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Abstract

Sho1p, an integral membrane protein, plays a vital role in the high-osmolarity glycerol (HOG) 

mitogen-activated protein kinase pathway in the yeast Saccharomyces cerevisiae. Activated under 

conditions of high osmotic stress, it interacts with other HOG pathway proteins to mediate cell 

signaling events, ensuring that yeast cells can adapt and remain viable. In an attempt to further 

understand how the function of Sho1p is regulated through its protein–protein interactions (PPIs), 

we identified 49 unique Sho1p PPIs through the use of membrane yeast two-hybrid (MYTH), an 

assay specifically suited to identify PPIs of full-length integral membrane proteins in their native 

membrane environment. Secondary validation by literature search, or two complementary PPI 

assays, confirmed 80% of these interactions, resulting in a high-quality Sho1p interactome. This 

set of putative PPIs included both previously characterized interactors, along with a large subset of 

interactors that have not been previously identified as binding to Sho1p. The SH3 domain of 

Sho1p was found to be important for binding to many of these interactors. One particular novel 

interactor of interest is the glycerol transporter Fps1p, which was shown to require the SH3 
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domain of Sho1p for binding via its N-terminal soluble regulatory domain. Furthermore, we found 

that Fps1p is involved in the positive regulation of Sho1p function and plays a role in the 

phosphorylation of the downstream kinase Hog1p. This study represents the largest membrane 

interactome analysis of Sho1p to date and complements past studies on the HOG pathway by 

increasing our understanding of Sho1p regulation.
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Introduction

Organisms often face various internal and external stresses and, over time, develop systems 

to adapt to these challenges. The budding yeast Saccharomyces cerevisiae has long been an 

excellent model to study many different processes, including those associated with stress, in 

eukaryotic cells. The high-osmolarity glycerol (HOG) mitogen-activated protein kinase 

(MAPK) stress response pathway ensures that yeast cells adapt and remain viable under 

conditions of high osmotic stress (reviewed in Ref. [1]). Turgor pressure, and therefore cell 

viability, is lost during conditions under which the concentration of the solute is higher in 

the external than in the internal environment of the cell. The HOG pathway consists of two 

branches mediated by Sln1p and Sho1p (reviewed in Ref. [1]). The signaling cascades 

mediated by these two branches eventually result in the production of active Hog1p protein 

kinase, which acts to control the expression of genes necessary for the stress response 

including those involved in glycerol production, cell cycle arrest, and glycerol uptake [2–7]. 

Ultimately, the HOG pathway allows for cells to adapt to increased osmolarity through the 

activation of various cell processes in order to balance the cellular osmotic pressure with that 

of the external environment.

Sho1p, an activator of one branch of the HOG pathway, is a yeast integral membrane protein 

that is activated under conditions of severe hyperosmotic stress [2]. Sho1p itself is not 

thought to be involved in the sensing of extracellular osmolarity, which is performed instead 

through the mucin-like proteins Msb2p/Hkr1p [8]. Sho1p is composed of four 

transmembrane domains and a cytoplasmic SH3 domain at its C-terminus. The SH3 domain 

on Sho1p mediates protein–protein interactions (PPIs) with PXXP-motif-containing protein 

partners such as the co-scaffold protein Pbs2p [9,10] and Ste20p [11]. Together with Sho1p, 

Pbs2p binds a large complex of proteins including the G-protein Cdc42p, the kinases Ste20p 

and Ste11p, and Ste50p, resulting in the downstream activation of Hog1p (reviewed in Ref. 

[1]). As with many other cellular pathways, the HOG pathway is controlled by various 

positive and negative regulators. Most notable are protein phosphatases such as Ptp2p, 

Ptp3p, and Ptc1p (reviewed in Ref. [12]), responsible for the dephosphorylation of various 

components of the pathway. In addition to the HOG pathway, Sho1p has also been 

implicated in other cellular processes, such as filamentous growth [13], cell wall integrity 

[14], and more recently in cytokinesis [15].
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As yeast Sho1p has been implicated in various signaling pathways in the cell, it is an 

excellent model to study the basics of signaling pathways in eukaryotes. Although many 

components of the HOG pathway have been identified, specific regulators of Sho1p function 

have largely remained elusive. To date, it has been difficult to study the protein interactors of 

the full-length form of Sho1p, particularly using proteome-wide interactive proteomic 

techniques [16–20], which have thus far yielded little information on possible regulators of 

Sho1p. This is due in part to the considerable hydrophobicity conferred by the multiple 

transmembrane domains of Sho1p, necessitating the use of technically challenging protein 

solubilization steps for many traditional approaches. However, recent smaller-scale screens 

have revealed novel Sho1p interactors such as those involved in cytokinesis [15]. 

Comprehensive in vivo studies, in which Sho1p is in the context of its natural membrane 

environment, are also currently lacking. Given its prominent role in the stress response 

pathway, it is important to identify currently unknown protein partners of Sho1p in order to 

better understand the signal transduction capabilities of this multifunctional protein, the 

mechanisms that dictate its signaling specificity, and its modes of regulation.

In this study, we used the membrane yeast two-hybrid (MYTH) assay [21–26] to screen for 

novel interactors of Sho1p. Using both N- and C-terminally tagged versions of Sho1p as 

bait, we found 49 unique putative interactors, many of which required the SH3 domain of 

Sho1p for their interaction. We focused on one of these interactors, the glycerol transporter 

Fps1p, and confirmed its interaction with Sho1p by two other complementary methods. We 

also examined protein domains and portions of Sho1p and Fps1p that are important for their 

interaction. While investigating the cellular role of the Fps1p–Sho1p interaction, using 

genetic assays and by the examination of downstream Sho1p signaling through the HOG 

kinase Hog1p, we found that Fps1p is involved in the positive regulation of Sho1p function. 

These data contribute to our current understanding of the regulation of Sho1p-mediated 

pathways and implicate Fps1p in the regulation of Sho1p activity.

Results

Construction and verification of Sho1p MYTH bait proteins

In an attempt to further understand the diverse functions and regulatory processes of Sho1p, 

we sought to identify its interacting protein partners. Using the Membrane Yeast Two-

Hybrid (MYTH) system [21–26], we generated full-length Sho1p baits tagged with the 

MYTH Cub-transcription factor (TF) fusion cassette at their N- or C-terminus, and 

expressed them either ectopically from a plasmid (N-tagged Sho1p bait) or under the control 

of the native SHO1 promoter upon endogenous tagging of the SHO1 locus (C-tagged Sho1p 

bait) (Fig. 1a). To confirm that MYTH tagging did not disrupt correct localization of Sho1p, 

we constructed Sho1p baits incorporating YFP into the MYTH tag and examined them by 

fluorescence microscopy. Localization of N-tagged Sho1p (Supplementary Fig. 1) was 

varied, as expected, due to its presence in different steps of the vesicle transport pathway. 

However, a significant fraction of the Sho1p bait localized to the bud neck as previously 

reported [27] and also co-localized with the plasma-membrane-bound protein Pdr5p 

(Supplementary Fig. 1). Proper plasma membrane localization of the C-tagged integrated 

Sho1p bait has been shown previously [22]. Bait expression by detection on a Western blot 
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was assessed for both Sho1p baits. Although the N-tagged Sho1p was not detected by 

Western blot (data not shown), the integrated C-tagged Sho1p bait showed a band 

corresponding to the expected size of the tagged protein with antibodies against the LexA 

portion of the MYTH tag (Supplementary Fig. 2a).

To test whether the fused Sho1p constructs were functional in the HOG pathway, we 

examined the growth of cells containing targeted disruptions of the two functional branches 

of the HOG pathway, on salt-containing media, in the presence and absence of MYTH-

tagged Sho1p (Fig. 1b). As expected, the deletion of SHO1, SSK2, and SSK22 together 

rendered both branches non-functional, and the cells were incapable of growing on media 

containing 1 M KCl. When this triple deletion strain was transformed with the N-terminally 

tagged Sho1p MYTH bait, however, the growth of these cells was similar to that of 

ssk2Δssk22Δ cells, which are non-functional in only the Sln1-mediated branch of the HOG 

pathway. Likewise, the C-terminal tagging of Sho1p in the ssk2Δssk22Δ background did not 

affect the growth of these cells on media containing 1 M KCl when compared to 

ssk2Δssk22Δ cells with untagged Sho1p present. Therefore, these data confirm that both N- 

and C-terminally tagged versions of the Sho1p MYTH bait were functional in the context of 

the HOG pathway.

We next tested for the self-activation and proper expression of our Sho1p MYTH baits. To 

this end, we transformed control prey constructs, composed of Ost1p (an unrelated protein 

not predicted to physically interact with Sho1p) fused to our MYTH prey tag (Nub), into 

strains containing the N-terminally tagged, plasmid-based Sho1p bait, as well as into a strain 

containing the C-terminally tagged, genomically integrated bait. Two versions of Nub were 

used, NubG and NubI. As previously shown [23], NubI (and consequently NubI-tagged 

proteins) spontaneously interacts with Cub on the bait protein (independent of a bait–prey 

interaction), leading to a positive read-out on MYTH screen selection plates if the Cub-

containing bait is properly expressed. Conversely, NubG contains a mutation that prevents 

spontaneous interaction, and thus, NubG-tagged proteins will only interact if a physical 

interaction occurs between bait and prey. Bait self-activation and expression was tested as 

performed previously [23], and our MYTH screens were subsequently performed with 50 

mM and 10 mM3-AT, respectively, for the plasmid-based and the integrated Sho1p tags.

Sho1p physically interacts with a variety of proteins

Using these bait constructs, we initially tested for physical interactions between Sho1p and a 

small panel of previously known interactors, followed by large-scale MYTH screens against 

NubG-tagged cDNA and gDNA libraries. Putative interactors were tested for bait 

dependency as previously described [23] by retransforming plasmids expressing interactors 

identified from the screen into a strain containing the Sho1p bait, or an unrelated protein (the 

ABC transporter Snq2p) as bait, in order to confirm that putative interactors were specific to 

Sho1p. The Sho1p MYTH analysis, in total, identified 51 putative Sho1p interactions, across 

49 unique proteins (Fig. 1c). Of these, 9 have been previously shown to be associated with 

Sho1p, as determined by physical and/or genetic screens, with 5 of these having been 

identified in two or more separate studies as annotated in the BioGRID protein interaction 

database [28]. The remaining 40 represent novel Sho1p interactors, 6 of which are of 

Lam et al. Page 4

J Mol Biol. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



unknown biological function. These results indicate that screening for PPIs through the 

MYTH method enables the identification of many novel interactors for a membrane-bound 

protein such as Sho1p.

Many previously known interactors bind Sho1p through its SH3 protein interaction domain. 

To determine which of our candidate interactors are dependent on the SH3 domain of Sho1p 

for interaction, we generated a MYTH-tagged version of Sho1p in which the SH3 domain 

was removed (Sho1ΔSH3-Cub-TF), and tested it for an interaction against a small panel of 

putative Sho1p interactors found in our screens. Sho1ΔSH3-Cub-TF has a similar expression 

level as full-length Sho1-Cub-TF bait as detected by Western blot (Supplementary Fig. 2a). 

We found that a substantial subset of the identified candidates in the MYTH screen required 

the SH3 domain of Sho1p to fully interact (Supplementary Fig. 2b), including Fps1p, 

Las17p, Dcw1p, and Chs3p. On the other hand, many other candidates (Yck2p, Ent4p, 

Aim1, and Pro3p, as well as the tandem array Ena1p/Ena2p/Ena5p) retained their interaction 

with Sho1p in the absence of the SH3 domain, implying that they bind Sho1p through 

another portion of the protein.

Confirmation of Sho1p interactors through BiFC and co-IPs

To further validate our Sho1p interactome, we used two different complementary assays, co-

immunoprecipitations (co-IPs) and bimolecular fluorescence complementation (BiFC). For 

co-IP validation, 33 out of the 49 unique Sho1p interactors, available as tandem affinity 

purification (TAP)-tagged [29] strains tagged at their C-termini, were selected 

(Supplementary Table 1). Those interactors that were not available in the TAP collection or 

that have been previously reported in the literature as interacting with Sho1p were not 

included in the confirmation set. Into these TAP-tagged strains, we transformed a plasmid 

expressing Sho1p tagged at the C-terminus with an HA tag. Cells were lysed, and the TAP-

tagged protein, along with any interacting proteins, was purified with calmodulin beads. 

Interacting HA-tagged Sho1p was then identified with an anti-HA antibody via Western blot. 

Of the 33 strains, 28 exhibited Sho1p-HA expression in whole cell lysates (Supplementary 

Fig. 3 and Supplementary Table 1). Of these 28 putative Sho1p interactors tested by co-IP, 

20 (71%) tested were positive for an interaction (Fig. 2a, Supplementary Fig. 3, and 

Supplementary Table 1).

We also used the BiFC method [30] as a secondary method to confirm the putative Sho1p 

interactions. Of the set of 49 unique Sho1p interactors, we attempted to confirm 36 

(available in a haploid BiFC-tagged collection) by BiFC (Supplementary Table 1). Haploid 

strains, expressing the putative interactors at their endogenous loci tagged with the N-

terminal fragment of YFP (VN) at their C-terminus [31], were mated to haploid strains 

expressing Sho1p endogenously tagged at either terminus with the C-terminal fragment of 

YFP (VC) and the diploid strains examined to detect the presence of YFP fluorescence, 

which is indicative of a physical interaction. Of the 36 putative Sho1p interactors tested by 

BiFC, 24 (67%) tested positive for an interaction (Supplementary Fig. 4 and Supplementary 

Table 1), and almost all showed fluorescence at the plasma membrane.

In summary, 28 putative Sho1p interactors were tested via co-IP, 36 were tested by BiFC, 

and 28 were tested by both methods. Of these 28, 27 (96%) were confirmed by either BiFC 

Lam et al. Page 5

J Mol Biol. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or co-IP, and 12 (43%) were confirmed by both BiFC and co-IP. Altogether, of the 49 unique 

Sho1p interactors we identified through MYTH, 39 (80%) were either confirmed by at least 

one of our other testing methods (co-IP or BiFC) or previously reported in the literature, 

indicating the high quality of the Sho1p interactome mapped by the MYTH assay.

Sho1p interacts physically with the glycerol transporter Fps1p

One of the interesting candidate interactors requiring the Sho1p SH3 domain for its 

interaction is the glycerol transporter Fps1p (Supplementary Fig. 2b). In both co-IP and 

BiFC confirmation assays, Fps1p was found to bind Sho1p, but not the unrelated proteins 

Rgt2 (co-IP; Fig. 2a) and Bpt1 (BiFC; Fig. 2b). Specifically, in the co-IP experiments (Fig. 

2a), lanes from cells expressing only Sho1p-HA or cells expressing Rgt2-TAP and Sho1p-

HA did not have a band size corresponding to Sho1p-HA after the immunoprecipitation of 

the TAP tag. On the other hand, lanes corresponding to cells containing both Fps1p-TAP and 

Sho1p-HA showed a band corresponding to the expected size of Sho1p-HA, illustrating that 

these two proteins interact. In the BiFC experiments (Fig. 2b), cells containing N-tagged 

Fps1p and N- or C-tagged Sho1p showed intense fluorescence at the plasma membrane, 

while a strain tagged with VC at the C-terminus of an unrelated protein, Bpt1p, together 

with Fps1p tagged at its N-terminus with VN, showed no fluorescence (Fig. 2b).

As both Sho1p and Fps1p have been implicated in the HOG pathway, we next tested for an 

effect of salt on the interaction between the two proteins. To assess protein binding 

quantitatively, we employed a liquid-based assay using ortho-nitrophenyl-β-galactoside 

(ONPG) as a substrate to assess β-galactosidase activity. Binding between Sho1p and Fps1p 

was increased modestly at higher salt concentrations (0.25 M and 0.5 M KCl) compared to 

the Sho1p interacting proteins (and HOG pathway components) Ste50p and Ste11p (Fig. 

2c). This difference in interactions shows that it is likely Fps1p specific and is not due to a 

general increase in expression of HOG pathway components under hyperosmotic conditions.

All together, these data show that the interaction found in the MYTH screen between Sho1p 

and Fps1p occurs in vivo at the plasma membrane, can be robustly detected using a number 

of distinct methodologies, and the interaction is modestly increased with hyperosmotic 

stress. Although previously implicated as a component of the cellular HOG response by 

closing in response to stress to prevent escape of glycerol [32], Fps1p has not been reported 

to physically interact with Sho1p at the plasma membrane. Therefore, we decided to focus 

on the characterization of the biological consequences of the Sho1p–Fps1p interaction.

Sho1p and Fps1p interact through the SH3 domain of Sho1p and the N-terminus of Fps1p

We next decided to thoroughly investigate the involvement of the SH3 domain of Sho1p in 

its interaction with Fps1p. As a control, a previously known interactor of Sho1p, Pbs2p, was 

also tested and interacted with full-length Sho1p, but not with Sho1p missing its SH3 

domain (Sho1ΔSH3) in the MYTH system. As expected, the full-length NubG-tagged 

version of Fps1p interacted with the Sho1p bait, while the interaction was abolished with 

Sho1ΔSH3 (Fig. 2d). To try to determine which residues of the Sho1p SH3 domain were 

responsible for this interaction, we tested three SH3 point mutants, ΔAY, I49A, and Y54A. 

These SH3 mutants were chosen for a variety of reasons. ΔAY (at residues 17–18) is part of 
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a binding surface on the Sho1p SH3 domain and renders Sho1p deficient in activating the 

HOG pathway even though the protein exhibits wildtype binding to Pbs2p [10]. Position 49 

is a key residue on surface II of SH3 domains and is often involved in binding the extended 

regions of PXXP-containing peptides or non-PXXP-containing peptides [33]. The Y54A 

mutant was chosen as it abrogates binding in vitro to the PXXP-containing site from Pbs2p 

[10]. We found that all of the Sho1p SH3 mutants tested retained their interaction with full-

length Fps1p in the MYTH assay (Supplementary Fig. 5).

As other HOG pathway proteins such as Ste20p and Pbs2p have been reported to bind the 

SH3 domain of Sho1p [9–11], we wanted to determine whether the absence of these 

proteins, including Fps1p, have an effect on their binding. MYTH reporter strains (wildtype 

or lacking STE20, PBS2, or FPS1) harbouring a Sho1p bait, as well as Ste20p, Pbs2p, or 

Fps1p prey, were spotted on selective media. In all strains, Sho1p was equally able to bind 

Fps1p and Pbs2p (Supplementary Fig. 6). Ste20p, on the other hand, appeared to not be able 

to bind Sho1p in the MYTH system (Supplementary Fig. 6).

In order to determine which region of Fps1p was important for the interaction with Sho1p, 

we constructed truncation mutants of Fps1p and tested for portions of the protein that can 

interact with full-length Sho1p in the MYTH system (Fig. 3a). As a control, we also tested 

for the binding of these Fps1p fragments to the unrelated transporter Nft1p. Both the N-

terminal (Fps1-N) and the C-terminal (Fps1-C) soluble domains of Fps1p were able to bind 

Sho1p, with Fps1-N fragment binding much more strongly than the weakly binding Fps1-C 

(Fig. 3b, left panel). In contrast, the middle portion Fps1p, containing the eight 

transmembrane segments (Fps1-TM), was unable to bind Sho1p (Fig. 3b, left panel). When 

tagged with NubI, Fps1-TM showed an interaction with NubI, demonstrating that the non-

binding of the NubG version is not due to a lack of expression of the MYTH-tagged protein. 

All of the NubG-tagged Fps1p fragments were unable to bind to the unrelated Nft1p bait 

(Fig. 3b, right panel), showing that the binding observed was Sho1p specific.

As Sho1p-Fps1p binding appears to occur largely in the N-terminal soluble domain of 

Fps1p, we next tested this domain for binding to SH3 domainmutants of Sho1p. As the 

MYTH assay requires the bait to be membrane bound, we used a single-pass transmembrane 

domain, from the human T-cell surface glycoprotein CD4, to tether the soluble Sho1p SH3 

domain to the plasma membrane, and tested for binding to Fps1-N, the unrelated prey Ost1p, 

and Pbs2p (Fig. 4a). Compared to the CD4 tether only, or the unrelated N-terminal SH3 

domain from the human Crk-II protein, wildtype Sho1p SH3 was able to bind to Fps1-N 

strongly, while there was weak binding to Fps1-N by Sho1-SH3-I49A and Sho1-SH3-ΔAY. 

Sho1-SH3-Y54A, on the other hand, showed no binding to Fps1-N. To assess protein 

binding quantitatively, we employed the liquid-based ONPG assay and found that the ΔAY, 

I49A, and Y54A mutants bound 0.3-, 0.2-, and 0.04-fold less than wildtype, respectively 

(Fig. 4b). The above mentioned experiments were also repeated with the full-length Pbs2p 

protein (Fig. 4a and c). ΔAY bound 0.5-fold less than wildtype, and the I49A and Y54A 

mutants showed no binding. Our Pbs2p binding data for ΔAY and Y54 correspond to those 

of previously reported in vitro binding assays [10], while the binding affinities of Pbs2p to 

the I49A mutant have not yet been reported in the literature. All of the above CD4-Sho1p 
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SH3mutantswere found to be expressed as well, if not slightly better than wildtype Sho1p-

SH3 when monitored by Western blot (Fig. 4d).

The N-terminal domain of Fps1p has recently been implicated in the binding of Hog1p, 

leading to the phosphorylation and dissociation of the Fps1p regulator Rgc2p [34]. 

Dissociation of Rgc2p leads to the closing of the Fps1p under hyperosmotic conditions. We 

next tested for the interaction of Sho1p-Fps1 in hog1Δ, rgc1Δ, and rgc2Δ mutants to try to 

determine if this interaction occurs preferentially with the closed or open states of Fps1p. 

Our results indicate that the Sho1p–Fps1p interaction is not dependent on the presence of 

these genes, as the interaction was unaffected in all of the mutant strains tested 

(Supplementary Fig. 7).

Taken together, these data show that residues in both N- and C-termini of Fps1p are likely 

involved in its interaction with Sho1p, with Fps1-N playing a more prominent role. In 

addition, Fps1-N is able to bind to the wildtype Sho1p SH3 domain, while various point 

mutations in this domain reduced its binding affinity to or rendered it incapable of binding to 

Fps1-N.

FPS1 positively regulates SHO1

The data described above establish a physical interaction between Fps1p and Sho1p. Next, 

we wanted to determine how these proteins function in the regulation of each other and in 

the context of the HOG pathway. First, we tested the function of Fps1p in the presence and 

absence of SHO1. Along with the transport of glycerol, Fps1p is involved in the import of 

various compounds such as arsenite [35]. We proceeded to assess the sensitivity of various 

mutant strains to arsenite (Fig. 5a). As expected, wildtype cells (containing Fps1p) had a 

natural growth defect in media containing arsenite as previously reported [35]. Conversely, a 

strain with a deletion of FPS1, or a deletion in the known positive regulators of FPS1, 

rgc1Δrgc2Δ, was resistant to arsenite as previously reported [36]. Notably, we found that 

cells lacking functional SHO1 had a sensitivity to arsenite similar to that of wildtype strains, 

showing that Fps1p is still functional in strains deleted for SHO1.

We tested the function of the HOG pathway in the absence of FPS1 by examining the 

phenotype of fps1Δ cells on media containing salt (Fig. 5b). As expected, cells lacking 

Hog1p have a strong growth defect on media containing 0.5 M KCl. On the other hand, 

wildtype cells (in which Fps1p closes in response to stress) or cells deleted for FPS1 (in 

which glycerol is unable to efficiently be exported from the cell) do not have a growth 

defect. sho1Δ cells grow similarly to wildtype cells in the presence of 0.5 M KCl, as the 

compensating Sln1p-mediated branch of the HOG pathway is still functional. When both 

SHO1 and FPS1 are deleted, these cells are not growth deficient. Together, these results 

reveal that the absence or presence of FPS1 does not affect the growth of cells that are 

functional only in the Sln1p-mediated branch of the HOG pathway.

In contrast, FPS1 does appear to be important for the growth of cells functional only in the 

Sho1pmediated branch of the HOG pathway, as a triple deletion strain in which both the 

Sln1p-mediated branch and FPS1 are absent (ssk2Δssk22Δfps1Δ) displayed a growth 

deficiency on standard rich media that increased in severity in the presence of salt, an effect 
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that was notably absent in both ssk2Δssk22Δ double deletion and fps1Δ single deletion 

strains (Fig. 5c). This growth defect was partially rescued when a plasmid expressing FPS1 
was added back to this triple deletion strain, as compared to cells containing a blank plasmid 

(Fig. 5d). Therefore, these data suggest that Sho1p malfunctions in the context of the HOG 

pathway in the absence of FPS1, implicating Fps1p as a positive regulator of Sho1p 

function.

FPS1 regulates Hog1p signaling through the Sho1p pathway

To investigate the possible role of FPS1 as a positive regulator of Sho1p, we decided to 

examine downstream signaling events. Specifically, we monitored the phosphorylation of 

Hog1p, a kinase involved in the HOG signaling cascade downstream of Sho1p. We 

examined whole cell extracts from wildtype, sho1Δ, fps1Δ, and sho1Δfps1Δ cells at various 

time points after the addition of 0.5 M KCl, and detected total Hog1p and phosphorylated 

Hog1p (p-Hog1p) with appropriate primary antibodies on a Western blot (Fig. 6a). In all 

strains, p-Hog1p was not detectable at time 0 (before salt addition). In the wildtype strain, 

the p-Hog1p signal increased when salt was added, peaking at 2–10 min, and then decreased 

to a constant low/undetectable level at 30–90 min after the addition of salt. Cells lacking the 

Sho1p-mediated upstream branch of the HOG pathway (sho1Δ strain) had overall lower 

Hog1p phosphorylation levels as expected, which decreased to a very low level by 30 min 

and was slightly increased by 90 min. Interestingly, in fps1Δ cells, p-Hog1p levels peaked at 

2 min and gradually decreased at 5–10 min until there was no detectable p-Hog1p at 30 min. 

p-Hog1p levels in the double mutant strain, sho1Δfps1Δ, were lowered, with a slightly 

detectable peak at 2 min after salt addition, and no p-Hog1p detected after 2 min.

To monitor the contribution of FPS1 to the regulation of signaling in the two branches of the 

HOG pathway, we tested for the Hog1p phosphorylation pattern in cells deleted in each of 

the Sho1p- and Sln1p-mediated branches (Fig. 6b). In cells in which only the Sln1p-

mediated pathway is functional (sho1Δ), the absence of FPS1 (sho1Δ fps1Δ) resulted in a 

generally lowered amount of phosphorylated Hog1p, peaking at 10 min after the addition of 

salt. On the other hand, in cells in which only the Sho1p branch is functional (ssk2Δssk22Δ), 

the phenotype was much more severe when FPS1 was not present (ssk2Δssk22Δfps1Δ), as 

phosphorylated Hog1p could not be detected in the triple mutant. Taken together, our results 

support the model that Fps1p functions to positively regulate Sho1p, and a lack of FPS1 in 

the cell results in a change in the downstream phosphorylation of the HOG pathway kinase 

Hog1p.

Discussion

The maintenance of the internal environment in a cell, despite different and often extreme 

conditions in the external environment, is important for the maintenance of various functions 

essential for an organism's survival. Therefore, the study of the PPIs involved in the HOG 

pathway is important for determining the methods by which proteins come together to 

mediate a proper cellular reaction to extracellular stress. In this study, we took advantage of 

the MYTH method in budding yeast, already proven to be useful in the elucidation of 

protein interactors of several yeast and human integral membrane proteins [22,24,26], to 
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search for physical interactors of Sho1p, and therefore find additional regulators of the 

Sho1p branch of the HOG pathway. Using the MYTH method, along with two other 

complementary PPI assays, we generated for the first time a high-quality Sho1p interactome, 

which includes 40 novel Sho1p interactors. The MYTH screen coverage was maximized by 

using both N- and C-tagged baits, expressed either ectopically from a plasmid or 

endogenously under native promoter control. In addition to previously known interactors, 

confirmation of this interaction set using two different assays showed that a large percentage 

of our interactors (80%) were able to interact under different assay conditions, whether 

stably by immunoprecipitation as shown by our co-IP data or under in vivo conditions 

(similar to the MYTH assay, but with a different tag and in diploid cells) as in our BiFC 

dataset. Our BiFC data also revealed that almost all of our confirmed interactions occurred at 

the plasma membrane, the cell compartment in which putative Sho1p regulators are likely to 

reside. Therefore, the interactors identified are unlikely to be spurious interactors but rather 

are physiologically relevant to the maintenance and regulation of the Sho1p branch of the 

HOG pathway. We identified proteins in a variety of cellular pathways, including 6 

interactors with currently unknown functions. Follow-up experiments will allow us to 

determine what role our validated interactors may play in the HOG pathway or other Sho1p-

mediated processes, perhaps as direct regulators of Sho1p itself.

Notably, we identified Fps1p as an interacting protein. This interaction was confirmed with a 

full-length Fps1p prey by MYTH, in addition to co-IP and BiFC methods, and was found to 

slightly increase in response to hyperosmotic conditions. It is important to note that Fps1p is 

the first integral membrane protein identified that can interact with Sho1p through the SH3 

domain, a domain that has been shown to be important for binding to cytosolic Sho1p 

interactors [9–11,15]. Although the full-length Sho1p SH3 mutants that we tested did not 

seem to affect binding to full-length Fps1p in the MYTH assay, testing of binding of the 

SH3 domain itself, with the N-terminal fragment of Fps1p, revealed that the Sho1p SH3 

residues I49, AY at residues 17–18, and Y54 are involved in binding to Fps1p. As Y54 is a 

key residue in the PXXP binding groove (surface I), I49 is the central residue on surface II 

[33], and Y18 is beside I49 in the Sho1p SH3 domain structure (PDB ID: 2VKN), it is likely 

that both surface I and surface II of the SH3 domain are involved in Fps1p binding.

Consistent with the involvement of the cytosolic Sho1p SH3 domain, we found that the 

membrane-localized portion of Fps1p is not able to bind Sho1p and that binding occurs 

mostly at the N-terminal cytosolic domain of Fps1p, with some contribution by the C-

terminal cytosolic domain. Neither the N-terminal domain nor the C-terminal domain of 

Fps1p contains a PXXP motif; therefore, it is likely that the SH3 domain of Sho1p, through 

both surface I and surface II, binds via a non-canonical motif as has been reported for other 

SH3-domain-containing proteins [33,37,38]. In addition, it is possible that the previously 

reported reduced activity of the ΔAY mutant in HOG pathway activation [10] is due to its 

decreased binding to Fps1p. As both N- and C-termini of Fps1p contain residues important 

for its regulation [39,40], it would be interesting to narrow down the residues in the Fps1p 

cytosolic domains that participate in Sho1p binding and to determine the link, if any, to 

Fps1p regulation.
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Fps1p is already a known component of the HOG response, as it closes rapidly to prevent 

the escape of glycerol in response to stress [32]. In the case of acetic acid stress, Fps1p 

behaves as a downstream component of the HOG pathway, as it has been reported to be 

phosphorylated by Hog1p resulting in its downregulation [41]. This also appears to occur 

with arsenite stress [42]. In the case of salt stress, it has been reported recently that Hog1p is 

involved in the phosphorylation of the Fps1p regulator, Rgc2p, by binding to the cytosolic 

N-terminus of Fps1p. Phosphorylation of the Fps1p-bound Rgc2p leads to its uncoupling 

from Fps1p and closing of the channel [34]. As we have shown that Sho1p appears to 

interact with Fps1p in the absence or presence of Hog1p or the Rgc regulators, we cannot 

conclude at this time if the Sho1p–Fps1p interaction occurs with the opened or closed state 

of Fps1p. Therefore, our finding that physical binding between Sho1p and Fps1p occurs at 

the plasma membrane implicates Fps1p in a novel role as an upstream component of the 

salt-induced HOG pathway, in mediating the HOG response at the level of Sho1p.

With the physical interaction of Sho1p and Fps1p at the plasma membrane confirmed and 

characterized, we next investigated the functional relevance of this interaction. Through 

monitoring the growth of various single, double, and triple deletion strains, we found that 

Fps1p plays an important role in the positive regulation of Sho1p-mediated pathway 

function. The regulation of Sho1p extends downstream through this branch of the HOG 

pathway, as an absence of FPS1 appears to result in a decrease in the amount of 

phosphorylated Hog1p. In order to conclusively determine whether this phenotype was 

linked to the Sln1- or Sho1-mediated pathway and not solely due to the absence of a glycerol 

channel, we tested the requirement for FPS1 under conditions where only one HOG pathway 

was functional. Although the downregulation of Hog1p phosphorylation was seen in both 

cases, the phosphorylation defect in the absence of FPS1 was more severe when only the 

Sho1p-mediated pathway was functional, and it correlated with the reduced growth of this 

mutant under salt stress. The smaller decrease in Hog1p phosphorylation levels between the 

sho1Δfps1Δ double mutant and the sho1Δ single mutant, in contrast, may explain the lack of 

a growth defect of the double mutant on 0.5 M KCl media, as sho1Δfps1Δ cells likely have 

enough Hog1p signaling in order to survive under these conditions. The fact that 

phosphorylation changes occur in this mutant, however, does suggest a potential association 

of FPS1 with the Sln1p-mediated pathway and warrants future investigation, perhaps under 

different salt shock conditions. It is also important to note that, in both the 

ssk2Δssk22Δfps1Δ and sho1Δfps1Δ mutants, the Hog1p phosphorylation defect was much 

worse than in fps1Δ cells, showing that the phenotype seen was likely not due to a decrease 

in glycerol escape in these cells.

The mechanism for the role of Fps1p in the Sho1p-mediated branch is currently unknown. 

Our preliminary analysis shows that it is likely not due to the disturbance of physical 

interactions between Sho1p and the osmosensor Msb2 or Sho1p's binding to the kinase 

Ste11p (data not shown). One possibility is that the physical binding between Sho1p and 

Fps1p may induce a conformational change in Sho1p that prevents binding to other untested 

HOG pathway proteins, resulting in faulty downstream signaling. A thorough investigation 

of other components of the large Sho1p protein complex, such as the recently identified 

Sho1p SH3 binder Ste11p [11], may uncover a defect in the recruitment or phosphorylation 

of one or more of these upstream components of the pathway when Fps1p is absent.
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In a study looking at acetate stress, the activation of Hog1p was shown to be dependent on 

FPS1, although the phenotype seen in this case was quite severe, with almost no Hog1p 

phosphorylation present [43]. It was also reported that Hog1p phosphorylation levels were 

very mildly affected in fps1Δ cells under acidic, low-salt conditions (0.1 M NaCl), with 

slightly more sustained but overall lower p-Hog1p levels when compared to cells with 

functional Fps1p [43]. When stressed with acetate, regulation occurs through a feedback-

based mechanism in which acetate internalized by Fps1 leads to the activation of the HOG 

pathway, Hog1p phosphorylation, and eventual phosphorylation and downregulation of 

Fps1p itself [43]. Our data, as summarized in Fig. 7, clearly demonstrate that p-Hog1p levels 

are moderately affected in fps1Δ cells at 0.5 M KCl and that this effect is dependent on 

Sho1p: Sho1p and Fps1p are present together at the membrane and are able to physically 

bind through the SH3 domain of Sho1p and the N-terminus of Fps1p, and cell growth and 

Hog1p phosphorylation are severely compromised without FPS1 and this effect was 

dependent on the Sho1p-mediated branch of the HOG pathway. An effect of Fps1p on the 

Sln1p-mediated pathway or on a Sho1p- or Sln1p-independent pathway cannot be excluded 

and warrants future study.

In conclusion, the membrane interaction proteomics approach applied to Sho1p presented in 

this study provides a significant contribution in the understanding of the Sho1p-mediated 

HOG pathway in yeast. In addition, as budding yeast is an exceptional model for 

understanding similar pathways in other organisms, the data generated should increase our 

understanding of the regulation of mitogen-activated protein kinase pathways in general.

Materials and Methods

Strains, plasmids, and transformations

Cells denoted as “wildtype” are BY4741 or the MYTH reporter strain THY.AP4 or NMY51 

unless otherwise noted. All yeast transformations were performed using a standard 

LiOAc/PEG protocol. ssk2Δ::HIS3, ssk22Δ::NAT, sho1Δ::URA3, ste20Δ::KANMX, 

fps1Δ::KanMX, rgc1Δ::KanMX, rgc2Δ::NAT, and pbs2Δ::KANMX, as well as the double 

rgc1Δ::KanMX rgc2Δ::NAT genomic deletion strains, were constructed by transformation 

into BY4741, BY4742 or the MYTH reporter strain NMY51 of a PCR product amplified 

from a plasmid template containing a drug or nutritional marker. Strains containing double 

or triple gene deletions were constructed by transformation or the mating of single deletion 

strains, sporulation, tetrad dissection, and selection of the expected nutritional/drug markers. 

fps1Δ::KanMX, sho1Δ::KanMX, andhog1Δ::KanMX were obtained from S. Hohmann 

(University of Gothenburg, Sweden) and C. Boone and B. Andrews (University of Toronto, 

Canada). rgc1Δrgc2Δ (DL3207) is from Ref. [36].

Sho1p (Sho1-Cub-TF) and Sho1ΔSH3p (Sho1ΔSH3-Cub-TF) baits tagged, C-terminally 

with the MYTH tag, at the endogenous locus of SHO1 was generated as described in Ref. 

[23]. Plasmid-based C-terminally tagged full-length Sho1p, Sho1-ΔSH3, and Sho1p SH3 

point mutant baits were constructed by the amplification of the Cub-TF tag from pL2 [23] 

and co-transformation into yeast of this PCR product along with an EcoRI linearized 

pRS316 plasmid marked with URA3 containing wildtype full-length Sho1p, Sho1-ΔSH3, or 

Sho1p SH3 point mutants expressed from the endogenous Sho1p promoter. Sho1p SH3 
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mutants ΔSH3, Y54A, and ΔAY were previously described [10], and the I49A mutant was 

constructed similarly. The Nft1p MYTH bait was constructed as in Ref. [23] with pAMBV. 

The pCD4 bait (membrane tether) plasmid was from Ref. [23]. The SH3 domain of Sho1p 

(wildtype and point mutants) was inserted into pCD4 by PCR amplification of the SH3 

domains from the plasmids described above, followed by standard gap repair into restriction 

digested pCD4. The N-terminal SH3 domain of Crk-II was PCR amplified from a Crk-II-

containing plasmid [44] and cloned into pCD4 similarly.

pOst1-NubG and pOst1-NubI plasmids are as described in Ref. [23]. Full-length preys 

pNubG/I-Pbs2, pNubG/I-Ste20, and pNubG/I-Fps1, as well as Fps1p N-terminal (Fps1-N), 

C-terminal (Fps1-C), and transmembrane domain (Fps1-TM; amino acids 256–530) preys, 

were constructed as described in Ref. [23] by PCR amplification of PBS2 or FPS1 ORF 

(open reading frame) or the residues of interest from yeast genomic DNA, followed by 

integration by gap repair into restriction digested pPR3-N plasmids encoding NubG or NubI, 

as appropriate. pFps1 (Fig. 5d), expressing untagged full-length Fps1, was constructed by 

the PCR amplification of Fps1p from yeast genomic DNA with primers containing stop 

codons on the 3′ primer, followed by integration into the pCMBV MYTH bait plasmid [23]. 

All strain manipulations and plasmid constructs were confirmed through a combination of 

restriction enzyme digestions, PCR confirmations, and/or DNA sequencing.

Sho1p MYTH bait construction, validation, and MYTH screen

MYTH reporter strains THY.AP4 and NMY51, containing reporter genes HIS3, ADE2, and 

lacZ downstream of lexA operators, were obtained from Dualsystems Biotech. The N-

terminally tagged Sho1p bait was constructed in the pBT3-N MYTH bait vector, and the 

integrated bait strain was constructed from the pL2 plasmid template as described in Ref. 

[23]. The MYTH screen itself was performed essentially as in Ref. [23], by the high 

efficiency transformation of 5 µg of an N- or a C-terminally tagged yeast cDNA or gDNA 

prey library into THY.AP4 containing either N- or C-terminally tagged bait. We obtained a 

coverage of 2-fold for each library (approximately 1 million transformants obtained, each 

library containing approximately 500,000 clones). Transformants were plated onto − WAH 

+ 10 mM 3-AT (for C-tagged integrated Sho1p bait) or −WLAH + 50 mM 3-AT (for N-

tagged, plasmid-based Sho1p bait) to select for cells containing interacting bait–prey pairs. 

Cells were also plated onto −W(integrated bait) or −WL (plasmid-based bait) to calculate 

transformation efficiency. After incubation at 30 °C for 3–5 days, transformants were 

patched onto the same interaction selecting plates, along with a second set of plates 

containing 5-bromo-4-chloro-3-indolyl-β,D-galactopyranoside (X-Gal). Prey plasmids 

containing putative interactors were then recovered (NucleoSpin 96-well miniprep kit), 

transformed into XL10 Gold Escherichia coli competent cells, purified from E. coli, and 

sequenced (Quintara Biosciences). From each screen, a maximum of 95 transformants were 

sequenced. Plasmids containing putative hits were then transformed back into a strain 

containing Sho1p bait, or an unrelated bait, Snq2p, to select for interactors that interact 

specifically with Sho1p. The interactome of Sho1p, containing both those interactors found 

through the screens themselves and preys that were verified individually, was visualized 

using Cytoscape v3.0.2 [45].
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ONPG β-galactosidase assays

Reporter strains, harbouring both bait and prey plasmids, were grown to log phase (in media 

containing indicated concentrations of KCl as needed), pelleted, and resuspended in 1 ml 

Buffer Z (60 mM Na2HPO4, 40 mM NaH2PO4, 10 mM KCl, 1 mM MgSO4, 0.35% 

mercaptoethanol, and 0.005% SDS); chloroform was added and vortexed. Cells were 

incubated at 30 °C for 15 min, followed by the addition of 150 µl of ONPG solution (13.3 M 

ortho-nitrophenyl-β-galactoside (ONPG), 78 mM KH2PO4, and 122 mM K2HPO4). The 

reaction was incubated at 30 °C and quenched by the addition of 1 M Na2CO3. OD420 of the 

supernatant was measured, and Miller units were calculated [units = 1000 × OD420/(time × 

volume × OD600)]. The assay was repeated for a number of samples (as indicated), followed 

by calculation of standard deviations. Statistical significance was calculated using a t test 

(Fig. 2, compared to 0 MKCl; Fig. 4, compared to CD4-Sho1p SH3 wildtype). In Fig. 4, 

results are plotted as a fold change relative to wildtype Sho1p SH3.

Confocal microscopy

To verify the proper localization of the MYTH baits, we grew cells containing both pPdr5-

RFP and pTF-YFP-Cub-Sho1p overnight in plasmid-selecting media with 2% raffinose, re-

grew them for 2 h in 2% galactose to induce expression of Pdr5-RFP, and examined them at 

a magnification of 630× using a Leica (DMI 6000 B) microscope with YFP, RFP, and DIC 

(differential interference contrast) filters. Image processing was performed with Volocity 

software (PerkinElmer). pPdr5-RFP was constructed by gap repair by the co-transformation 

of SmaI digested pCRGU(containing a galactose-induced promoter, RFP, and URA3 
marker) and the PDR5 ORF was PCR amplified from yeast genomic DNA. pTF-YFP-Cub-

Sho1p was constructed as in Ref. [24].

Confirmation of the Sho1p–Fps1p interaction by co-IP and BiFC

Cells containing a TAP tag [46], tagged at the genomic locus of the preys of interest, were 

transformed with a plasmid encoding C-terminally taggedSho1p-HAexpressed from an 

inducible galactose promoter [47].Cells were grown, lysed, immunoprecipitated, and 

Western blotted with rabbit anti-HA antibody as previously described [24].

BiFC analysis was performed as previously described [24] by genomic integration of the VC 

or VN tag (N- or C-terminal fragment of YFP Venus) at the N- or C-terminus of the ORFs of 

interest in BY4741 or BY4742, as indicated, followed by cell mating, diploid selection, and 

analysis of YFP fluorescence by microscopy. The location of the VC tag (at the N- or C-

terminus of Sho1p) was selected such that the tag terminus corresponded accordingly 

between the MYTH and BiFC assays. VN-tagged bait strains were as described in Ref. [31]. 

Image acquisition and processing for Fig. 2b were performed using an epifluorescence 

microscope (E800; Nikon) and SlideBook software, and images in Supplementary Fig. 4 

were captured using a spinning-disk confocal microscope (Ultra-VIEW VoX CSU-X1 

system; PerkinElmer) and Volocity software, as previously described in Ref. [24].

Western blots

Cells were lysed by one of two methods. The first method was essentially as in Ref. [48], by 

the addition of 0.2 M NaOH, followed by a 10-min incubation on ice, and proteins 
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precipitated with a further 10-min incubation with trichloroacetic acid. The sample was 

centrifuged at 12,000g for 5 min, and the pellet was resuspended in a mixture of 3× sample 

buffer and 1 M Tris base. In the second method, cells were pelleted, washed extensively with 

10% trichloroacetic acid followed by 1 M Tris buffer or 1 M Hepes buffer, pelleted, and 

quickly frozen. Thawed pellets were resuspended in 5× sample buffer, bead beated with 

glass beads, and boiled. Proteins were electrophoresed on a 10% SDS-PAGE gel and 

transferred onto a nitrocellulose or PVDF membrane. The membrane was blocked with 5% 

bovine serum albumin or 10% milk in TBST. MYTH baits were detected with rabbit anti-

VP16 antibody (Sigma) or anti-LexA antibody (Santa Cruz Biotechnology) and with equal 

loading monitored with anti-hexokinase antibody (Rockland Immunochemicals) or anti-

RVS167 antibody.

Hog1p Western blots

Overnight cultures of a wildtype strain or strains containing a deletion in the genomic locus 

of the indicated genes were grown in YPAD liquid media. The saturated culture was diluted 

and re-grown for a further 3 h, salt-shocked with the addition of 0.5 M KCl, and pelleted at 

the indicated time points, and the pellet was quickly flash frozen. Cells were lysed, 

electrophoresed, and transferred onto nitrocellulose as described above. The membrane was 

blocked with 5% bovine serum albumin in TBST and probed with a rabbit polyclonal anti-

Hog1p antibody to detect totalHog1p (Santa Cruz Biotechnology) or a rabbit polyclonal 

anti-p-p38 antibody to detect phosphorylated Hog1p (Santa Cruz Biotechnology) as 

indicated. A donkey anti-rabbit-HRP secondary antibody (GE Healthcare) was used, 

followed by detection by ECL (Pierce SuperSignal West Pico).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TF transcription factor

BiFC bimolecular fluorescence complementation
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co-IP co-immunoprecipitation

TAP tandem affinity purification

ONPG ortho-nitrophenyl-β-galactoside
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Fig. 1. 
Application of Membrane Yeast Two-Hybrid (MYTH) to the Sho1p interactome. (a) Sho1p 

MYTH baits used in this study. The location of MYTH tag fusions (at the N- or the C-

terminus of the protein) is indicated. (b) Sho1p baits are functional in the HOG pathway. 

Wildtype cells (WT) and deletion strains (as indicated) in the presence or absence of 

MYTH-tagged Sho1p bait were 10-fold serially diluted (from a starting OD0.05), spotted 

onto solid media, grown for 2 days at 30 °C, and imaged. All images are from the same 

plate. (c) Proteins identified as interacting protein partners of N-tagged (TF-Cub-Sho1p) and 

C-tagged (Sho1p-Cub-TF) Sho1p by the MYTH method. Proteins are grouped by colour 
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according to function, and those found in previously reported physical or genetic interaction 

screens are indicated by a broken circle.
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Fig. 2. 
Sho1p physically interacts with Fps1p. (a) Confirmation of the Sho1p–Fps1p interaction by 

co-immunoprecipitation (co-IP). An HA-tagged Sho1p plasmid was transformed into an 

untagged strain, a strain encoding genomically TAP-tagged Rgt2p (negative control), or 

genomically TAP-tagged Fps1p. Cells were lysed, the TAP-tagged protein 

immunoprecipitated with calmodulin beads (“IP” lanes), and electrophoresed on a SDS-

PAGE gel along with whole cell extract (“WCE” lanes) to determine protein expression. 

Proteins were transferred onto nitrocellulose membrane and the interacting HA-tagged 
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protein was visualized with an anti-HA antibody. Molecular weight marker is shown at the 

left. (b) Confirmation of the Sho1p–Fps1p interaction by Bimolecular Fluorescence 

Complementation (BiFC). Fps1p, and Sho1p, as well as the unrelated protein Bpt1p, was 

tagged genomically with the N-terminal fragment of YFP (VN) or the C-terminal fragment 

of YFP (VC) as indicated. Cells expressing tagged Fps1p alongside either Bpt1p or Sho1p 

were imaged to detect YFP fluorescence, indicative of a physical interaction. A 5-µm-size 

bar has been added as a size reference. (c) The Sho1p–Fps1p interaction is increased under 

hyperosmotic conditions. MYTH reporter strains containing the Sho1p bait, along with 

Fps1p, Ste50p, or Ste11p preys were assessed for β-galactosidase activity by monitoring for 

the hydrolyzation of ONPG after growth in media with the indicated KCl concentrations. 

Miller units were calculated and plotted, and error bars are shown. Asterisk (*) denotes a 

statistically significant difference compared to 0M KCl. (d) The full-length Fps1p requires 

the SH3 domain of Sho1p for interaction. A plasmid expressing the full-length Fps1 prey, 

tagged at its N-terminus with NubG or NubI, or other N-tagged prey control constructs were 

transformed into a yeast reporter strain lacking the endogenous SHO1 gene alongside 

plasmid expressing C-terminally MYTH-tagged, full-length Sho1p (Sho1-WT-Cub-TF) or 

Sho1p lacking its SH3 domain (Sho1ΔSH3-Cub-TF). Cells were spotted in triplicate onto 

solid media that selected for the plasmids only (−WU) or selected for an interaction between 

the bait and prey proteins (−WUAH) and were incubated for 4 days before imaging.
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Fig. 3. 
The N- and C-terminus of Fps1p are important for Sho1p interaction. (a) Schematic diagram 

of NubG and NubI MYTH prey constructs expressing full-length Fps1p (Fps1-FL), the 

Fps1p C-terminus (Fps1-C), the Fps1p N-terminus (Fps1-N), and the Fps1p transmembrane 

domain (amino acids 256–530; Fps1-TM). (b) Constructs from (a) were transformed into 

NMY51 reporter cells along with full-length Sho1p bait or Nft1p bait as an unrelated control 

and were spotted in triplicate onto solid media that selected for the plasmids only (−WU or 

−WL) or selected for an interaction between the bait and prey proteins (−WUAH or 

−WLAH). Note that, for a given media, all cells were spotted onto the same plate. Plates 

were incubated at 30 °C for 4 days and then imaged.
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Fig. 4. 
Specific residues in Sho1p SH3 are involved in binding to Fps1-N. Plasmids expressing the 

CD4 tether only, CD4-Sho1-SH3 (wildtype or various point mutants as indicated), or an 

unrelated SH3 domain (CRKII-SH3N) were co-transformed into reporter cells along with 

prey plasmids expressing a NubG- or NubI-tagged N-terminal fragment of Fps1p (Fps1-N) 

or full-length Ost1p or Pbs2p. Cells were (a) spotted in triplicate onto solid media that 

selected for the plasmids only (−WL) or selected for an interaction between the bait and prey 

proteins (−WLAH + 5 mM 3-AT). Note that, for a given media, all cells were spotted onto 
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the same plate. Plates were incubated at 30 °C for 5 days and then imaged. The same strains 

containing (b) Fps1-N prey or (c) Pbs2p prey were assessed for β-galactosidase activity by 

monitoring for the hydrolyzation of ONPG. Miller units were calculated and the fold change 

over wildtype is plotted and error bars are shown. Asterisk (*) denotes a statistically 

significant difference compared to wildtype. (d) Whole cell lysates of log phase cells from 

(b) were electrophoresed and transferred onto nitrocellulose membrane, and the expression 

of bait proteins or an unrelated protein (hexokinase as a loading control) was determined 

using anti-VP16 (for MYTH-tagged baits) or anti-hexokinase antibodies.
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Fig. 5. 
Fps1p positively regulates Sho1p. (a and b) Wildtype cells (WT) and deletion strains (as 

indicated) were 10-fold serially diluted (from a starting OD600 of 0.5) and were spotted onto 

solid rich media (YPD) with or without 2 mM arsenite or 0.5 M KCl. Plates were grown at 

30 °C for 4 days and then imaged. (c) Cells with the indicated gene deletions were diluted 

and spotted onto solid rich media with or without 0.5 M KCl as described in (a). Plates were 

grown at 30 °C for 3 days and then imaged. (d) A blank plasmid or a plasmid expressing 

Fps1p was transformed into strains from (c). Cells were diluted and spotted as in (a) onto 

plasmid selective plates (−Leu) with or without 0.5 M KCl, grown at 30 °C for 2 days, and 

then imaged. Note that images in each panel were taken from the same agar plate.
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Fig. 6. 
Hog1p phosphorylation is affected by FPS1. Cells, wildtype (WT) or with the indicated gene 

deletions, were grown and 0.5 M KCl was added for the indicated times in minutes. Growth 

was stopped by centrifugation and freezing of the cell pellets. Cells were then lysed, and 

proteins were electrophoresed onto an SDS-PAGE gel and transferred onto a nitrocellulose 

membrane. Phosphorylated Hog1p (p-Hog1p) and total Hog1p were visualized with 

appropriate antibodies. The exposure time in (b) is higher than that of (a). Asterisk (*) 

denotes a faint background band present in some anti-p-Hog1p blots.
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Fig. 7. 
Fps1p positively regulates the Sho1p branch of the HOG pathway. Hyperosmotic stress 

triggers the activation of the Sho1p and Sln1p branches of the HOG pathway. (a) The 

presence of Fps1p positively regulates the Sho1p branch, possibly by binding to the SH3 

domain of Sho1p, resulting in the phosphorylation of downstream Hog1p and 

osmoadaptation of the cell. (b) Fps1p may also positively regulate the Sln1p branch by an 
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unidentified mechanism. (c) It is also possible that there exists a yet uncharacterized Sho1p- 

and Sln1p-independent pathway of Hog1p regulation by Fps1p.
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