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In a variety of yeast cellular pathways, the Ste50p protein regulates the kinase function of the mitogen
extracellular signal-regulated kinase kinase (MEKK) Ste11p. Both Ste11p and Ste50p contain sterile � motif
(SAM) domains; these are interchangeable, and can be replaced by other protein-interacting modules.
Furthermore, the function of the Ras association (RA)-like domain of Ste50p can be mimicked by a plasma
membrane recruiting signal, and direct plasma membrane targeting of Ste11p bypasses the requirement of
Ste50p for Ste11p function. Thus the regulatory role of Ste50p requires both the N-terminal SAM domain to
bind Ste11p and the C-terminal RA-like domain to direct kinase localization. We have identified Opy2p, an
integral membrane protein that can interact with Ste50p, as a new component in the Sho1p–Ste11p/Ste50p
signaling branch of the high-osmolarity glycerol (HOG) pathway. We propose that Opy2p can serve as a
membrane anchor for the Ste50p/Ste11p module in the activation of the HOG pathway.
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Mitogen-activated protein (MAP) kinase modules are im-
portant components of eukaryotic signaling networks.
The activation of the mitogen extracellular signal-regu-
lated kinase kinase (MEKK) is a critical step in the sig-
naling mechanism, and thus the regulatory inputs at the
level of the MEKK represent important control nodes for
these networks. One of the best-studied MAP kinase
modules is the kinase cascade regulating mating in the
yeast Saccharomyces cerevisiae (Herskowitz 1995; Ba-
nuett 1998). In this pathway, the MEKK protein is
Ste11p, and the function of this kinase is regulated in
part by association with the binding proteins Ste5p (Leb-
erer et al. 1993; Choi et al. 1994; Whiteway et al. 1995;
Feng et al. 1998; Elion 2001) and Ste50p (Posas et al.
1998; Ramezani Rad et al. 1998; Wu et al. 1999; Jansen et
al. 2001), and by its phosphorylation by the p21-activated
protein kinase (PAK) Ste20p (Leberer et al. 1992a; Wu et
al. 1995; Drogen et al. 2000). Intriguingly, Ste11p also
serves as a MEKK for other signaling pathways: one con-
trolling response to hyperosmotic stress, and the other
controlling pseudohyphal growth in diploids in response
to specific nutrient limitations (Roberts and Fink 1994;
Mosch and Fink 1997; Erdman and Snyder 2001). In these

other two pathways, Ste20p and Ste50p also regulate
Ste11p function (O’Rourke and Herskowitz 1998; Posas
et al. 1998; Ramezani Rad et al. 1998; Wu et al. 1999;
Raitt et al. 2000). The involvement of Ste20p in phos-
phorylating and activating Ste11p has been established
(Wu et al. 1995; Drogen et al. 2000); however, the mo-
lecular role of Ste50p in all these pathways is less clear.

The involvement of Ste50p in the mating process was
noted initially during a systematic analysis of yeast gene
function (Rad et al. 1992). The protein sequence gave no
immediate hint as to the molecular function of the
protein, but did establish that the protein contained an
N-terminal sequence termed a sterile � motif (SAM) do-
main that is shared by several other proteins and is in-
volved in protein–protein interactions (Ponting 1995; Po-
sas et al. 1998; Wu et al. 1999; Jansen et al. 2001). Struc-
tural analysis of the SAM domain of Ste50p (Grimshaw
et al. 2004) shows that it exhibits the same fold structure
as other characterized SAM domains, including the SAM
domain of the Ste11p kinase (Smalla et al. 1999; Staple-
ton et al. 1999; Thanos et al. 1999; Kim et al. 2002; Kim
and Bowie 2003; Bhattacharjya et al. 2004; Kwan et al.
2004).

Although a phenotype for the ste50 deletion was first
noted in the mating pathway, loss of Ste50p function
does not totally block mating. However, Ste50p was
found to be absolutely required for Ste11p function in
the osmotic response pathway (O’Rourke and Hersko-
witz 1998; Posas et al. 1998; Wu et al. 1999; Jansen et al.
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2001). The osmotic response involves two distinct path-
ways; the role of Ste50p in this process was initially ob-
scured by the cell’s ability to respond to osmotic stress
using the Sln1p–Ssk1p–Ssk2p/Ssk22p pathway. In the
absence of this two-component module, however, the
activation of the high-osmolarity glycerol (HOG) path-
way in response to high osmotic stress, and ability to
withstand this stress, is dependent on the proper func-
tion of the Ste11p–Ste50p complex (Posas and Saito
1997; O’Rourke and Herskowitz 1998; Posas et al. 1998;
Wu et al. 1999; Raitt et al. 2000; Jansen et al. 2001).

The fact that Ste50p is essential for the osmotic func-
tion of Ste11p, but only partially required for Ste11p
function in mating, suggested that the Ste50p function
in mating could be partially overlapping with that of
Ste5p. Both Ste50p and Ste5p are capable of binding to
Ste11p, and the role of Ste5p in the mating pathway is to
also bind the �� subunit of the mating response het-
erotrimeric G-protein and thus localize the kinase com-
plex to the plasma membrane (Whiteway et al. 1995;
Inouye et al. 1997; Pryciak and Huntress 1998). There-
fore, it is possible that the role of Ste50p in the regula-
tion of Ste11p is also to serve as a membrane-targeting
signal. Here we show that the function of the C-terminal
Ras association (RA)-like domain of Ste50p can be re-
placed by a membrane-targeting signal, and that adding a
plasma membrane association signal to Ste11p bypasses
the need for Ste50p in signaling pathways using the
Ste11p MEKK. Furthermore, we have identified an inte-
gral membrane protein, Opy2p, as a new component of
the HOG pathway that is capable of interacting through
its C-terminal fragment with the RA-like domain of
Ste50p.

Results

The SAM domains of Ste11p and Ste50p are
functionally interchangeable, but a heterotypic
configuration is required for function

We have previously shown that a protein–protein inter-
action through the respective SAM domains of Ste11p
and Ste50p is essential for the function of Ste11p in the
HOG pathway, and that both the Ste50p SAM domain
and the C-terminal RA-like domain are required for
Ste50p function (Wu et al. 1999). To further dissect the
mechanism through which Ste50p regulates the function
of Ste11p, we studied the role of both the SAM domain
and the RA-like domain of Ste50p in the modulation of
Ste11p function.

We first exchanged the SAM domains between Ste50p
and Ste11p to make chimeras in which the SAM domain
of Ste11p replaced that of Ste50p, creating SAM11–
Ste50p�SAM (11/50); and in which the SAM domain of
Ste50p replaced that of Ste11p, creating SAM50–
Ste11p�SAM (50/11) (Fig. 1A; see Materials and Methods
for details). We then measured the ability of these chi-
meras to function in the HOG pathway. Yeast cells
(ste11� ste50� ssk2� ssk22�) are sensitive to high os-
motic stress and cannot grow on hyperosmotic medium.

However, cells were able to grow on hyperosmotic me-
dium when they harbored both chimeras, indicating that
the interaction between the two chimeras leads to the
activation of the SAM50–Ste11p�SAM kinase (Fig. 1B).
These chimeras appear to function as well as the wild-
type Ste11p and Ste50p pair, as judged by their ability to
permit growth on high-osmotic media. In contrast, the
SAM50–Ste11p�SAM kinase cannot be activated by
wild-type Ste50p, and neither can the wild-type Ste11p
be activated by the SAM11–Ste50p�SAM chimera. In
both cases, only one type of SAM domain is present in
each pair of the molecules, the Ste50p SAM domain in
the former, and the Ste11p SAM in the latter. These re-
sults indicate that the SAM–SAM domain interaction
between Ste11p and Ste50p must be heterotypic to per-
mit Ste50p regulation of the Ste11p kinase, and that the
relative configuration of the SAM domain to the rest of
the molecule does not seem to be functionally impor-
tant.

The interaction of SAM domains can be substituted
by artificially designed protein–protein interacting
modules

The ability to exchange the SAM domains between
Ste11p and Ste50p prompted us to hypothesize that the
major function of this SAM–SAM interaction is to bring
the two proteins together. To test this hypothesis, we
made plasmid constructs in which the SAM domains of
Ste11p and Ste50p were replaced by artificially designed
coiled-coiled protein–protein interaction modules,
namely the E-coil (E) and K-coil (K). These coiled-coils
have been shown to exhibit a specific E/K heterotypic

Figure 1. The SAM domains of Ste11p and Ste50p are func-
tionally exchangeable. (A) Schematic representation of the SAM
domain-swapped chimeras of Ste11p and Ste50p. (B) Yeast cells
(ste11� ste50� ssk2� ssk22�) were cotransformed with either
the wild-type STE11 and STE50 or SAM domain-swapped chi-
meras of STE11 and STE50, and tested for the ability to grow on
hyperosmotic medium. (−ura) Synthetic dextrose uracil drop-
out medium; (+sorbitol) selective medium with 1.5 M sorbitol.
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interaction (Tripet et al. 1996, 2002). We replaced the
SAM domain of Ste11p with an E-coil to create
E-Ste11�SAMp, and replaced the SAM domain of Ste50p
with a K-coil or an E-coil to create K-Ste50�SAMp
and E-Ste50�SAMp. These constructs were assayed for
their ability to activate the HOG pathway in response to
high osmotic stress in ste11� ste50� ssk2� ssk22� cells.
As shown in Figure 2, only those yeast cells cotrans-
formed with the combination of heterotypic chimeras,
K-Ste50p�SAM and E-Ste11p�SAM, were able to grow
on high-osmotic media. In contrast, the cells with a com-
bination of homotypic chimeras, E-Ste50p�SAM and E-
Ste11p�SAM, were not able to grow on the same me-
dium. These results indicated that the functionality of
the heterotypic interaction between the SAM domains of
Ste11p and Ste50p could be mimicked by the interaction
between the E-coil and K-coil.

Fusing a nonfunctional C-terminal RA-like domain
of Ste50p with a nonfunctional Ste11p�SAM
creates a chimera that complements the function
of the Ste11p–Ste50p complex in the HOG pathway

We have previously shown that both the SAM domain
and the C-terminal RA-like domain of Ste50p are re-
quired for Ste50p function; these domains can function
independently since the removal of the inter-region be-
tween the domains does not significantly affect the func-

tion of the protein (Wu et al. 1999). We found that the
two domains, when provided in trans on separate
plasmids, did not complement the function of Ste50p.
Based on the results of the SAM domain swapping and
the replacement with coiled-coil interaction modules,
we asked if the C-terminal RA-like domain of Ste50p,
provided in cis relative to the kinase domain of Ste11p,
could modulate a Ste11p missing its SAM domain. We
fused the Ste50p C-terminal fragments of either amino
acid residues 115–346 or 219–346 to Ste11p�SAM. This
process created constructs containing the first 24 amino
acid residues of Ste11p, followed by the C-terminal re-
gion of Ste50p fused to the rest of Ste11p containing
amino acid residues 132–738, but lacking the region con-
taining the SAM domain. These chimeric proteins were
expressed from low-copy plasmids under the control of
the STE11 promoter (Fig. 3A). We examined whether
these chimeras were able to complement the function of
both Ste50p and Ste11p in the HOG pathway in ste11�
ste50� ssk2� ssk22� cells. As has been shown, yeast
cells with either Ste50p(115–346), Ste11p�SAM alone, or
both together, were unable to grow on high-osmotic me-
dia (Posas et al. 1998; Wu et al. 1999). However, cells
with either of the chimeras were resistant to hyperos-
motic stress and able to grow on high-osmotic media,
indicating that the chimeric constructs were able to
complement the wild-type Ste11p–Ste50p function to ac-
tivate the HOG pathway (Fig. 3B).

We examined the level of expression of the chimeras
to rule out the possibility that the phenotypes observed
were due to changed levels of protein expression, al-
though in the HOG pathway even overexpression of
Ste11p�SAM has no effect on pathway activity (Wu et al.
1999). Western blot analysis indicated the steady-state
protein expression levels of the chimeras of Ste50p and
Ste11p showed no significant difference from that of
the control Ste11p�SAM (data not shown). We also ex-
amined the possibility that the chimeras created consti-
tutive activity of the HOG pathway by examining the
activating phosphorylation level of Hog1p by Western
blot analyses using specific anti-phospho-p38 antibodies.
As shown in Figure 3C, the chimera of Ste50pRA–
Ste11p�SAM was able to induce the phosphorylation of
Hog1p under high osmotic stress condition, whereas the
Ste11p�SAM was unable to do so under the same con-
ditions.

Plasma membrane targeting the Ste50p SAM domain
bypasses the requirement of the C-terminal domain
of Ste50p

Previous studies have shown that in addition to the SAM
domain at its N terminus, the C-terminal region of
Ste50p is necessary for the function of Ste50p (Wu et al.
1999). The sequence alignment indicates that the C-ter-
minal region of Ste50p has similarity to the RA domain
(Ponting and Benjamin 1996). Members of the Ras super-
family are small GTPases that are typically localized to
membranes through a lipid modification at their C-ter-
minal tails (Hancock et al. 1991; Clarke 1992). If part of

Figure 2. The SAM domains of Ste11p and Ste50p can be re-
placed by other interaction modules. (A) Schematic diagrams of
the STE11 and STE50 constructs with or without the E-coil or
the K-coil. The heterotypic interaction between the E-coil and
K-coil is indicated by a diamond symbol. (B) Yeast cells (ste11�

ste50� ssk2� ssk22�) cotransformed with the indicated STE11
and STE50 constructs were tested for their ability to activate the
HOG pathway by assaying the ability to grow on hyperosmotic
medium. (SD − ura) Synthetic dextrose uracil drop-out media;
(+sorbitol + glu) selective medium with 1.5 M sorbitol and glu-
cose as carbon source; (+sorbitol + gal) selective medium with
1.5 M sorbitol and galactose as carbon source.
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the function of the RA-like domain were required for
localization, it is possible that independent membrane
targeting could suppress the signaling defect of Ste50p
lacking this region. To test this idea, we added a myris-
toylation signal to the N terminus of a green fluorescent
protein (GFP)-tagged SAM domain of Ste50p (amino ac-
ids 1–110), creating myrGFP-Ste50pSAM. As controls,
we also added the myristoylation signal to GFP only,
generating myrGFP, as well as to the full-length and the
C-terminal region of Ste50p to generate myrGFP-Ste50p
and myrGFP-Ste50p�SAM, respectively (Fig. 4A). We
then examined the ability of these constructs to comple-
ment the function of Ste50p in the HOG pathway. Yeast
cells (ste50� ssk2� skk22�) were transformed with the
plasmid constructs mentioned above and scored for the
ability to grow on hyperosmotic medium. As expected,

cells with the myrGFP (vector) alone could not grow on
high-osmotic media. However, the transformants with
myrGFP-Ste50pSAM were able to grow on the same me-
dia, showing that the SAM domain of Ste50p with a
membrane association signal is capable of complement-
ing the requirement of wild-type Ste50p to activate the
HOG pathway (Fig. 4B). In contrast, transformants with
myrGFP-Ste50p�SAM were unable to complement. As
shown in Figure 4C, while a myrSte50SAM, along with a
wild-type Ste11p, was able to activate the HOG pathway
in ste11� ste50� ssk2� ssk22� cells, it was unable to do
so when the SAM domain of Ste11p was deleted. This

Figure 3. Fusion of the RA domain-containing fragment of
Ste50p bypasses the requirement for an interaction between the
SAM domains of Ste11p and Ste50p. (A) Schematic representa-
tion of the constructs encoding fusions of the Ste50p RA do-
main-containing fragments and the Ste11p�SAM fragment. (B)
Yeast cells (ste11� ste50� ssk2� ssk22�) transformed with
STE11 and STE50 constructs as indicated were assayed for their
ability to activate the HOG pathway by testing their ability to
grow on hyperosmotic medium. (−his − ura) Synthetic dextrose
histidine and uracil drop-out medium; (+sorbitol) selective me-
dium with 1.5 M sorbitol. (C) Western blot analysis of protein
extracts of cells as in B—either treated (+) or untreated (−) with
NaCl at 0.5 M for 5 min before the extraction of protein
samples—was performed with either anti-phospho-p38 anti-
body to detect phosphorylated Hog1p (p∼Hog1p) or with anti-
p38 antibody to detect the total amount of Hog1p.

Figure 4. Plasma-membrane targeting of the Ste50p SAM do-
main complements Ste50p function in the HOG pathway. (A)
Schematic representation of the constructs encoding fusions of
the GFP carrying a myristoylation signal and various fragments
of Ste50p. (B) Yeast cells (ste50� ssk2� ssk22�), transformed
with either the vector control or constructs encoding various
fragments of Ste50p with a myristoylation signal, were assayed
for the ability to grow on hyperosmotic media. (−ura/gal) Syn-
thetic uracil drop-out with galactose as carbon source; (+sorbi-
tol) with 1.5 M sorbitol. (C) Yeast cells (ste11� ste50� ssk2�

ssk22�) cotransformed with a myristoylated Ste50p SAM do-
main in combination with either the wild-type Ste11p or the
Ste11p�SAM construct were assayed for the ability to grow on
hyperosmotic medium. (D) Plasma membrane localization of
myristoylated GFP fusion of the SAM domain and the RA-like
domain of Ste50p, as well as the full-length Ste50p in ste50�

ssk2� ssk22� cells. (E) Western blot analysis of protein extracts
of cells as in B, for detecting Hog1p phosphorylation as de-
scribed in Figure 3.
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demonstrates that the ability of myrSte50pSAM to
complement the function of Ste50p depends on its abil-
ity to interact with the SAM domain of Ste11p. We ex-
amined the localization of Ste50p constructs bearing the
myristoylation signal sequence using fluorescent mi-
croscopy. As shown in Figure 4D, the GFP signal was
enriched at the cell periphery, presumably the plasma
membrane. To demonstrate that the Ste50pSAM bearing
a myristoylation signal can activate the HOG pathway,
we examined the phosphorylation of the activation loop
of Hog1p. As shown in Figure 4E by Western blot analy-
sis, Hog1p was phosphorylated upon hyperosmotic treat-
ment in cells transformed with a myristoylated SAM
domain of Ste50p, but not with a myristoylated
Ste50p�SAM. These results together suggest that plasma
membrane targeting of Ste50pSAM complements the
Ste50p function in the HOG pathway, and thus a pre-
dicted role of the C-terminal RA-like domain of Ste50p is
to localize the Ste11p–Ste50p complex to the plasma
membrane.

Membrane-targeting Ste11p bypasses the requirement
for Ste50p

It appears that the role of Ste50p in the HOG pathway
activation involves interacting with Ste11p through a
SAM–SAM domain association, and localizing the het-
erodimer to the plasma membrane using its C-terminal
RA-like domain. We asked whether direct plasma mem-
brane targeting of Ste11p could bypass the requirement
of Ste50p in the HOG pathway. We made constructs gen-
erating myristoylated GST-Ste11p (myrGST-Ste11p),
and provided myrGST, nonmyristoylated GST-Ste11p,
or Ste11p as controls. These constructs were expressed
under control of the GAL1 promoter. We tested for the
ability of these constructs to activate the HOG pathway
in ste11� ste50�ssk2� ssk22� cells that depend on the
activity of the Ste50p–Ste11p complex. As shown previ-
ously, ste11� ste50�ssk2� ssk22� cells overexpressing
either Ste11p or GST-Ste11p could not grow on high-
osmotic media (Posas et al. 1998; Wu et al. 1999). How-
ever, we found that the cells expressing myrGST-Ste11p
could grow slowly on galactose-based media, but were
largely unable to grow on high-osmotic media, although
spontaneous papillae could form after prolonged periods
of incubation (Fig. 5A, left two panels). When examined
for their cellular morphology, we found that these slow-
growing cells had aberrant shapes (Fig. 5B). The cultures
consisted of enlarged cells with multiple projections,
which resembled the morphology of cells responding to
high concentrations of mating pheromone; these cells
were largely arrested for proliferation, and the spontane-
ous formation of colonies on high-osmotic media arose
from the escape of this cell cycle arrest.

To block the potential mating response pathway acti-
vation, we deleted STE5 in the host strain. Cells of the
resulting strain transformed with myrGST-Ste11p, but
not with the other plasmid constructs mentioned above,
were able to grow healthily on high-osmotic media (Fig.
5A, the right two panels), indicating that the myrGST-

Ste11p was able to activate the HOG pathway in the
absence of Ste50p. As expected, the aberrant morphology
associated with the expression of myrGST-Ste11p also
disappeared in the absence of Ste5p, suggesting that the
morphology was due mainly to the improper activation
of the pheromone response pathway. Indeed, although
the myrGST-Ste11p bypassed the requirement for Ste50p
in the HOG pathway, this construct still requires the
scaffold protein Ste5p for mating (Fig. 5C). The aberrant
morphology caused by the overexpression of myrGST-
Ste11p also required the presence of Ste20p (Fig. 5B), sug-

Figure 5. Plasma membrane localization of Ste11p leads to si-
multaneous activation of multiple signaling pathways. (A)
Yeast cells of genotypes as indicated transformed with various
STE11 constructs or with the control vector were assayed for
their ability to grow on hyperosmotic media. (B) The morphol-
ogy of yeast cells with relevant genotype (indicated at the bot-
tom of the figure) transformed either with myristoylated GST-
Ste11p (top) or with GST-Ste11p (bottom). The yeast strains
used were W303-1A (wt), YEL206 (ste20�), YCW555 (ste50�

ste11� ssk2� ssk22�), and YCW757 (ste50� ste5� ste11� ssk2�

ssk22�). (C) Ste11p plasma membrane localization is sufficient
for activation of the HOG pathway, but still needs Ste5p for
mating pathway activation. Yeast cells of the indicated geno-
type (top) transformed with STE11 constructs as indicated on
the right were assayed for their ability to grow on hyperosmotic
medium (middle), and to form diploids (right). (−ura) Synthetic
dextrose uracil drop-out medium; (−ura/gal) synthetic uracil
drop-out with galactose as carbon source; (+sorbitol) with 1.5 M
sorbitol; (MM) minimal medium.
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gesting that while Ste11p activation involves plasma
membrane targeting as a necessary step, it still requires
the function of Ste20p.

Opy2p is a novel component of the HOG pathway,
and appears to act upstream or at the same level
of Ste11p/Ste50p

To identify the protein that provides a membrane anchor
for Ste50p function in the HOG pathway, we performed
a systematic genetic array (SGA) analysis (Tong et al.
2001) for ssk1� synthetic osmosensitivity. The analysis
was designed to identify genes whose function is re-
quired for activation of the HOG pathway through the
Sho1p–Ste11p/Ste50p branch. Our screen identified
OPY2 as a new component of this signaling branch of the
HOG pathway, since yeast cells containing the opy2�
ssk1� double mutant were osmosensitive. The synthetic
osmosensitive phenotype of opy2� ssk1� was confirmed
by tetrad analysis as shown in Figure 6A, indicating that
Opy2p is a component of the Sho1p–Ste11p/Ste50p arm
of the HOG pathway. This was corroborated with ge-
netic analysis that cells of either the opy2� sho1� or the
opy2� ste11� ste50� mutant strains, unlike the opy2�
ssk1� strain, were resistant to hyperosmotic stress (data
not shown).

To map the point of action of Opy2p, we performed an
epistatic analysis. Osmotically sensitive opy2� ssk1�
cells were transformed with either wild-type STE11 or
the activated STE11 allele, STE11�EE (Wu et al. 1999),
which functions independently of Ste50p in the HOG
pathway. These transformants were tested for their abil-
ity to grow on high-osmolarity medium. As shown in
Figure 6B, cells bearing STE11�EE, but not wild-type
STE11, were able to grow during osmotic stress. In con-
trast, STE11�EE was unable to allow hog1� cells to grow
on the same high-osmolarity medium. These results sug-
gest that Opy2p acts upstream of or at the same level as
Ste11p/Ste50p in the HOG pathway.

Although both Sho1p and Opy2p act upstream of
Ste11p, and are required for the activation of the HOG
pathway, overexpression of one could not suppress the
deletion of the other, that is, overexpression of Sho1p
does not suppress the HOG pathway activation defect in
opy2� ssk2� ssk22� cells; neither does the overexpres-
sion of Opy2p in sho1� ssk2� ssk22� cells (data not
shown). This observation suggests a likely possibility
that Sho1p acts together with Opy2p, an integral plasma
membrane protein (see below), to activate the HOG
pathway.

Although first named after the observation that when
overexpressed, it interferes with mating-pheromone-in-
duced cell cycle arrest (Edwards et al. 1997), deletion of
OPY2 caused no detectable effect on the pheromone re-
sponse pathway as measured by cell cycle arrest and
mating efficiency (data not shown).

Opy2p is an integral membrane protein and localized
to the plasma membrane

Sequence analysis indicates that Opy2p is a potential
single-transmembrane domain protein. To examine the
subcellular localization of Opy2p, we constructed and
expressed the fusion Opy2p-GFP under the control of the
GAL1 promoter (the signal of endogenous level of Opy2p
was too low to detect), which was able to complement
the function of Opy2p (data not shown). As shown in
Figure 7A, the fluorescent signal of Opy2p-GFP was en-
riched at the cell periphery, presumably the plasma
membrane; other locations also enriched with the fluo-
rescent signal appeared to be vacuoles, and these local-
izations are reduced in endocytosis-defective end3�
cells.

Subcellular fractionation confirmed that Opy2p is an
integral membrane protein. Fractions of supernatant and
pellet were prepared by differential centrifugation from
cell lysates containing Opy2p-GFP, and probed with an
anti-GFP antibody. The Opy2p-GFP was detected in the
15,000 × g (P15) pellet fraction, which contained the
plasma membrane and associated proteins, and also par-
tially in the 100,000 × g (P100) pellet fraction, but was
absent in the 100,000 × g supernatant (S100) (Fig. 7B, top
panel). Treatment of the P15 fraction with conditions
that solubilize peripheral membrane proteins, such as
high salt or sodium carbonate, failed to release Opy2p
into the supernatant fraction, and urea treatment, a

Figure 6. Opy2p is a new component of the HOG pathway. (A)
Synthetically osmosensitive phenotype of opy2� ssk1� cells.
Tetrad analysis of meiotic products from genetic cross between
yeast strains YCW1323 (MAT� ssk1��NatR ura3 his3 leu2
lys2) and YCW1377 (MATa opy2��KanR ura3 his3 leu2 met15).
The spores circled are resistant to both Geneticin and
nourseothricin (KanR and NatR) and are also sensitive to high
osmolarity. (B) Opy2p acts upstream or at the same level of
Ste11p/Ste50p. Yeast cells bearing indicated mutations were
transformed with either wild-type STE11 or activated STE11�EE

that functions independently of Ste50p in the HOG pathway
(Wu et al. 1999) to test their ability to suppress the osmosensi-
tivity of the original strains as indicated by the ability to grow
on high-osmolarity media. (SD − his) Synthetic dextrose histi-
dine drop-out medium; (−his/gal) synthetic histidine drop-out
medium with galactose as carbon source.
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harsher condition that can even liberate some integral
membrane proteins, could only partially liberate Opy2p
into the supernatant fraction. However, treatments that
solubilize membranes completely release Opy2p into the

supernatant (Fig. 7B, lower panel); these results confirm
that Opy2p is an integral membrane protein.

Opy2p interacts with Ste50p

We tested if Opy2p and Ste50p physically interact, using
yeast two-hybrid analysis. As shown in Figure 8A,
BD-Opy2p(238–354)-containing cells cotransformed with
AD-Ste50p, but not with AD-Ste11Np or with empty
AD-vector, were able to grow on medium lacking ad-
enine, indicating that BD-Opy2p specifically interacts
with AD-Ste50p. To map the interaction domains of
both Opy2p and Ste50p, we performed in vitro binding
assays in which GST-tagged Opy2p full-length protein or
deletions and His8-tagged Ste50p full-length protein or
fragments were expressed in Escherichia coli. To map
the region of Opy2p required for Ste50p interaction, ei-
ther GST-Opy2p fragments or GST alone were mixed
and incubated with His8-Ste50p, recovered by glutathi-
one Sepharose beads, and the presence of His8-Ste50p
was analyzed by Western blotting. As shown in Figure
8B, we identified that the fragment of Opy2p correspond-
ing to amino acids 266–345 was able to pull down His8-
Ste50p, establishing that Opy2p is able to interact with
Ste50p in vitro. This C-terminal fragment was desig-
nated the Ste50p interaction domain (SID). Similarly, us-
ing the SID of Opy2p as a GST fusion, we performed
resin-binding assays with His8-tagged Ste50p fragments.
As shown in Figure 8C, both the full-length protein and
the C-terminal region of Ste50p(187–346) were capable of
binding GST-Opy2p(266–345), whereas the N terminus of

Figure 7. Opy2p is an integral membrane protein localized at
the plasma membrane. (A) Plasma membrane localization of
C-terminally GFP-tagged Opy2p in mid-log-phase end3� cells
by fluorescent microscopy. (B) Subcellular localization of
Opy2p. (Top) Cell extracts prepared from cells expressing GFP-
tagged Opy2p were separated by centrifugation into pellet (P)
and supernatant (S) fractions, with 15 and 100 indicating
15,000 × g and 100,000 × g, respectively. (Vector) A lysate con-
taining no GFP-tagged Opy2p. (Bottom) Analysis of P15 was
performed by treating the fraction with NaCl (0.5 M), Na2CO3

(200 mM at pH 11), urea (5 M), or SDS (5%) plus urea (5 M).
Western blotting was performed using an antibody against GFP.

Figure 8. Opy2p interacts with Ste50p. (A) Opy2p in-
teracts with Ste50p in a yeast two-hybrid assay. (B)
Mapping the SID of Opy2p. Bacterially expressed GST
fusion proteins as indicated were purified onto gluta-
thione-Sepharose beads; the beads were then blocked
with 2% BSA, incubated with bacterial extract contain-
ing His8-tagged Ste50p, washed, and suspended in SDS-
PAGE sample buffer. The presence of His8-tagged
Ste50p was detected by an anti-His antibody, and visu-
alized using the ECL detection system. The levels of the
GST fusion proteins used in the binding assay were
monitored by the anti-GST antibody. (Top) An amount
of ∼5% input of the His8-tagged Ste50p used in the assay
is shown. (Bottom) Schematic representation of using
various fragments of Opy2p, analyzed in the same way
as described above, to map the SID of Opy2p. (C) Opy2p
interacts with the C-terminal RA-like domain of
Ste50p. Resin-binding assay using bacterially expressed
GST-Opy2p SID and various His8-tagged Ste50p and
fragments as indicated under the same conditions as
described in B. (D) Opy2p interacts with Ste50p in vivo.
GFP-tagged Opy2p was immunoprecipitated from cell
extracts containing Myc-tagged Ste50p, and the pres-
ence of Myc-Ste50p in the immunocomplex was ana-
lyzed by Western blotting with an antibody against the
Myc epitope (shown in the top panel). The relative
amount of Opy2p in the immunoprecipitate was re-
vealed by Western blotting with an antibody against
GFP. (NaCl) Treatment of cells with 0.5 M NaCl for 5
min before harvest for the preparation of cells extracts.
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Ste50p(1–218) was not, establishing that the C-terminal
RA-like domain of Ste50p interacts with the SID of Opy2p.

To examine whether Opy2p and Ste50p interact in
vivo, coimmunoprecipitation (co-IP) analysis was per-
formed using both tagged Opy2p and Ste50p. GFP-tagged
Opy2p was immunoprecipitated from cell lysates con-
taining both Opy2p-GFP and Myc-tagged Ste50p, both of
which were expressed under the control of a GAL1 pro-
moter for higher level of expression for immunodetec-
tion, as endogenous levels of both genes are too low to be
readily detectable. The presence of Myc-Ste50p in the
immunocomplex was analyzed, as shown in Figure 8D,
and Opy2p was able to pull down Ste50p, indicating that
these two proteins interact in vivo. This association ap-
peared to be constitutive, as treatment with hyperos-
motic shock (0.5 M NaCl) did not seem to affect the
interaction.

Discussion

Ste50p as a bifunctional adaptor protein

Our data show that the two functional domains of
Ste50p, the N-terminal SAM domain and the C-terminal
RA-like domain, act together as a necessary step to
modulate the activation of Ste11p MEKK. The primary
role of the interactions of the SAM domains is to bring
together Ste50p and Ste11p, and this function can be
replaced by synthetic interacting protein modules (Figs.
1, 2). The role of the RA-like domain of Ste50p is plasma
membrane localization, because the function of this re-
gion can be mimicked by a plasma-membrane-targeting
signal (Fig. 4). The observation that ste11� ste50�ssk2�
ssk22� cells bearing Ste11p and Ste50p chimeras with
homotypic SAM domain combinations are unable to ac-
tivate the HOG pathway suggests that homotypic inter-
actions of either the Ste11p or Ste50p SAM domains is
not sufficient to elicit the biological readout being mea-
sured, and thus the reported homotypic interactions of
the Ste11p SAM domain in vitro (Bhattacharjya et al.
2004; Kwan et al. 2004) may not be physiologically rel-
evant. This is, however, consistent with the result
(Grimshaw et al. 2004) that the Ste50p SAM domain is
monomeric in solution.

The combination of the mutant alleles Ste50p�SAM
and Ste11p�SAM is unable to activate the HOG pathway
in ste11� ste50�ssk2� ssk22� cells when these two al-
leles are provided in the trans configuration on separate
plasmids, but the alleles are functional when they are
fused together (Fig. 3). This behavior demonstrates that
one of the roles of the Ste50p SAM domain is to connect
the C-terminal RA-like domain to Ste11p through the
interaction with the SAM domains of Ste11p; this inter-
action becomes dispensable if the RA-like domain of
Ste50p is connected to the kinase in the cis configuration
by fusion.

Although the construct of the Ste11p�SAM contain-
ing the “built-in” Ste50p RA-like domain functions al-
most as effectively as the wild-type Ste11p–Ste50p pair,
the architecture of Ste50p as a discrete molecule with

two domains has been conserved among all homologs of
Ste50p found so far in fungi, including Schizosaccharo-
myces pombe and Candida albicans. It is conceivable
that adaptors of this kind offer more flexibility to regu-
late other partners and to be regulated by yet other sig-
nals. Such flexibility may become especially important
when the components of interest, like Ste11p and
Ste50p, are involved in multiple signaling pathways, and
where regulating signals, often combinatorial in nature,
are required to coordinate or differentially distribute sig-
nals among different pathways.

Plasma membrane localization and MEKK activation

The activation of both mammalian Raf and MEKK3 in-
volves associating the protein kinases to the plasma
membrane through interactions with small GTPases;
this association plays a critical role in the activation of
pathways in response to growth factors as well as envi-
ronmental stresses (Leevers et al. 1994; Stokoe et al.
1994; Uhlik et al. 2003). The osmosensing scaffold for
MEKK3 (OSM) of mammalian cells also mediates
MEKK3 plasma membrane localization and is critical for
the activation of p38 MAP kinase, the mammalian coun-
terpart of the yeast Hog1p. Intriguingly, OSM has been
proposed to be a Ste50p analog in terms of pathway or-
ganization and of MEKK activation (Uhlik et al. 2003).

Our data that localization of Ste11p to the plasma
membrane through myristoylation bypasses the require-
ment for Ste50p in the activation of the HOG pathway
demonstrates that plasma membrane localization of
Ste11p is a critical step for its activation (Fig. 5A). This
finding supports the notion that the major role of Ste50p
is to bring Ste11p to the plasma membrane. Cells ex-
pressing a myristoylated Ste11p show an aberrant mor-
phology that is very similar to cells expressing myris-
toylated Ste5p, which specifically activates the mating
pheromone response pathway (Pryciak and Huntress
1998), and this aberrant morphology is dependent on the
function of Ste5p and Ste20p (Fig. 5B). Cells expressing a
myristoylated Ste50p, however, show no morphological
aberrancies (data not shown). These observations indi-
cate that while membrane localization of Ste11p is re-
quired for activation in general, the specific localization
and relationship to associating proteins may be under
tight differential regulation through Ste5p and/or Ste50p
in response to different stimuli. Specifically, Ste5p ap-
pears to be used for mating, and Ste50p used for other
pathways that require Ste11p; a direct unregulated mem-
brane localization of Ste11p leads to the concomitant
activation of multiple signaling pathways using Ste11p.
Our results therefore suggest that differential plasma
membrane targeting of the Ste11p MEKK contributes
substantially to pathway specificity.

Opy2p, a new component of the HOG pathway,
may act as a membrane anchor for the Ste50p/Ste11p
complex

We used SGA to screen for synthetic osmosensitivity
with ssk1�, and identified Opy2p as a new component of
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the HOG pathway. Since opy2� was synthetically osmo-
sensitive only with known components from the Sln1p–
Ssk1p branch, and not with components from the
Sho1p–Ste11p/Ste50p branch (data not shown), we con-
clude that Opy2p functions in the Sho1p–Ste11p/Ste50p
branch of the HOG pathway. Based on the result of an
epistatic analysis with the constitutively active allele
STE11�EE, we propose that the point of action for Opy2p
is upstream of or at the same level as the Ste50p/Ste11p
complex. Deletion of OPY2 has no detectable effect in
the mating pheromone response and the filamentous
growth pathways (Cullen et al. 2004; data not shown),
indicating that Opy2p functions preferentially in the
HOG pathway. Sequence analysis of Opy2p predicts a
potential transmembrane domain corresponding to
amino acids 93–115; and subcellular localization con-
firms its association with the plasma membrane (Fig. 7).
This, along with the results of the epistatic analysis and
the fact that Opy2p interacts with Ste50p, suggests that
Opy2p could function as the membrane “anchor” that is
necessary for Ste50p/Ste11p activation in response to
high osmolarity stress.

Sho1p is a plasma membrane protein that acts as an
osmosensor and is essential for HOG pathway activa-
tion. Ste11p has been shown to associate with Sho1p
through Pbs2p (Posas and Saito 1997), and an interaction
between Ste11p and Sho1p has been demonstrated to
contribute specifically to cross-talk to the mating path-
way (Zarrinpar et al. 2004). However, there has been no
direct interaction detected between Ste50p and Sho1p
(Posas et al. 1998). The genetic result that Sho1p requires
Opy2p to activate the HOG pathway puts Opy2p down-
stream of or at the same level as Sho1p. Our observation
that both Sho1p and Opy2p are necessary for the activa-
tion of the HOG pathway, and overexpression of one
does not suppress the defect in activating the pathway
caused by the deletion of the other, suggests a model in
which these two integral plasma membrane proteins act
together to activate the HOG pathway in response to
hyperosmotic stress.

As a general factor, Sho1p is involved in both the HOG
and the filamentous growth pathways (O’Rourke and
Herskowitz 1998; Cullen et al. 2000, 2004), and has been
shown to specifically activate the filamentous growth
pathway in combination with the specificity factor
Msb2p, a signaling mucin member localized at the
plasma membrane and functioning at the head of the
pathway (Cullen et al. 2004). Although Msb2p was also
proposed to have a role in osmotolerance (O’Rourke and
Herskowitz 2002), other results suggest its function is
strain background dependent and conclude that the role
of Msb2p is specific to the filamentous growth pathway
(Cullen et al. 2004). Intriguingly, our data show that
Opy2p, which is similar in membrane topology and
analogous in function to Msb2p, also works together
with Sho1p for HOG pathway activation. These obser-
vations suggest a model whereby the integral membrane
protein Opy2p functions as a specificity factor or a co-
osmosensor with Sho1p for HOG pathway activation by
interacting with Ste50p. This association aids in localiz-

ing the Ste50p/Ste11p complex formed through SAM–
SAM domain interaction to the plasma membrane to be
activated by the upstream factors including Ste20p (Fig.
9). This model suggests that differential plasma mem-
brane localization/activation of MEKK occurs through a
combination of general as well as specificity factor(s) at
the level of cell surface receptors/sensors to achieve lo-
calized activation of the shared protein kinase, and thus
contributes significantly to the pathway specificity.

Materials and methods

Materials

Restriction endonucleases and DNA-modifying enzymes were
obtained from New England Biolabs and Amersham Biosci-
ences. High-fidelity Expand thermostable DNA polymerase,
anti-His monoclonal antibody, and tablet protease inhibitors
were purchased from Roche Molecular Biochemicals. Acid-
washed glass beads (450–600 µm), synthetic �-mating factor,
protease inhibitors, and bovine serum albumin (BSA) were pur-
chased from Sigma. Geneticin was purchased from Life Tech-
nologies, and nourseothricin (clonNAT) from Werner Bio-
Agents. Plasmids pGEX-4T-3 and pGEX-2TK, glutathione-
Sepharose beads, glutathione, and protein A/G Sepharose beads
were obtained from Amersham Biosciences. The antibody
against GST was described previously (Wu et al. 1999). Anti-
Myc(9E10) monoclonal antibody, anti-Ste11p, and horseradish
peroxidase conjugated secondary antibodies were purchased
from Santa Cruz Biotechnology; rabbit polyclonal antibodies,
anti-p38, and anti-phospho-p38 were from Cell Signaling Tech-
nology. Nitrocellulose membranes were purchased from Bio-
Rad. The enhanced chemiluminescence (ECL) assay system was
purchased from Amersham Biosciences.

Figure 9. Model of Opy2p as a component of the HOG path-
way. Opy2p has a single transmembrane domain, shown as a
cylinder, and its cytosolic tail interacts with Ste50p, which in
turn interacts with Ste11p through SAM–SAM domain associa-
tion. Through these protein–protein interactions, Opy2p acts
together with Sho1p to present Ste11p to the plasma membrane,
where it is phosphorylated by Ste20p under the control of
Cdc42p, itself isoprenylated and attached to the plasma mem-
brane. Under these conditions, the Ste50p/Ste11p complex that
interacts with Opy2p is activated, and this may contribute to
the HOG pathway specificity in a way that parallels that of
Msb2p providing specificity for the filamentous growth path-
way. Whether Sho1p functions the same way in the activation
of the two pathways remains unknown. The model for Msb2p
function is adapted from Cullen et al. (2004). See the reference
for details.
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Yeast strains and manipulations

Yeast media, culture conditions, and manipulations of yeast
strains were as described (Rose et al. 1990). Yeast transforma-
tions with circular or linearized plasmid DNA were carried out
after treatment of yeast cells with lithium acetate (Rose et al.
1990). The yeast GST-ORF library was purchased from Invitro-
gen, and the yeast deletion strain collection was purchased from
ATCC. The yeast strains used in this study are listed in Table 1.

Screen for ssk1� synthetic osmosensitivity

A systematic genetic array analysis was used to identify genes
essential for growth on high-osmolarity media in the absence of
ssk1. First, the ssk1��kanMX MATa strain from the deletion
strain collection (ATCC) was switched to ssk1��natMX by
transformation with a kanMX-targeted natMX (Goldstein and
McCusker 1999) PCR product. NatR transformants were mated
to Y3656 (gift from C. Boone, University of Toronto, Toronto,
Ontario, Canada) to obtain a MAT� strain (YCW1390) with the
genotype needed for the SGA analysis by subsequent tetrad dis-
section.

The SGA analysis was carried out essentially as described
(Tong et al. 2001) to create all possible viable double deletion
strains of ssk1 with the haploid set of deletion mutants. In
addition to the described procedure (Tong et al. 2001), we per-
formed a second selection on media containing ClonNAT,
G418, and canavanine before replicating the whole set of de-
rived double-deletion strains onto rich media containing 4%
galactose, ClonNAT, G418, and 1.5 M sorbitol. These plates
were incubated for 2 d at 30°C, and replicated again onto the
same media to clean up background before scoring growth of
double deletions on sorbitol high-osmolarity media after a fur-
ther incubation for 2 d at 30°C. The high-osmolarity-sensitive
deletion strains hog1� and pbs2� were used as internal controls.

Construction of plasmids

For SAM domain swapping among Ste11p and Ste50p, plasmid
pCW555 was constructed by cloning a PCR-amplified STE50

fragment corresponding to amino acid residues 27–149 into the
ClaI and EcoRI sites of pCW204 (Wu et al. 1999), resulting in a
chimera Ste11p bearing the Ste50p SAM domain. Plasmid
pCW556 was constructed by cloning into the BamHI site of
pCW362 an STE11 PCR fragment corresponding to amino acid
residues 22–119, creating an Ste50p chimera bearing the SAM
domain of Ste11p. The plasmid pCW362 was constructed by
exchanging the STE50 fragment encoding amino acids 115–346
as a BamHI–EcoRI fragment from pCW207 with that of pCW267
(Wu et al. 2003). Plasmids pCW592 and pCW594, which are
STE11�SAM constructs containing the sequences of STE50 en-
coding the amino acids 115–346 and 219–346 of the C terminus
of Ste50p in the place of its SAM domain, respectively, were
constructed by cloning the ClaI- and EcoRI-digested STE50
PCR products into the ClaI- and EcoRI-digested pCW204. To
replace the SAM domain of Ste50p with the coiled-coil interac-
tion modules, the E-coil and K-coil (kindly provided by M.
O’Connor, National Research Council, Montreal, Quebec,
Canada) were cloned into the EcoRI site of pGREG586 (Jansen et
al. 2005) to create pCW386 and pGJ1273, respectively; the re-
sulting plasmids were digested with SalI and recombined in vivo
with a PCR-amplified STE50 fragment encoding amino acids
115–346 to generate plasmids pCW608 and pCW609, respec-
tively. To generate either the K-coil- or the E-coil-tagged STE11
or STE11�SAM, the K-coil and E-coil (as EcoRI fragments from
pCW386 and pGJ1273) were cloned into the EcoRI sites of
pCW199 and pCW204 (Wu et al. 1999) to generate the K-coil-
tagged STE11 and STE11�SAM constructs pCW547 and
pCW549 and the E-coil-tagged STE11 and STE11�SAM con-
structs pCW548 and pCW550, respectively.

To construct myristoylated Ste50p and its various fragments,
the corresponding ORF and fragments were cloned into vector
plasmid pGREG596, which expresses GFP N-terminally tagged
with the myristoylation signal sequence of the N-terminal 10
amino acids of Gpa1p, the �-subunit of the heterotrimeric
G-protein of S. cerevisiae (Jansen et al. 2005); the resulting con-
structs express myrGFP-Ste50p, myrGFP-Ste50pSAM (amino
acids 1–110), and myrGFP-Ste50p�SAM (amino acids115–346)
under the control of a galactose promoter GAL1. Similarly, the

Table 1. Yeast strains used in this study

Strain Relevant genotype Source

W303-1A MATa ade2 ura3 his3 leu2 trp1 can1 R. Rothstein
W303-1B MAT� ade2 ura3 his3 leu2 trp1 can1 R. Rothstein
YEL206 W303-1A ste20��TRP1 Wu et al. 1995
YCW340 MATa ura3 leu2 his3 ssk2��LEU2 ssk22��LEU2 ste11��KanR Wu et al. 1999
YCW365 MATa ura3 leu2 his3 ssk2��LEU2 ssk22��LEU2 ste50��TRP1 Wu et al. 1999
YCW555 MATa ura3 leu2 his3 ssk2��LEU2 ssk22��LEU2 ste11��KanR ste50��TRP1 Wu et al. 1999
YCW757 MATa ura3 leu2 his3 ssk2��LEU2 ssk22��LEU2 ste11��KanR ste50��TRP1 ste5��hisG This study
YCW1075 MATa ura3 leu2 his3 trp1 ste11��KanR ste50��TRP1 sst1�hisG Fus1�LacZ �LEU2 This study
YCW877 MATa ura3 leu2 his3 trp1 ssk2��LEU2 ssk22��LEU2 ste20��TRP1 This study
YGJ208 MATa ura3 leu2 his3 ssk2��LEU2 ssk22��LEU2 sho1��TRP1 This study
Y3656 MAT� can1�MFA1p-HIS3-MF�-LEU2 ura3 his3 leu2 lys2 met15 C. Boone
YCW888 MATa ssk1��KanR ura3 his3 leu2 met15 ATCC
YCW1301 MAT� ssk1��KanR ura3 his3 leu2 lys2 ATCC
YCW1323 MAT� ssk1��NatR ura3 his3 leu2 lys2 This study
YCW1363 MATa ssk1��NatR ura3 his3 leu2 lys2 met15 This study
YCW1390 MAT� can1�MFA1p-HIS3-MF�-LEU2 ssk1��NatR ura3 his3 leu2 lys2 met15 This study
YCW1377 MATa opy2��KanR ura3 his3 leu2 met15 ATCC
YCW1380 MATa opy2��KanR ssk1��NatR ura3 his3 leu2 This study
YCW1534 MATa end3��KanR ura3 his3 leu2 met15 ATCC
YPB69 MATa/� ade2 his3 leu2 trp1 gal4 gal80 GAL1UAS�LacZ GAL1UAS�HIS3 GAL1UAS�ADE2 This study
DC17 MAT� his1 J. Hicks
DC16 MATa his1 J. Hicks
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construct myrGST-Ste11p expressing myristoylated GST-
Ste11p was created by cloning STE11 into plasmid pGREG556
(Jansen et al. 2005). The plasmid expressing Myc-tagged Ste50p
under the control of the GAL1 promoter was created by cloning
STE50 into pGREG523, and the plasmid expressing the C-ter-
minally GFP-tagged Opy2p was constructed by cloning OPY2
into pGREG600 (Jansen et al. 2005).

The Escherichia coli expression constructs used in this study
generated either His-tagged proteins or GST fusion proteins.
The His-tagged Ste50p constructs were made using a derivative
of the pET15 vector to generate pCW429 expressing the full-
length Ste50p, pCW520 expressing the 187–346-amino-acid
fragment of Ste50p, and pCW521 expressing the 1–218-amino-
acid fragment of Ste50p. The GST-Opy2p fusions were con-
structed by cloning the ORF of OPY2 and fragments thereof into
the pGEX-4T-3 to give rise to pCW674, pCW676, pCW678,
pCW680, and pCW681, which express as GST fusion of the
full-length, amino acids 116–345, 116–227, 266–345, and 116–
360 of Opy2p, respectively.

The construct of BD-Opy2 was made by cloning the fragment
corresponding to amino acids 238–354 into the DNA-binding
domain vector pMBD (Jansen et al. 2005). The constructs of the
full-length Ste50p and Ste11p-NT (amino acids 1–415) fused to
the activation domains were created by cloning Ste50p into vec-
tor pAD2 (Jansen et al. 2005) and Ste11p-NT into pGAD424 (BD
Biosciences Clontech), respectively.

Preparation of GST fusion or His-tagged proteins from E. coli,
and resin-binding assays

The GST fusions were expressed in E. coli strain BL21(DE3)
(Invitrogen), extracted, bound to glutathione Sepharose beads,
and washed as previously described (Wu et al. 1995). The His-
tagged proteins were expressed and released from E. coli strain
BL21(DE3). For the resin-binding assay with the GST fusion
proteins and the His-tagged protein from E. coli, the GST fusion
proteins were immobilized onto glutathione-Sepharose beads
(30 µL), further incubated for 1 h at 4°C with 2% BSA in lysis
buffer containing 50 mM HEPES (pH 7.0), 150 mM NaCl, 5 mM
EDTA, 2 mM DTT, and 0.1% Triton X-100, and then incubated
with E. coli extracts containing His-tagged proteins (0.1–0.5 µg)
for 1 h at 4°C followed by three washes, 1 mL each time with
lysis buffer; the presence of His-tagged proteins was analyzed by
Western blotting, detected by anti-His antibody and visualized
by the ECL system.

Co-IP and subcellular localization analyses

Cell lysates were prepared from mid-log-phase yeast cells essen-
tially as described (Wu et al. 1999). Co-IP of epitope-tagged pro-
teins from the lysates was either performed using monoclonal
anti-GFP antibody (3E6) generated in our group (commercially
available from Molecular Probes) immobilized onto activated
Sepharose beads (Amersham Biosciences), or using agarose
beads immobilized with anti-Myc antibody (9E10) (Santa Cruz).
Elution of the epitope-tagged proteins from the washed beads
was performed using 0.2 M glycine (pH 3.0). Induction of GAL1-
promoter-controlled expression was performed by shifting cells
grown in mid-log phase in raffinose to galactose media for 4 h.
Treatment of yeast cells with hyperosmotic stress was per-
formed by adding NaCl to a final concentration of 0.5 M for 5
min before harvesting the cells.

For subcellular localization analysis, cell lysates were pre-
pared by breaking mid-log-phase cells with glass beads in break-
ing buffer containing: 50 mM Tris-HCl (pH 7.5), 150 mM NaCl,
5 mM EDTA, and 0.3 M sorbitol and protease inhibitors, fol-

lowed by centrifugation at 1000 × g for 10 min at 4°C. The ly-
sates were then centrifuged at the required centrifugal force to
generate the corresponding pellet and supernatant fractions.

Yeast mating, two-hybrid, and other assays

Plate mating tests and quantitative mating assays were per-
formed as described (Leberer et al. 1992b). The yeast two-hybrid
assay was performed essentially as described (Jansen et al. 2005).
Halo assays to test cell growth inhibition in response to �-mat-
ing factor, assays for the ability of cells to grow on hyperosmotic
media to test the function of the HOG pathway, and yeast ex-
tract preparation and Western blot analyses were performed as
described previously (Wu et al. 1999).

Photomicroscopy

Cells were grown as indicated, and fixed with formaldehyde at
a final concentration of 3.7% with 150 mM NaCl. Cells were
viewed with a microscope equipped with Nomarski optics, and
microscopic photographs were acquired with a 100× objective
using a Micro Max camera (Princeton Instruments Inc.) with
Northern Eclipse imaging software (Empix Imaging Inc.). The
fluorescent microscopy of the GFP signals was performed as
described (Wu et al. 1997). The microscopic photographs were
processed using Adobe Photoshop for Macintosh.
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