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Abstract

To cope with increased extracellular osmolarity, the budding yeast Saccharomyces cerevi-
siae activates the Hog1 mitogen-activated protein kinase (MAPK), which controls a variety
of adaptive responses. Hog1 is activated through the high-osmolarity glycerol (HOG) path-
way, which consists of a core MAPK cascade and two independent upstream branches
(SHO1 and SLN1 branches) containing distinct osmosensing machineries. In the SHO1
branch, a homo-oligomer of Sho1, the four-transmembrane (TM) osmosensor, interacts
with the transmembrane co-osmosensors, Hkr1 and Msb2, and the membrane anchor pro-
tein Opy2, through their TM domains, and activates the Ste20-Ste11-Pbs2-Hog1 kinase
cascade. In this study, we isolated and analyzed hyperactive mutants of Sho1 and Opy2
that harbor mutations within their TM domains. Several hyperactive mutations enhanced the
interaction between Sho1 and Opy2, indicating the importance of the TM-mediated interac-
tion between Sho1 and Opy2 for facilitating effective signaling. The interaction between the
TM domains of Sho1 and Opy2 will place their respective cytoplasmic binding partners Pbs2
and Ste11 in close proximity. Indeed, genetic analyses of the mutants showed that the
Sho1-Opy2 interaction enhances the activation of Pbs2 by Ste11, but not Hog1 by Pbs2.
Some of the hyperactive mutants had mutations at the extracellular ends of either Sho1
TM4 or Opy2 TM, and defined the Sho1-Opy2 binding site 1 (BS1). Chemical crosslinking
and mutational analyses revealed that the cytoplasmic ends of Sho1 TM1 and Opy2 TM
also interact with each other, defining the Sho1-Opy2 binding site 2 (BS2). A geometric
consideration constrains that one Opy2 molecule must interact with two adjacent Sho1 mol-
ecules in Sho1 oligomer. These results raise a possibility that an alteration of the conforma-
tion of the Sho1-Opy2 complex might contributes to the osmotic activation of the Hog1
MAPK cascade.
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Introduction

Extreme environmental osmotic conditions are major threats to their survival for free living
single-celled organisms such as the budding yeast Saccharomyces cerevisiae. To cope with
increased external osmolarity, yeast initiates coordinated adaptive responses that include the
synthesis, uptake, and intracellular retention of the compatible osmolyte glycerol [1-5],
changes in the global pattern of gene expression and protein synthesis [6-8], and temporary
arrest of the cell cycle at multiple phases to gain time for adaptation [9-11]. These adaptive
responses are governed by the Hogl MAP kinase (MAPK). Thus, a hoglA mutant cell is highly
osmosensitive, and cannot survive even under conditions of moderately high osmolarity such
as 0.4 M NaCl.

Hogl is activated through the High Osmolarity Glycerol (HOG) signaling pathway, which
is composed of upstream osmosensing mechanisms, a central signal transduction MAP kinase
(MAPK) module, and downstream effector functions [12-14]. MAPK modules are evolution-
arily conserved three-kinase cascades composed of a MAPK, a MAPK kinase (MAPKK), and a
MAPKK kinase (MAPKKK). When activated by specific stimuli, a MAPKKK phosphorylates
and thus activates a cognate MAPKK. The activated MAPKK then phosphorylates and acti-
vates a cognate MAPK [15].

The HOG pathway employs multiple and redundant upstream osmosensing mechanisms
that all lead to Hogl1 activation. Specifically, upstream osmosensing signaling of the HOG
pathway consists of the SLN1 branch and the SHO1 branch (Fig 1). The Ste1l MAPKKK, an
upstream activator of the Hogl MAPK in the SHO1 branch, is activated by phosphorylation
by the Ste20/Cla4 kinases when osmostress is applied [16-18]. Overexpression of constitu-
tively-active Stel1 mutants, such as Ste11-Q301P or Ste11-DDD, induces Hogl activation
even in the absence of osmostress [16, 17]. However, expressing these constitutively-active
Stell mutant proteins at the endogenous level, i.e., by using a single-copy plasmid that car-
ries the STE11 promoter, does not activate Hog1 in the absence of osmostress. One possible
interpretation for this observation is that osmostress is still needed to activate Hogl even
when Stell is activated by a non-osmotic mechanism. It is possible, for example, that osmos-
tress somehow enhances the signaling efficiency of the Ste11-Pbs2-Hogl MAPK cascade
[17]. In the SHO1 branch of the HOG pathway, a number of non-kinase proteins (Hkrl,
Msb2, Shol, Opy2, Ahkl, Beml, and Ste50) are involved in activation and/or regulation
of the Hogl MAPK [17, 19-24]. In this report, we describe our findings concerning the
possible mechanism by which the signaling efficiency of the Ste11-Pbs2-Hogl MAPK
cascade is regulated by the interaction between the transmembrane domains of Shol and
Opy2.

Materials and methods
Media and buffers

Standard yeast media and genetic procedures were previously described [25, 26]. CAD
medium consists of 0.67% yeast nitrogen base (Sigma), 2% glucose, 0.5% casamino acid
(Sigma) and appropriate supplements (20 pug ml uracil and 40 ug ml* tryptophan) as needed.
SC medium consists of 0.67% yeast nitrogen base and 2% glucose with an appropriate yeast
synthetic drop-out medium supplement. CARaf and SRaf media are the same as CAD and SC,
respectively, except that they contain 2% raffinose in place of glucose. Buffer A contains 50
mM Tris-HCI (pH 7.5), 15 mM EDTA, 15 mM EGTA, 2 mM dithiothreitol (DTT), 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), 1 mM benzamidine, 5 pug ml™" leupeptin, 50 mM NaF, 25
mM B-glycerophosphate and 150 mM NaCl. Buffer C2 contains 50 mM Tris-HCI (pH 7.2), 15
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Fig 1. A schematic model of the HOG pathway. Proteins that are only involved in the SHO1 branch are shown in
light green. Proteins that are specific to the SLN1 branch are colored light blue. Pbs2 and Hogl are common to both
the SHO1 and SLNI1 branches. The proteins separated by a thrash (/) are functionally redundant. The yellow
horizontal bar represents the plasma membrane (PM). Arrows indicate activation, whereas the inverted T-shaped bars
represent inhibition. Double-headed arrows indicate the physical interactions of the proteins. Not all the known
components or interactions are shown.

https://doi.org/10.1371/journal.pone.0211380.g001

mM EDTA, 15 mM EGTA, 150 mM NaCl, 1 mM PMSF, 1 mM benzamidine and 5 pg ml™!
leupeptin. Buffer X for crosslinking contains 50 mM Tris-HCI (pH 7.2) and 15 mM EDTA.
SDS loading buffer (1x) contains 50 mM Tris-HCI (pH 6.8), 2% SDS, 0.01% Bromophenol

Blue, 10% glycerol and 700 mM 2-mercaptoethanol (2-ME).

Reagents

The following reagents were used. Cys-specific chemical crosslinker: BMH (Thermo Scien-
tific). Detergents: Brij L23 (Sigma), Triton X-100, Tween-20 (MP Biochemical), and Digitonin
(Calbiochem). Other chemicals were purchased from Sigma, Wako Pure Chemical, Nacalai
Tesque, and BD.

Antibodies

For immunoblotting, the following antibodies were used as indicated: anti-GST B-14 (Santa
Cruz, sc-138) 1:1000 dilution; anti-GFP B-2 (Santa Cruz, sc-9996) 1:1000 dilution; anti-HA F-
7 (Santa Cruz, sc-7392) 1:1000 dilution; anti-myc 9E10 (Santa Cruz, sc-40) 1:1000 dilution.
For immunoprecipitation, anti-HA 3F10 (Roche, No. 11867431001) 4 ug ml™" was used.
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Table 1. Yeast strains used in this study.

Strain Genotype Source
FP75 MATa ura3 leu2 trpl his3 ssk2:LEU2 ssk22:LEU2 stel1::HIS3 [17]
KT024 MATa ura3 leu2 trpl his3 ssk2:LEU2 ssk22:LEU2 STE11-Q301P shol:: kanMX6 This study
KT039 MATa ura3 leu2 trpl his3 ssk2:hisG ssk22:hisG pbs2:kanMX6 shol::HIS3 This study
KT265 MATa ura3 leu2 trpl his3 ssk2:LEU2 ssk22::LEU2 opy2::kanMXG6 pbs2::natMX4 This study
KY477 MATa ura3 leu2 trpl his3 ssk2:LEU2 ssk22::LEU2 opy2::kanMX6 [19]
KY517 MATo ura3 leu2 trpl his3 ssk2:LEU2 ssk22::LEU2 opy2::kanMX6 STE11-Q301P [22]
KY590-1 MATa ura3 leu2 trpl his3 ssk2::hisG ssk22::hisG opy2::natMX4 shol::hphMX4 [24]
TM257 MATa ura3 leu2 trpl his3 ssk2:LEU2 ssk22:LEU2 [27]

All strains were constructed in our laboratory, and are derived from S288C.

https://doi.org/10.1371/journal.pone.0211380.t001

Yeast strains

All yeast mutants used in this work are derivatives of the S288C strain (Table 1).

Plasmid constructs

Deletion and missense mutants were constructed using PCR-based oligonucleotide mutagene-
sis, and were confirmed by nucleotide sequence determination.

Vector plasmids. pRS414, pRS416, p414GAL1, p416GALL, p416GAL1-GST, YCpIF16,
and YCplac22I” have been described [26, 28-32].

Shol plasmids. pRS416-Shol (= Psyo;-SHOI, URA3, CENG) is a full-length SHOI geno-
mic DNA clone, and expresses Shol under the control of the SHOI promoter. p416GALI1-
Shol (= Pgar;-SHOI1, URA3, CENG) expresses Shol under the control of the GALI promoter.
p416GAL1-GST-Shol (= Pga1;-GST-SHOI, URA3, CENG6) expresses N-terminally GST-tagged
Shol (GST-Shol) under the control of the GALI promoter. YCpIF16-Shol (= Pgar;-HA-
SHOI, TRP1, CEN4) encodes N-terminally HA-tagged Shol (HA-Shol) under the control of
the GALI promoter.

Opy2 plasmids. pRS414-Opy2 (= Popy,-OPY2, TRP1, CENG) is a full-length OPY2 geno-
mic DNA clone, and expresses Opy2 under the control of the OPY2 promoter. p414GALI-
Opy2 (= Pgar;-OPY2, TRP1, CENG6) expresses Opy2 under the control of the galactose-induc-
ible GALI promoter. p414GAL1-Opy2ASR1-GFP (= Pgay;-OPY2ASRI-GFP, TRP1, CENG)
encodes C-terminally GFP-tagged Opy2ASR1 under the control of the GALI promoter.
p416GAL1-Opy2(1-256) ASR1-myc (= Pgar;-OPY2(1-256) ASR1-3xmyc, URA3, CEN6)
encodes C-terminally 3xmyc-tagged Opy2(1-256) ASR1 under the control of the GALI
promoter.

Pbs2 plasmids. YCplac22I’-PBS2 (= Ppps,-PBS2, TRP1, CEN4) is a full-length PBS2 geno-
mic DNA clone, and expresses Pbs2 under the control of the PBS2 promoter.

HOG reporter assay

Reporter assays using the HOG reporter plasmid pRS413-8xCRE-lacZ (= 8xCRE-lacZ, HIS3,
CENG), pRS414-8xCRE-lacZ (= 8xCRE-lacZ, TRP1, CEN6), pRS415-8xCRE-lacZ (= 8xCRE-
lacZ, LEU2, CENG6) or pRS416-8xCRE-lacZ (= 8xCRE-lacZ, URA3, CEN6) have been
described [17]. All reporter assays were carried out in triplicate (or more) using independent
cultures.
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In vivo binding assay

Cells containing galactose-inducible expression constructs were exponentially grown in
CARaf, and were cultured for an additional 2 hr after addition of 2% galactose. Cells

were harvested, washed once with ice-cold buffer A without detergent, frozen in liquid
nitrogen, and resuspended in 0.5 ml of buffer A containing the detergent indicated in the
Figure legends. Cells were broken by vortexing with glass beads, and were centrifuged at
9,170xg for 10 min at 4 °C in a microcentrifuge, and supernatant (cell extract) was recovered.
To precipitate the GST-tagged proteins, 600 pg of cell extract was incubated with 50 ul of glu-
tathione-Sepharose beads for 2 hr at 4 *C. To immunoprecipitate the HA-tagged proteins,
600 pug of protein extract was first incubated with the high affinity anti-HA antibody 3F10
(Roche) for 2 hr at 4 °C, followed by further incubation with 50 pl of protein G beads for 1 hr
at4 °C. The beads were washed 3 times in the same buffer used for cell extract preparation,
and resuspended in SDS loading buffer. Samples were either incubated at 50 °C (when Shol
was analyzed) or boiled for 5min, and separated by SDS-PAGE. Proteins were detected by
immunoblotting.

Isolation of Shol hyperactive mutants

A DNA segment including the 5-UTR and amino-terminal coding region of SHOI (nucleo-
tide position of +1 ~ +542) was mutagenized by error-prone PCR in the presence of 0.1 or 0.2
mM MnCl,. KT024 (ssk2A ssk22A sholA STE11-Q301P) cells carrying an attenuated 8xCRE-
lacZ reporter gene (pRS414-8xCRE-CYC™-lacZ) were co-transformed with the PCR products
and linearized pRS416-PGAL1-SHO1 in which the codons 42-151 of SHOI had been removed
by the MunI and Van91I double digestion. Gap-repaired plasmids were selected on CAD (w/o
Ura and Trp) plates, replica-plated onto nitrocellulose membrane disks, and incubated on
CAGal plates overnight to induce the plasmid-borne SHOI gene. Activation of the HOG
MAPK pathway was assessed qualitatively using a colony-lift B-galactosidase filter assay [17].
Constitutively-active SHOI mutants that induced lacZ expression, which rendered the cells
blue, were recovered.

Chemical crosslinking of Shol and Opy2 in intact cells accompanied by co-
precipitation

The Cys-specific chemical crosslinker BMH was added directly to an exponentially growing
yeast culture at the concentration of 0.4 mM. After incubation at 30 °C for 5 min, cells were
precipitated by centrifugation at 1,700xg for 3 min. To quench the crosslinking reaction,
cell pellets were resuspended in 1 ml of Buffer C2 containing 50 mM DTT, and incubated on
ice for 15 min. Cells were then precipitated by a brief spin in a microcentrifuge tube, frozen
in liquid N,, and thawed and resuspended in 0.5 ml of buffer A containing 0.2% Triton X-
100. Cells were broken by vortexing with glass beads, and were centrifuged at 9,170xg for 10
min at 4 °C in a microcentrifuge, and supernatant (cell extract) was recovered. To immu-
noprecipitate the HA-tagged proteins, 1000 pg of protein extract was first incubated with
the anti-HA high affinity antibody 3F10 (Roche) for 2 hr at 4 °C, followed by further
incubation with 50 pl of protein G beads for 1 hr at 4 “C. Beads were washed 3 times in
Buffer A containing Triton X-100, resuspended in the SDS loading buffer, and incubated
for 5 min at 50 °C. Precipitated proteins were separated by SDS-PAGE, and detected by
immunoblotting.
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Results

Isolation of hyperactive Opy2 mutants that have mutations in the TM
domain

In order to identify the mechanisms that might regulate the signaling efficiency of the
Stel1-Pbs2-Hogl MAPK cascade, we screened for hyperactive mutants of Opy?2 that have
higher function than the wild-type. For that purpose, we utilized our finding that overexpres-
sion of wild-type Opy2 (Opy2-WT) did not appreciably activate the Hogl MAPK, even in a
host cell that expressed a constitutively-active Stell (e.g., Ste11-Q301P) at the endogenous
level [24]. Thus, we screened for Opy2 mutants that, when overexpressed, activated Hog1 in
the host cell that expressed Ste11-Q301P. Activation of Hogl was monitored by increased
expression of the Hogl-dependent reporter gene 8xCRE-lacZ (see Materials and methods for
details). In this manner, we previously identified two hyperactive Opy2 mutants, Opy2-F961
and Opy2-A104V, that had a mutation in its transmembrane (TM) domain [24]. In this study,
we expanded this screening by systematically mutating the Opy2 TM domain using degenerate
oligonucleotides. Thus, we found two additional hyperactive mutations, Opy2-193A and
Opy2-G95L (Fig 2A). When overexpressed for 2 hours from the GALI promoter, each of the
three Opy2 mutants (Opy2-G95L, Opy2-F96l, and Opy2-A104V) potently activated the HOG
pathway in the Ste11-Q301P cells (Fig 2B). Although the fourth mutant, Opy2-I193A, was only
marginally more effective than Opy2-WT, later analyses showed that it did enhance the Opy2
function (see below).

The hyperactive Opy2 mutations are located in two separate regions in the Opy2 TM
domain. I93A, G95L and F96I are close to the extracellular end of the Opy2 TM domain. Previ-
ously, using a chemical crosslinking strategy, we have shown that these three amino acid posi-
tions in Opy?2 interact with Ala-124 of Shol, which is at the extracellular end of the fourth TM
domain (TM4) of Shol [24]. Another Opy2 hyperactive mutation, A104V, is located near the
middle of the Opy2 TM domain. Because of its position deep inside the cytoplasmic mem-
brane, it was difficult to examine if Opy2 Ala-104 interact with any Shol residues by the cross-
linking approach. However, by co-precipitation assays, it was found that Opy2-A104V had a
much higher affinity to Shol than Opy2-WT [24]. Thus, both sets of Opy2 hyperactive muta-
tions seem to affect the interaction between Opy2 and Shol.

To examine if there is any functional interaction between the two sets of Opy2 hyperactive
mutations, we combined each of the three mutations in the first set (I93A, G95L and F96I)
with A104V, to generate double mutants such as Opy2-193A A104V. Overexpression of any of
the four single Opy2 hyperactive mutants did not induce Hog1 activity in a cell that expressed
Stel1-WT (Fig 2C). In contrast, the three double mutants substantially activated Hogl1 in the
same cell. Notably, I93A, which by itself had only marginal hyperactivity, synergized with
A104V to a similar extent as the more strongly hyperactive G95L did. Thus, there is a strongly
synergistic effect between the two sets of mutations, suggesting (though not proving) that the
two sets of Opy2 hyperactive mutations enhance the Opy2 function by different mechanisms.

A known function of Opy?2 is to recruit the Ste50-bound Stell molecule to the plasma
membrane, where Stell interacts both with its activator Ste20 (or Cla4) and with its substrate
Pbs2 [22, 33]. Thus, a potential mechanism that renders an Opy2 mutant hyperactive is to ele-
vate its expression levels, so that the density of Stell on the membrane will increase. However,
the expressed amounts of these four hyperactive Opy2 mutant proteins were not substantially
different from that of Opy2-WT. Another potential mechanism that renders an Opy2 mutant
hyperactive is to increase its affinity to the cytoplasmic adaptor protein Ste50. Indeed, we have
identified Opy2 hyperactive mutants in its cytoplasmic domain that have higher affinity to
Ste50 [22]. However, the same mechanism is unlikely to explain the current Opy2 mutants
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Fig 2. Isolation of Opy2 hyperactive mutants that have mutations in the TM domain. (A) Schematic structure of Opy2. Numbers indicate amino
acid positions. The amino acid sequence of the TM domain is shown in red using the one-letter code. SR1 and SR2, Ser-Rich domain 1 and 2; CR, Cys-
Rich domain, TM, transmembrane domain; PM, Plasma Membrane; (B-D) Expression of the Hogl-specific reporter gene 8xCRE-lacZ. B-galactosidase
activity is expressed in Miller units. Error bars represent S.D. (n > 3). (B, C) The yeast strain KY517 (ssk2/22A opy2A STE11-Q301P) (B), or KY477
(ssk2/22A opy2A) (C) was transformed with a reporter plasmid carrying the 8xCRE-lacZ gene and another plasmid that expresses the indicated Opy2
mutants from the GALI promoter (Pg4z;). Transformed cells were grown in CARaf, and expressions of Opy2 mutants were induced by 2% galactose
for 2 hr, following which cell extracts were prepared for reporter assays to determine the expression of the 8XxCRE-lacZ gene. (D) Hogl-specific reporter
assays were conducted as (B, C), except that the yeast KT265 (ssk2/22A opy2A pbs2A) was transformed with a single copy plasmid that expressed the
Pbs2-S514D T518D mutant from its native promoter in addition to both a reporter plasmid carrying the 8xCRE-lacZ gene and an Opy2 mutant
plasmid. (E) Signal flow in the Hogl MAPK cascade initiated by the constitutively-active Ste11-Q301P. Without hyperactive OPY2 mutation, activation
of Hogl is very weak (left panel). Hyperactive OPY2 mutation might enhance the signaling between Stel1 and Pbs2 (middle panel) or that between
Pbs2 and Hogl (right panel). Vertical arrows indicate signal flows, whereas the horizontal red arrows indicate the site of action of the hyperactive OPY2
mutations.

https://doi.org/10.1371/journal.pone.0211380.9002

that are mutated in the TM domain. Thus, the hyperactive Opy2 mutations likely increased
the efficiency of the Stel1-Pbs2-Hogl MAPK cascade signaling without affecting the amount
of the Ste50-Stel1 complex recruited to the plasma membrane.

Hyperactive mutations in the Opy2 TM domain enhance activation of Pbs2
by Stell
From the strategy of isolating the Opy2 hyperactive mutants, it is anticipated that these

mutants enhance signaling along the Ste11-Pbs2-Hogl kinase cascade. The hyperactive Opy2
mutants might enhance the signaling step from Stel1 to Pbs2 (model 1) or that from Pbs2 to
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Hogl (model 2). Both models are consistent with the finding that Hogl activation in the pres-
ence of the constitutively-active Ste11-Q301P (without osmostress) is enhanced by the hyper-
active Opy2 mutants (Fig 2D, left; see Fig 2E for schematic explanation). To find out which of
these two models was correct, we examined whether Hogl1 activation by the constitutively-
active Pbs2 S514D T518D (Pbs2-DD) [34] could be also enhanced by overexpression of the
hyperactive Opy2 mutants. If the model 2 was correct, then activation of Hogl by Pbs2-DD
should be enhanced by the Opy2 hyperactive mutations. However, expression of any of the
four hyperactive Opy2 mutants did not increase the activity of Hogl any more than Opy2-WT
did (Fig 2D: right), indicating that the activation of Hogl by Pbs2 was not affected by these
Opy2 hyperactive mutants. In other words, we could eliminate the model 2. Thus, it is likely
that the hyperactive mutations in the Opy2 TM domain enhanced the activation/phosphoryla-
tion of Pbs2 by Stell.

Isolation of a hyperactive Shol mutant that has a mutation in one of its TM
domains

While Opy2 anchors the Ste50-Stell complex to the plasma membrane, Shol anchors Pbs2 to
the plasma membrane [35]. Furthermore, we have shown that Opy2 and Shol interact each
other through their TM domains [24]. Thus, an increased affinity between Opy2 and Shol will
be expected to enhance the interaction between Pbs2 and Stel1. In fact, we have shown previ-
ously that one of the hyperactive Opy2 mutants, Opy2-A104A, binds to Shol more strongly
than Opy2-WT does [24], supporting the importance of the interaction between Shol and
Opy2 in activation of the Hogl MAPK cascade.

To obtain more insight into the role of the TM domain interactions between Opy2 and
Shol in the Hogl MAPK cascade, we isolated hyperactive mutants of Shol that, when overex-
pressed, activated Hogl in the cells that expressed the constitutively- active Ste11-Q301P (see
Materials and methods for details). Thus, we isolated a hyperactive mutant Shol-A30D, which
has an Asp substitution of Ala-30 at the intracellular end of the Shol TM1 domain (Fig 3A).
We also created nine other substitution mutations at Shol Ala-30 (to S, R, V,F,P, G, Y, K, or
E), but none showed any significant hyperactivity (Fig 3B).

Potentially, the SHOI-A30D mutation could enhance either the signaling from Stell to
Pbs2 or that from Pbs2 to Hogl, or both. To find out which step was actually enhanced by the
SHO1-A30D mutation, we used the same strategy as explained in Fig 2E. Thus, we examined
whether activation of Hogl by the constitutively-active Ste11-Q301P or Pbs2-DD, respectively,
could be enhanced by overexpression of the hyperactive Shol-A30D. As shown in Fig 3C,
Sho1-A30D potently activated the HOG pathway (without osmostress) in the STE11-Q301P
mutant cells, but not in the PBS2-DD mutant cells, indicating that the activation of Hogl by
Pbs2 was not enhanced by Shol-A30D. Thus, it is likely that the hyperactive SHO1-A30D
mutation, like the hyperactive Opy2 mutants shown above, enhanced the activation/phosphor-
ylation of Pbs2 by Stell.

Sho1-A30D binds to Opy2 more strongly than Shol-WT does

To examine if the SHOI-A30D mutation affects the interaction between Opy2 and Shol, we
conducted in vivo co-precipitation experiments. An expression plasmid encoding either the
N-terminally GST-tagged Shol (GST-Shol), GST-Shol-A30D, or GST alone was introduced
into sholA opy2A cells together with a second plasmid encoding the C-terminally GFP-tagged
Opy2ASR1 (Opy2ASR1-GFP) or its mutant derivatives. We have deleted the extracellular Ser-
rich region SR1 from all the Opy2-GFP constructs, as heterogeneous glycosylation in SR1 dif-
fused the migration of Opy2-GFP. SR1 is not essential for the function of Opy2 in Hogl
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Fig 3. Isolation of the hyperactive Shol-TM mutant, in which activation of Pbs2 by Stel1 is enhanced. (A) Diagram of the four TM domains in
Shol. Numbers indicate amino acid positions. Asterisk indicates the position of Ala-30. (B, C) Expression of the Hogl-specific reporter gene 8xCRE-
lacZ. B-galactosidase activity is expressed in Miller units. Error bars represent S.D. (n > 3). (B) The yeast strain KT024 (ssk2/22A sholA STE11-Q301P)
was transformed with a reporter plasmid carrying the 8xCRE-lacZ gene and a plasmid that expresses the indicated Shol mutants from the GALI
promoter (Pgay ;). Expressions of Shol mutants were induced by 2% galactose for 2 hr, and expression of the 8xCRE-lacZ gene was determined. (C) The
yeast strain KT039 (ssk2/22A sholA pbs2A) was transformed with a single copy plasmid that expressed either Pbs2-WT or Pbs2-S514D T518D mutant
from its native promoter in addition to the 8xCRE-lacZ reporter plasmid and another plasmid that expresses Shol-WT, Sho1l-A30D, or none (vector)
from the GALI promoter (for PBS2-WT, or PBS2-DD).

https://doi.org/10.1371/journal.pone.0211380.9003

activation [21]. The GST-Shol and Opy2ASR1-GFP proteins, whose expressions are under the
control of the GALI promoter, were simultaneously induced for 2 hours by addition of 2%
galactose, before preparation of cell extracts. GST-Shol (or GST alone) was precipitated using
the Glutathione Sepharose beads, and the co-precipitated Opy2ASR1-GFP was probed by
Western blotting. GST-Shol-WT bound to Opy2ASR1-GFP only weakly, but, to Opy2AS-
R1-A104V-GFP more strongly (Fig 4A lanes 2 and 6). In contrast, GST-Sho1-A30D bound to
Opy2ASR1-GFP as strongly as GST-Shol-WT bound to Opy2ASR1-A104V-GFP (Fig 4A lanes
3 and 6). Furthermore, the effects of the SHOI-A30D and OPY2-A104V mutations were addi-
tive, as the binding between Shol-A30D and Opy2-A104V was stronger than when either
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https://doi.org/10.1371/journal.pone.0211380.9004

partner had no mutation (Fig 4A lane 7), suggesting that the two mutations enhanced the
affinity between Shol and Opy2 independently of each other. That the Shol Ala-30 residue
and the Opy2 Ala-104 residue are spatially well separated (Opy2 Ala-104 is in the middle of a
TM domain, whereas Shol A30 is at the cytoplasmic border of a TM domain; Fig 4B) is consis-
tent with this interpretation.
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Mutations in Opy?2 that suppress Hogl activation induced by Sho1-A30D

To examine whether the enhanced binding between Shol and Opy2 is directly responsible for
the increased Hogl activation by Shol-A30D, we screened for OPY2 mutants that suppressed
the Hogl activation induced by expression of Shol-A30D. Because the Shol Ala-30 residue
resides at the cytoplasmic border of the Shol TM1 domain, we focused on the Opy2 residues
also at the cytoplasmic border of its TM domain. In brief, we constructed by site-directed
mutagenesis Opy2 mutants in which residues 117-121 were either singly or multiply replaced
by Ala (Fig 4B). We initially thought it likely that the three positively charged residues in
Opy2, namely K117, R118, and K121, were responsible for its increased affinity to Shol-A30D
by enhanced electrostatic attractions. However, substitution of K117, R118, and K121 with Ala
did not affect the activation of Hogl induced by Shol-A30D (Fig 4C). In contrast, replace-
ments of the aromatic residues Y119 and/or W120 with Ala drastically suppressed Hog1 acti-
vation induced by Shol-A30D. If these OPY2 mutations had inactivated a function of Opy2
that was necessary for Hogl1 activation, then they would have also inhibited the osmostress-
induced Hogl activation. However, the Opy2-Y119A W120A double mutant supported
osmostress-induced Hogl activation to a similar extent as Opy2 WT did (Fig 4D). Thus, the
Opy2-Y119A W120A mutant protein retains the normal functions of Opy2, but it specifically
suppresses the signaling enhancing effect of the SHO1-A30D mutation.

We then investigated whether or not the OPY2-Y119A W120A mutation affected the bind-
ing between Shol and Opy?2. In vivo co-precipitation experiments showed that introduction of
the OPY2-Y119A W120A mutation completely abrogated the enhanced binding between
Shol-A30D and Opy2-WT (Fig 4A, lanes 3 and 5). Thus, the enhanced Hogl activation by
Sho1-A30D is due to its higher affinity to Opy2.

We next considered the possibility that the interaction between Opy2 and Shol is induced,
or enhanced, by the external osmostress. Our co-precipitation experiments, however, indi-
cated that the binding between Opy2 and Shol was not influenced by high osmolarity (Fig 5A
and 5B). Thus, although the increased affinity between Shol and Opy?2 results in enhanced
activation of Pbs2 by Stell, the affinity between Shol and Opy2 is not directly influenced by
the external osmostress. Interestingly, some hyperactive Opy2 mutants (such as Opy2-G95L
and Opy2-F96I), increased Hogl signaling without increasing the Opy2-Shol binding (Fig
5C). Thus, there seems a mechanism that enhances activation of Pbs2 by Stel1 without chang-
ing the affinity between Shol and Opy?2.

Close interaction between the Opy2 TM domain and the Shol TM1 domain

Previously, using a chemical crosslinking strategy, we have shown that the extracellular end of
the Opy2 TM domain interacts with the extracellular end of the Shol TM4 domain [24]. How-
ever, little was known about how the Opy2 and Shol TM domains interact at their cytoplasmic
ends. In this study, we have shown that the OPY2-Y119A W120A mutation near the cyto-
plasmic end of the Opy2 TM domain suppressed the SHOI-A30D mutation near the cyto-
plasmic end of the Shol TM1 domain. This finding suggested that the cytoplasmic end of the
Opy2 TM domain interacted with the cytoplasmic end of the Shol TM1 domain. This possibil-
ity was examined using a site-directed cysteine (Cys) chemical crosslinking strategy developed
by Wu and Kaback [36], which had been adapted previously by us to analyze the Shol multi-
merization [24].

Initially, we generated Cys-substitution mutants of the Opy2 TM domain and the Shol
TM1 domain at the residues near their cytoplasmic boundaries (Fig 6A). To construct the
Shol Cys-substitution mutants for crosslinking experiments, we used the N-terminally HA-
tagged Shol* (HA-Shol*) and its A30D derivative (HA-Sho1*-A30D). Shol* is a Cys-free
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Opy?2 was assayed by co-precipitation of Shol and Opy2. The yeast strain TM257 (ssk2/22A) (A), FP75 (ssk2/22A ste11A) (B), or KY590-1(ssk2A ssk22A
sholA opy2A) (C) was co-transfected with a plasmid expresses the indicated derivatives of Opy2A SR1-GFP and another plasmid that expresses

either GST-Shol (A and B) or HA-Shol (C) all under the GALI promoter. vec, empty vector. Transformed cells were grown in CARaf, and expression
of the tagged proteins was induced by 2% galactose for 2 hr. Sorbitol (0.8M, final conc.) was added (+) for 3 min (B), or not added (-). Cell extracts
were prepared using Buffer A containing the following detergents: (A) 0.3% Brij-L23, (B) 0.1% Brij-97, (C) 1% digitonin. (A) HA-Shol was
immunoprecipitated (IP) from cell extracts using anti-HA antibody and Protein G Sepharose beads, whereas (B and C) GST proteins were captured by
the Gluthatione-Sepharose beads. In all cases, beads were washed three times with the same buffer used for cell lysate preparation, and co-precipitated
proteins were detected by immunoblotting (IB) using the indicated antibodies.

https://doi.org/10.1371/journal.pone.0211380.9005

derivative of Shol in which the two native Cys residues were substituted with Ser [24]. As for
Opy2, Cys mutation was introduced into the myc-tagged Opy2(1-257) ASR1. One of the Shol
Cys substitution mutants was co-expressed with one of the Opy2 Cys substitution mutants in
an sholA opy2A strain, and genes were induced from the GAL promoter for 2 hr in the pres-
ence of 2% galactose. Then, the Cys-substitution mutant proteins were crosslinked with
1,6-bis-maleimidohexane (BMH) in vivo for 5 min, as previously described [24]. When a Cys
residue in Shol and another Cys residue in Opy2 are close together (6-16A), they can be cross-
linked by BMH to form a covalent bound Shol-Opy2 heterodimer. The cell lysates were pre-
pared using a Triton X-100 containing buffer to disrupt the non-covalent binding between
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https://doi.org/10.1371/journal.pone.0211380.9006

Shol and Opy2 [24]. HA-Shol was immunoprecipitated, and the covalently-bound HA-Shol/
Opy2-myc heterodimer was probed by anti-myc antibody.

The Cys residue at the position R118 in Opy2 (namely, Opy2 R118C) was efficiently cross-
linked to Y29C of Shol, but only in the presence of SHO1-A30D mutation (Fig 6B, lanes 3 and
6). Opy2 R118C was crosslinked neither to Shol K27C nor Shol F28C (lanes 1, 2, 4 and 5).
That the crosslinking between Opy2 R118C and Shol Y29C was observed only in the presence
of the SHOI1-A30D mutation might merely be due to the higher affinity of Opy2 to Shol-A30D
than to Shol-WT. If so, another mutation that increases the affinity between Opy2 and Shol,
namely OPY2-A104V, should also enhance the crosslinking between Opy2 R118C and Shol
Y29C. As we have shown in Fig 4A, the OPY2-A104V mutation increases the affinity between
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Opy2 and Shol to a similar extent as the SHOI-A30D does. However, OPY2-A104V did not
enhance the crosslinking between Opy2 and Shol (Fig 6C, compare lanes 4 and 6). Thus, the
SHO1-A30D mutation, in addition to increasing the affinity between Opy2 and Shol, must
somehow increases the probability of crosslinking Opy2 R118C and Shol Y29C in an Opy2-
Shol complex, perhaps by altering the local conformation of Shol Y29C. Taken together, it is
likely that, in the Opy2-Shol complex, the cytoplasmic end of the Opy2 TM domain is physi-
cally closely associated with the cytoplasmic end of the Shol TM1 domain.

Discussion

In the SHO1 branch of the HOG pathway, the four-tiered protein kinase cascade Ste20 (or
Cla4)-Stel1-Pbs2-Hogl transduces the signal for environmental osmotic stress to the nucleus.
Specific and efficient signal flow through this cascade is essential for prompt adaptation to
osmostress, and is realized by multiple mechanisms. First, the consecutive kinases in the cas-
cade bind to each other through the specific docking mechanisms [26, 31]. Second, the kinases
in the first three tiers are all localized to the plasma membrane, by binding to their respective
membrane-anchoring proteins: Ste20/Cla4 by the membrane-associated Cdc42 [37, 38]; Stell
by the Opy2-Ste50 complex [22, 33]; and Pbs2 by the Shol membrane protein [18, 35, 39].
When they are localized on the plasma membrane, these kinases can encounter each other
more efficiently than when they are in the cytoplasm. Hogl itself, however, is not membrane-
localized, perhaps because it must rapidly shuttle between the cytoplasm and the nucleus.
Third, the membrane anchor proteins Opy2 and Shol bind to each other, thus further increas-
ing the efficiency of interaction between Stell and Pbs2.

Isolation of hyperactive mutants often shed light on the activation mechanisms of the sig-
naling pathway in which the mutated proteins are rate-limiting. In this work, we isolated
hyperactive mutants of Opy2 and Shol that increased the efficiency of Hogl activation. The
isolated Opy2 and Shol mutants all had mutations in their TM domains. Some mutants, such
as Opy2-193A, Opy2-A104V and Shol-A30D, enhanced the binding strength between Opy2
and Shol. The increased association between Opy2 and Shol will increases the interaction
between Stell and Pbs2, thus enhancing the signaling between them. Indeed, our genetic anal-
yses indicated that the mutants that increased interaction between Opy2 and Shol enhanced
the activation of Pbs2 by Stel1, but not that of Hogl by Pbs2. Thus, we initially considered
the possibility that an induced association between Opy2 and Shol might play a role in the
osmotic activation of Pbs2 by Stell. Our co-precipitation experiments, however, indicated
that the binding between Opy2 and Shol was not influenced by high osmolarity. Interestingly,
some other hyperactive Opy2 mutants (such as Opy2-G95L and Opy2-F96I), increased the
efficiency of the Hogl signaling without increasing the Opy2-Shol binding. This finding sug-
gested to us another possibility that the signaling efficiency between Stell and Pbs2 might be
modulated by a conformational change in the Opy2-Shol complex. Consistent with this idea,
we found that Opy2 and Shol interacted at two distinct binding sites. We have described pre-
viously that in the Opy2-Shol complex the Opy2 residues Gly-95/Phe-96 are closely associated
with the Shol residue Ala-124 [24]. These residues thus form the binding site 1 (BS-1) between
the Opy2 TM domain and the Shol TM domain 4 (TM4) at their respective extracellular ends.
In this work, we revealed that Shol-A30D, a mutation at the cytoplasmic end of the Shol TM
domain 1 (TM1), enhanced Shol-Opy2 binding. Furthermore, using chemical crosslinking
strategy, we showed that the Opy2 residue Arg-118 (at the cytoplasmic end of the Opy2 TM
domain) is closely associated with the Shol residue Tyr-29 (at the cytoplasmic end of the Shol
TM1). These residues thus are likely to form the second binding site (BS-2) between the Opy2
TM domain and the Shol TM1 domain.
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To speculate on the potential significance of the presence of two binding sites between
Opy2 and Shol, it is necessary first to review the oligomeric structure of Shol. Shol, with its
four tightly packed TM domains (TM1—TM4), forms two separate interfaces for binding to
other Shol molecules [24]. In the Shol molecule, its TM1 and TM4 domains are juxtaposed to
constitute an interface through which two Shol molecules bind to form a dimeric subassem-
bly. Furthermore, TM2 and TM3 of a Shol molecule constitute the second interface through
which three Shol molecules form a trimeric subassembly. Shol oligomers of undefined sizes
are generated by alternative employments of the two types of the Shol-Shol interfaces.
Because Shol dimerizes at the TM1/TM4 interface, it will be difficult for Opy2 to interact with
both the TM1 and TM4 domains of the same Shol molecule. It is more plausible that Opy2
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Fig 7. Schematic model of the transmembrane interactions between Shol and Opy2. (A) A top view of the interaction between an Shol dimer and
two Opy2 monomers. Light purple/blue circles with numbers represent the four TM domains of Shol. Red circles represent the TM domain of Opy2.
Red arrows indicate the TM-TM interactions between Shol and Opy?2 at the binding sites 1 and 2 (BS1 and BS2). (B) A side view of the interactions
among an Shol dimer and two Opy2 monomers. Transmembrane (TM) domains of Shol and Opy?2 are indicated as light purple/blue and red
cylinders, respectively. Extracellular and cytoplasmic regions that are connected with TM domains are partly shown as a line. BS1 and BS2 are indicated

by yellow ovals.

https://doi.org/10.1371/journal.pone.0211380.9007
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interacts with two Shol molecules, one at the cytoplasmic end of TM1 and another at the
extracellular end of TM4 (Fig 7A). Thus, Stell, which is bound to the Opy2 intracellular
domain via Ste50, will be placed directly below the Shol TM1 domain. On the other hand,
Pbs2, which is bound to the cytoplasmic SH3 domain of Shol, is placed below the Shol TM4
domain (Fig 7B). This structural arrangement might be important to place Stell and Pbs2 in a
close proximity for efficient signaling.

It seems possible that the Shol-Opy2 complex dynamically controls the positional relation-
ship, and thus signaling efficiency, between Stell and Pbs2, by a kind of leverage mechanism.
Because the extracellular end and the cytoplasmic end of the Opy2 TM domain are fixed to dif-
ferent molecules of Shol, the tilt angle (relative to the membrane plane) of the Opy2 TM
domain might be very sensitive to the structural distortion of the Shol oligomers that might be
induced by osmotic stress. A small change in the Opy2 tilt angle will then be amplified by the
leverage mechanism to a significant spatial relationship between Stell and Pbs2. This might
be a mechanism by which the osmosensor Shol controls Hogl activation. Properties of Opy2
and Shol hyperactive mutants reported here and previously are consistent with this model.
Several hyperactive mutants within the Opy2-Shol binding site 1 (Opy2-G95L and F96I) did
not enhance the binding strength between Opy2 and Shol (Fig 5C). These mutations might
mimic the osmostress conditions by changing the structural relationship between Opy2 and
Shol. Other hyperactive mutants of Shol have been found in the extracellular loop between
TM3 and TM4 (for examples, Shol-P120L and P120V) [19]. So far, there is no explanation for
the hyperactivity of these mutants, but they might also mimic the conformational changes in
the Shol oligomer induced by osmostress.

A crucial assumption in the above hypothesis is that an external osmostress induces a struc-
tural change in the Shol oligomer. A 2-dimensioanl lattice of TM domains in Shol oligomer
seems an ideal device to detect small distortions of the plasma membrane caused by osmos-
tress. In fact, we have found that osmostress induces structural change in the Shol TM
domains, using chemical crosslinking analyses of Shol mutants that contain a cysteine substi-
tution mutation at various positions in its TM domains [24]. Detailed structural analyses of
both the Shol oligomer and the Opy2-Shol complex will be highly rewarding to understand
the dynamic activation mechanism of the Hogl MAPK by osmostress.
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