbal-Xhol fragment of STES in pBluescript
KS (—) (Stratagene), with the 3.8-kb BgllI-BamHI hisG-URA3-
hisG fragment (15) replacing the KpnI-Bg/II fragment of STES.
Other disruptions were created by using the following plasmids:
pBSlIIste11::ADE2 and pUC119ste7::ADE2 for stel I::ADE?2 and
ste7::ADE2 (7); pJB22S for fus3::HIS3 (16); and p4PUC::HIS3
for ste4::HIS3 (10). The GALI-lacZ reporter gene was inserted at
the URA3 locus by using pRY121-2 = (13). Yeast transforma-
tions were done by a modification of the lithium acetate proce-
dure (17).

Mating Assays. Mating was assayed by a standard plate
mating assay (18). To test for complementation of ste5”,
patches representing independent transformants were replica-
plated to fresh SD plates (18), which were incubated at 23°C.
Plates were shifted to the mating temperature (23 or 34°C) for
2 hr, replica plated to YPD plates preheated to the mating
temperature, overlaid with a lawn of 310 cells, and allowed to
mate overnight at the same temperature. The mixture was then
replica-plated to SD without amino acids and incubated at
30°C to select for diploids.

Correction of the STE5 Sequence. Errors in the STES
sequence as previously reported (GenBank accession no.
L01620) (10) were corrected at position 1557, where the
sequence ACCCTGGC was revised to ACCCCTGGGGC, and
at position 1586, where the sequence CAACTCTATCCT was
revised to CAAACTCTATCT, making the predicted open
reading frame of 917 amino acids identical to that reported by
others (accession nos. L07865 and L23856). Throughout this
paper, numbering of Ste5 residues is according to the corrected
sequence.

Ste5 Deletion Mutant Plasmids. In-frame deletions of the
Ste5 open reading frame were created in p2-1PN (10), using
available restriction sites. The mutant products created were as
follows: SteAT25-R138, the Kpnl site was ligated to the Aval
site with the oligomer TCGGGTAC; Ste5AS176-C239, the
Bsml sites were ligated together with the oligomers TCTA-
GATG and TCTAGAAG:; Ste5AC239-R335, the Nsil site was
ligated to the EcoRI site with the oligomer AATTCTGCA;
SteSAG199-S505, the Mscl site was ligated to the EcoRYV site;
Ste5SAA468-L637, the HindIII-HindIII fragment was removed;
Ste5AV586-D746, the Hincll-Hincll fragment (2328-2805)
was removed; Ste5SAN696-1858, the SspI-Sspl fragment (2658 —
3141) was removed; Ste5AV586-1858, the HinclI-Sspl frag-
ment (2328-3141) was removed; Ste5-M1-L754, the Spel-Nhel
fragment was removed; Ste5-M1-V586, the Sall-Xhol frag-
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Table 1. Yeast strains
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Group Strain Genotype Source/ref.
1 B5A MATa ste5::HIS3 ura3-52 lys2 leu2 trp1-289 met~ GAL* 10
B5bl MATa ste5::hisG ura3-52 lys2 leu2 trpl his3A-200 met~ GAL™* This work
II SMB-2 MATa ste5-1 leu2 his3 ura3 trpl met™ This work
SMB2-5A MATa ste5::HIS3 leu2 ura3 trpl met~ This work
III  SFY526 MATa URA3::GALI-lacZ his3-200 ade2-101 lys2-801 trpI1-901 13
leu2-3,112 canl gal4-52 gal80-538
YM5d-121 MATa ste5::hisG URA3::GALI1-lacZ his3-200 ade2-101 lys2-801 This work
trp1-901 leu2-3,112 canl gal4-52 gal80-538
YM5d11a-121 MATa ste5::hisG stell::ADE2 URA3::GALI-lacZ his3-200 This work

lys2-801 trp1-901 leu2-3,112 canl gal4-52 gal80-538

YM5d7a-121  MATa ste5::hisG ste7::ADE2 URA3::GALI1-lacZ his3-200 lys2-801 This work
trp1-901 leu2-3,112 canl gal4-52 gal80-538

YM5d3h-121  MATa ste5:hisG fus3::HIS3 URA3::GALI-lacZ ade2-101 lys2-801 This work
trp1-901 leu2-3,112 canl gal4-52 gal80-538

SFY 526-4A  MATa ste4::HIS3 URA3::GALI-lacZ his3-200 ade2-101 lys2-801  This work
trp1-901 leu2-3,112 canl gal4-52 gal80-538
Iv 310 MATa lysl Lab stock

Roman numerals indicate groups of isogenic strains.

ment was removed; Ste5SAT25-R138AV586-1858 contains both
of the deletions from Ste5SAT25-R138 and Ste5AV586-1858.
Two-Hybrid Plasmids. The DNA-binding domain (DBD)
and activation domain (AD) plasmids are derivatives of
pMA424 (19) and pGAD2F (20), respectively. To express
DBD fusion proteins with the TRP1 selectible marker, the
EcoRV-EcoRV fragment of pMA424, including the ADHI
promoter, the Gal4 DBD, cloning sites, and the ADH]I termi-
nator, was inserted into the Pvull sites of pRS424 (21). A
unique BamHI site was created at the Ste5 T25 codon or the
R138 codon by inserting the oligomer GGATCCGTAC into
the Kpnl site of p2-1PN or p2-1PNAKpn-Ava, yielding p2-
1PNK>B or p2-1PNAKAK>B, respectively. For DBD fusion
plasmids, The BamHI-Sall (encoding T25-D587) or BamHI-
Xhol (T25-S900) fragments of p2-1PNK>B, or the BamHI-
Sall fragment of p2-1PNAKAK>B (R138-D587) or the
BamHI-Sall fragment of p2-1PNKB>ABSM (T25-
D587AS176-236) was inserted into the BamHI and Sa/l sites of
pPMAA424, and the EcoRI-Sall fragment of Ste5 (1336-D587)
was cloned into the blunted EcoRI and Sall sites of pMA424.
Residues T25-V586, T25-1917, and T25-1504 were fused to the
Gal4 AD by cloning the BamHI-Hincll, BamHI-Smal, or
BamHI-EcoRV fragments of p2-1PNK>B into the BamHI
and Pyull sites of pGAD2F, and the BamHI-Bg/II fragment
(T25-D485) was inserted into the BamHI site of pGAD2F.
Myc- and Glutathione S-Transferase (GST)-Tagged Ex-
pression Vectors. Expression vectors pGA2013 and pGA1913,
respectively encoding Myc-tagged Ste5 and Stell under the
control of the GALI/I0 promoter, were provided by G.
Ammerer (Institut fiir Biochemie und Molekulare Zellbiologie
der Universitdt Wien). To create Gst-Ste5, the BamHI-Smal
fragment of p2-1PNK>B was inserted into the Bg/II site and
the filled-in EcoRI site of pGEX2K-L (modified from
pGEX2TK (Pharmacia)), creating pGEX2KL-Ste5, and the
EcoNI (filled-in)-Nhel fragment of pGEX2KL-Ste5 was in-
serted into the EcoRV and Xbal sites of YcpIF7 (22) to make
pF7GS, encoding GST-Ste5 (residues T25-1917) under the
control of the GAL1I promoter.
ste5". ste5-1 (ste5") was cloned by gap repair (14) of p2-1PN,
following digestion of this plasmid with Kpnl and Xhol and
transformation into strain SM1414 (10). Plasmids repaired by
recombination with genomic ste5-1 were recovered (23), and
the Xbal-Nhel ste5-1 fragment was inserted into pRS414 (24).
Immunoprecipitations. Cells were grown in raffinose, in-
duced with galactose for 3.5 hr, and collected as described (25).
Lysis was by mixing with glass beads in 3 pellet volumes of NLB
buffer [50 mM Tris'HCI, pH 7.4/50 mM NaCl/10% (vol/vol)
glycerol/1 mM dithiothreitol/0.1% Triton X-100/10 mM

NaF/50 mM B-glycerophosphate/5 uM zinc acetate (omitted
where indicated)], supplemented with protease inhibitors: 10
pg/ml aprotinin, 1 mM benzamidine, 1 mM phenylmethane-
sulfonyl fluoride (PMSF), 5 ug/ml pepstatin A, and 25 pg/ml
leupeptin. Lysates were cleared twice by centrifugation
(15,000 X g) for 10 min at 4°C and stored at —70°C. Antibody
was prebound for 1 hr at 4°C to protein G beads (Pharmacia)
in modified NLB (without NaCl and glycerol). Lysates were
diluted in ice-cold modified NLB supplemented with 1% BSA
and protease inhibitors, were adjusted to a final NaCl con-
centration of 15 mM, and then cleared by centrifugation at 4°C
(15,000 X g) for 10 min. The supernatant was added to a
suspension of the antibody-bound protein G beads and was
incubated for 2 hr at 4°C with end-over-end mixing. The beads
were washed four times with cold modified NLB, resuspended
in 30 pul of SDS/PAGE sample buffer, and boiled for 5 min
prior to electrophoresis.

Antibodies. Anti-Myc monoclonal antibody 9E10 was pur-
chased from Babco (Emeryville, CA). Affinity-purified anti-
Ste5 (residues 1336—A468) rabbit antibodies were prepared by
using standard procedures (26). Control monoclonal antibod-
ies against insulin-like growth factor 1 receptor (IGF-1R) (27)
were prepared by standard procedures.

B-Galactosidase Assay. Cells were grown in selective me-
dium to ODgqp of 0.4-0.8 and were lysed by Vortex mixing with
acid-washed glass beads in 0.1 M Hepes, pH 8/20% glycerol/1
mM dithiothreitol/2 mM phenylmethanesulfonyl fluoride.
B-Galactosidase activity was assayed as described (28). Accu-
mulation of product was measured as A4ps, and results are
expressed as nmol of o-nitrophenol produced per min per mg
of protein.

RESULTS

A series of Ste5 deletion mutants was tested for biological
activity, as measured by complementation of mating of iso-
genic strains carrying either a genomic disruption (ste5A) or a
temperature-sensitive (ste5*) allele of STES (Fig. 14 and B).
Some of the mutants failed to complement mating in either
strain, indicating a loss of function. The Ste5AT25-R138
mutant rescued mating in both strains, identifying an N-
terminal region dispensable for SteS function. While a point
mutation in this region results in an activated allele (29), the
T25-R138 deletion is not an activating mutation, as cells
carrying this allele showed low basal activity of a FUSI::lacZ
reporter gene (0.18 unit) and normal activation by a-factor (1.2
units), as compared with cells carrying full-length Ste5 (0.64
unit basal activity and 2.0 units upon stimulation with a-fac-
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Fic. 1. Complementation of ste5A and ste5” by STE5 deletion
mutants. (4) Mating assay of strains SMB-2 and SMB2-5A carrying
representative STES deletion mutants on a 2 u plasmid. Mating was
assayed by a standard plate mating assay. Products of the mating
reaction were replica plated to minimal media to select for diploids,
shown here. (B) Results of mating assays of all of the Ste5 deletion
mutants. Assays were performed as in 4. (C) Mating assay of the ste5A
strain B5A carrying pairs of ste5 mutant alleles. Group 1 plasmids are
a subset of the plasmids assayed in A and B. Group 2 plasmids are
based on the centromeric vector pRS414 (24) into which the indicated
STES alleles were inserted.

tor). As Ste5 fusion proteins beginning at T25 also complement
ste5A (ref. 6 and data not shown), these results indicate that the
first 137 residues of Ste5 are not required for mating.
Unexpectedly, mutants that have undergone C-terminal
deletions beginning at V586 or further downstream comple-
mented mating of the ste5” strain, but not the ste5A strain (Fig.
1 A and B). Affinity-purified anti-Ste5 antibodies directed at
residues 336468 of Ste5 were used to verify expression of each
of these mutants in the ste5A background (data not shown). In
addition to mating assays, the inactivity of the C-terminal
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mutants in the ste5A background was verified by assaying for
typical responses to a-mating pheromone: cell cycle arrest,
morphological changes, and FUSI::lacZ transcriptional acti-
vation. In all assays ste5A cells expressing SteSAV586-D746
were completely unresponsive (data not shown).

Rescue of ste5” by mutant alleles which are intrinsically
inactive suggests that two defective alleles of STES can coop-
erate to activate the pheromone response pathway. Notably,
this phenomenon, which initially suggested the possibility of
Ste5 dimerization, was observed in the course of a biological
assay of the normal physiological function of SteS: mating.
Furthermore, the Ste5 mutant alleles were transcribed from
the Ste5 promoter and only mildly overexpressed from a
multicopy plasmid. To further verify that Ste5 dimerization
occurs under physiological conditions, we expressed
Ste5AV586-D746 from a centromeric plasmid, and we found it
to complement ste5" equally well (data not shown).

To establish the generality of this phenomenon, we searched
for additional pairs of sfe5 mutants that complement each
other. These were identified by expressing SteSAV586-D746
from a centromeric plasmid in a ste5A strain together with each
of the deletion mutants shown in Fig. 1B. Two of the mutants,
Ste5AC239-R335 and Ste5-M1-L754, complemented
SteSAV586-D746, though neither mutant complements ste5A
(Fig. 1C). Complementation of SteSAV586-D746 was more
prominent at lower temperatures (Fig. 1C), suggesting that the
protein—protein interactions required for signal transduction
may be destabilized by the deletion mutations, especially at
higher temperatures.

Each of the pairs of mutants found to complement ste5A was
tested for a-factor-induced transcription of a FUSI::lacZ re-
porter gene. In all cases, pairs of mutants that complement
mating of ste5A induced FUS!::lacZ, while each mutant alone
was inactive (data not shown). Since induction of FUSI
transcription is an immediate consequence of activation of the
pheromone signal transduction pathway (30), intragenic
complementation between pairs of ste5 mutants must occur at
the level of signal transduction.

Intragenic complementation between intrinsically inactive
ste5 mutants, occurring at the level of signal transduction,
strongly suggests that Ste5 functions as a dimer. Since Ste5 is
a scaffold for the MAP kinase cascade (6—8), deletion mutants
unable to bind one of the elements of the cascade are expected
to be unable to transmit the signal. However, dimerization of
two different mutants, each of which binds some but not all
members of the cascade, can reconstruct a functional signal
transduction module. Indeed, in the complementing pair of
SteSAC239-R335 and Ste5AV586-D746, Fig. 24 shows that the
first mutant precisely lacks the domain required to bind
Fus3/Kss1, while the second mutant may be defective in Ste7
binding, which requires residues C-terminal to V586 (6). Thus
the second step of the kinase cascade, in which Ste7 phos-
phorylates Fus3 (or Kss1), can take place only in the context
of a dimer.

This interpretation suggests that each of the complementing
mutants should contain the dimerization domain, which must
therefore be located within Ste5 residues 138-239 and/or
335-586 (Fig. 2A4). The first of these regions includes a
LIM-like domain (Fig. 2B), a type of double zinc finger (32),
known to mediate protein—protein interactions and to form
dimers (34, 35). The second region includes a domain with the
characteristic spacing of hydrophobic residues found in leucine
zippers (Fig. 2C), another motif involved in dimerization (33).

To test the dimerization hypothesis and further identify the
domains involved, we tested for Ste5-Ste5 interactions by using
the two-hybrid system (36). Fusion proteins containing Ste5
N-terminal residues T25-V586 or R138-D587 dimerized in
this system (Table 2). Further shortening of the Ste5 fragment
from either the N terminus or the C terminus prevented
dimerization (Table 2). Thus, the shortest continuous frag-
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FiG.2. Summary of Ste5 domains. (A) The region of Ste5 required
for mating and the Ste5 dimerization domain as defined in this work.
For comparison, location of the Lim-like domain, the putative leucine
zipper, and the Farl homology domain are indicated, as well as the
binding domains of Ste5, determined by others (6, 31). The Ste7
binding domain is poorly defined. The C-terminal region (thick line)
is necessary for Ste7 binding but may not be sufficient, since the entire
region shown (thick and thin lines) is the smallest fragment that bound
Ste7 (6). (B) Sequence of the Ste5 LIM-like domain. The LIM
consensus sequence is shown (32) as well as a LIM-like consensus
derived from a comparison of Ste5, Farl, Pep5, and PS43 (12). (C)
Sequence of the SteS putative leucine zipper. Characteristic hydro-
phobic residues at positions a and d of each heptad are indicated (33).

ment found to dimerize in the two-hybrid system precisely
overlaps the two dimerization domains predicted by the ge-
netic data (Fig. 2A4).

Both of the predicted dimerization domains are required for
efficient dimerization in this system. Deletion of as few as 82
amino acids from the predicted C-terminal dimerization do-
main abolishes dimerization; however, this domain alone is not
sufficient (compare T25-V586 to T25-1504 and 1336-D587 in
Table 2). By contrast, deletion of the Lim-like domain (resi-
dues 177-239) only slightly reduces the level of dimerization,
suggesting that the contribution of the N-terminal dimeriza-
tion domain may be by means of residues 138-176.

Table 2. Domain analysis of Ste5-Ste5 two-hybrid interactions

AD-SteS protein
DBD-Ste5 AD T25-V586 T25-D485 T25-1504

Strain protein  alone * i T
ste5SA DBD alone 0.01 0.01 0.02 0.38
* mmem—  T25-D587 4.2 43.8 4.4 4.1

* =m— R138-D587 7.2 20.2
T —=— 1336-D587 0.24 0.16
T wem—  T25-D587 0.65 14.5

A177-239

Two-hybrid interactions were analyzed in isogenic strains carrying
the plasmids shown. Cells were lysed and B-galactosidase activity was
assayed; results are expressed as nmol of o-nitrophenol produced per
min per mg of protein. For each strain, a mixture of five independent
transformants was assayed twice with similar results, and a represen-
tative experiment is shown. Constructs that rescued mating of the ste5*
strain SMB-2 at 34°C are marked by *. Those that did not are marked
by .
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To assess the biological relevance of dimerization, each of
the Ste5 fusion proteins assayed in the two-hybrid system was
tested for the ability to rescue mating of the ste5* strain SM3-2
(Table 2). As noted before, N-terminal residues 1-137 were
found to be dispensable for both mating and dimerization. By
contrast, deletion of residues 505-586 prevented both dimer-
ization and rescue of mating ste5”. Indeed, each of the
constructs that rescued mating of ste5” also dimerized, strongly
suggesting that dimerization of Ste5 is required for its activity
in the mating pathway.

Repetition of the two-hybrid experiments in strains dis-
rupted for each of the kinases of the MAPK cascade or for the
G-protein B-subunit, Ste4 showed the Ste5-Ste5 interaction to
be independent of Stel1, Ste7, Fus3, and Ste4 (Table 3). These
findings suggest that the Ste5-Ste5 interaction is direct and not
mediated by one of the other proteins known to bind to Ste5.
Indeed, the ste7 disruption revealed an interaction between
two nearly full-length Ste5 fusion proteins not detected in the
wild-type background. The construct T25-D587 fails to dimer-
ize with T25-1917 in any of the systems, while the background
is very high (Table 3). We currently have no explanation of this
finding.

Dimerization was further demonstrated by immunoprecipi-
tation. Two forms of Ste5, one bearing a Myc epitope tag
(Ste5M) and the other a GST-Ste5 fusion protein, were
expressed in the same cell under the control of the inducible
GAL1/10 promoter. Fig. 34 shows that both forms of Ste5 are
efficiently expressed and can be distinguished by their molec-
ular weight. Immunoprecipitation of Ste5M with anti-Myc
monoclonal antibodies resulted in coimmunoprecipitation of a
fraction of the GST-Ste5 co-expressed in the same cell (Fig.
3B). This represents a specific interaction between the two
SteS proteins, since it was dependent on the presence of the
Ste5M protein and on the anti-Myc antiserum (Fig. 3B). The
Ste5 dimers could be disrupted by incubation with EGTA or
with the transition metal chelator 1,10-phenanthroline (Fig.
3C), supporting involvement of the Lim-like zinc finger in Ste5
dimerization in this system. This result contrasts with our
findings in the two-hybrid system and may therefore reflect a
general change in the Ste5 conformation caused by removing
zinc from the Lim-like structure.

The level of dimerization was not significantly affected by
treatment of the cells with a-factor. Small fluctuations in the
amount of GST-Ste5 coprecipitated (Fig. 3B Upper) match the

Table 3. Ste5 two-hybrid interactions in STE* and ste™ strains

AD-Ste5 protein

DBD-Ste5 AD T25-V586 T25-1917
Strain protein alone —— ———
STE™* DBD alone 0 0.1 0.2
wmm—  T25-D587 3.8 79.0 4.1
— T25-S900 0.1 8.6 0.1
steSA stel1A
T25-D587 4.9 43.8 5.7
m———— T25-S900 1.0 52 0.8
steSA ste7A
DBD alone 0.08 0.1 0.15
- T25-D587 5.0 38.3 1.1
T25-S900 0.01 1.2 5.7
ste5SA fus3A
—— *T25-D587 2.5 11.3 2.8
steSA
—— *T25-D587 2.8 25.6 5.7
STE™ ste4A
—— *T25-D587 3.1 14.8 6.1

See legend of Table 2. * indicates use of DBD plasmids that encode
fusion proteins identical to the pMA424 series but carry a different
selectable marker.
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F1G6. 3. Coimmunoprecipitation of GST-Ste5 with Ste5M and with
Stel1M. GST-Ste5, Ste5M, and Ste11M were expressed under control
of the GAL1/10 promoter in a ste5A strain. Where indicated, 10 ug/ml
a-factor was added for the last 5 or 20 min of growth. Cells were lysed
as described in the text. (4) A 17-ug sample of each lysate was
separated by SDS/PAGE (7% acrylamide) and blotted with affinity-
purified anti-SteS antibodies. (B) A 300-ug sample of each lysate was
immunoprecipitated with anti-Myc monoclonal antibody or with anti-
IGF-1R monoclonal antibody in a final volume of 220 ul. Immune
complexes were separated by electrophoresis on a 4-10% gradient gel
and blotted. Ste5M and GST-Ste5 were detected with anti-Ste5
antibodies (Upper). The blot was erased and reprobed with anti-Myc
antibodies to detect SteSM and Ste11M (Lower). (C) Cells were lysed
in NLB buffer without (left lane) or with (six right-hand lanes) 5 uM
zinc acetate. A 300-ug sample of each lysate was immunoprecipitated
as in B, except that prior to the addition of anti-Myc-bound protein G
beads, lysates were preincubated at 4°C for 1 hr in the presence of
chelators at the concentrations indicated. Immunoprecipitation was in
a final volume of 132 ul. SteSM and GST-Ste5 were detected with
anti-Ste5 antibodies (Upper). A shorter exposure allows comparison of
the amount of Ste5M in each lane (Lower).

fluctuations in the amount of Ste5M directly precipitated (Fig.
3B Lower). However, the high level of Ste5 expression achieved
by overexpression under the GAL1/10 promoter is sufficient
to induce activation of the mating pathway, as revealed by
morphological changes of the cells. Therefore, this system
cannot easily distinguish between constitutive dimerization
and pheromone-induced dimerization.
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The Ste5M-Ste5GST interaction is considerably weaker
than a Stel1M-Ste5GST interaction which can also be de-
tected in this system (Fig. 3B). This may be due to precipitation
of mostly SteSM-Ste5M dimers, which may be more stable
than SteSM-Ste5GST heterodimers. However, it is possible
that the low level of dimerization detected reflects the normal
in vivo situation. Support for this view may be found in the
observation that disruption of STE7 was necessary to reveal
interactions between full-length Ste5 molecules in the two-
hybrid system, suggesting that Ste5 dimerization is normally a
transient occurrence, which may be trapped by blocking the
signal transduction pathway in certain ways.

DISCUSSION

Taken together, the experiments presented in this paper
suggest a model in which Ste5 dimerizes during the course of
signal transduction. Three independent sets of data support
this conclusion: intragenic complementation between pairs of
nonfunctional STE5 mutants, Ste5-Ste5 interactions in the
two-hybrid system, and coimmunoprecipitation of two differ-
ently tagged forms of SteS5.

The observations suggest that dimerization is a transient
occurrence, resulting in a weak signal in the coimmunopre-
cipitation assay. By contrast, dimerization is clearly revealed in
genetic complementation assays as well as in the two-hybrid
system. Both these systems have the advantage of high sensi-
tivity for detection of transient interactions. Furthermore, the
genetic assay reveals interactions which occur under physio-
logical conditions during the course of a normal mating
reaction. The striking correlation between the ability of vari-
ous Ste5 fragments to functionally cooperate with the ste5"-
encoded protein and their ability to dimerize suggests that
dimerization is essential for the function of Ste5.

The structure—function analysis of Ste5 revealed three pre-
viously unidentified domains. The T25-R138 deletion identi-
fied an N-terminal domain which is dispensable for Ste5
function but may have a regulatory role, as an activating
mutation has been mapped to this domain (29). This finding
implies that the Ste4 binding domain, recently identified in
residues 1-214 of Ste5 (31), may actually be located within the
smaller fragment of residues 138-214. The second domain
revealed is the dimerization domain, which is predicted to be
in residues 138-176 and/or 335-586 of Ste5. The two-hybrid
system revealed that both of these domains are required for
efficient dimerization. Finally, analysis of the complementing
pair of mutants, Ste5 M1-L754 and Ste5AV586-D746, suggests
the presence of an additional functional domain in the Ste5 C
terminus. While both mutants are expected to bind Stell and
Fus3/Kss1, the region required for Ste7 binding is known only
to include residues C-terminal to 586. Since the two deletions
span this region, at least one of the mutants must be defective
in binding Ste7, while the other mutant must bind Ste7 to allow
reconstitution of the MAPK cascade. This second mutant must
be defective in yet another function of the Ste5 C terminus,
such as binding to Ste20 or Bem1 (37). This complementing
pair therefore defines a functional region of Ste5 located in its
C terminus.

By analogy with the epidermal growth factor receptor, one
might suggest that dimerization of Ste5 is necessary to facili-
tate activation of the kinases of the cascade by means of
transphosphorylation. However, further characterization of
the three-dimensional structure of Ste5 and the stoichiometry
of the complexes it forms will be necessary to determine
whether each of the kinases of the cascade binds simulta-
neously to one molecule of Ste5, or whether structural con-
straints dictate that a complete cascade can be formed only in
the context of a Ste5 dimer.

The observation that disruption of STE7 allows interaction
between full-length Ste5 molecules in the two-hybrid system
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(Table 3) suggests that Ste5 dimerization weakens Ste7 bind-
ing. Thus, it is possible that during the transient Ste5 dimer-
ization Ste7 is ejected from the signal transduction complex,
perhaps together with Fus3 to which it is tightly bound (6, 38)
to phosphorylate downstream substrates. This leaves the re-
maining Ste5-Stell unit to interact with new Ste7 and Fus3
molecules, thereby amplifying the signal. The possible catalytic
role of Ste5 may explain its low level of expression. A more
definitive test of this speculative model awaits analysis of
mutants defective in dimerization but not in other functions of
Stes.
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