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Abstract

Intrinsically disordered regions (IDRs) in proteins are often targets of combinatorial 

posttranslational modifications, which serve to regulate protein structure and function. Emerging 

evidence suggests that the N-terminal tails of G protein γ subunits, which are essential 

components of heterotrimeric G proteins, are intrinsically disordered, phosphorylation-dependent 

determinants of G protein signaling. Here, we found that the yeast Gγ subunit Ste18 underwent 

combinatorial, multisite phosphorylation events within its N-terminal IDR. G protein–coupled 

receptor (GPCR) activation and osmotic stress induced phosphorylation at Ser7, whereas glucose 

and acid stress induced phosphorylation at Ser3, which was a quantitative indicator of intracellular 

pH. Each site was phosphorylated by a distinct set of kinases, and phosphorylation of one site 

affected phosphorylation of the other, as determined through exposure to serial stimuli and through 

phosphosite mutagenesis. Lastly, we showed that phosphorylation resulted in changes in IDR 

structure and that different combinations of phosphorylation events modulated the activation 

rate and amplitude of the downstream mitogen-activated protein kinase Fus3. These data place 

Gγ subunits among intrinsically disordered proteins that undergo combinatorial posttranslational 

modifications that govern signaling pathway output.

Introduction

Combinatorial posttranslational modification (PTM) of intrinsically disordered protein 

termini has emerged as a prominent regulatory feature in protein biology. Indeed, there 

are several well-characterized examples in which the core regulatory element is defined 

by three criteria: the N- or C-terminal location of an intrinsically disordered region (IDR); 

the dynamic and combinatorial modification of amino acid sidechains within the IDR; 
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and the propensity for such changes to alter protein-protein interactions and functional 

output. Prominent examples include the N-terminal tails of histone proteins, which undergo 

complex combinatorial PTMs that affect eukaryotic gene transcription (1); the C-terminal 

domain of RNA polymerase II, which undergoes dynamic, site-specific phosphorylation that 

modulates transcription initiation and elongation (2); the C-terminal tails of tubulin, which 

undergo combinatorial modifications that coordinate microtubule–end protein interactions 

(3); the C-terminal tails of G protein–coupled receptors (GPCRs), which undergo barcode­

like phosphorylation that coordinates protein-protein interactions that determine pathway 

selectivity in G protein signaling (4–6); and other well-known examples that are also 

conserved across eukaryotes from yeast to humans (7, 8). In this work, we tested the 

hypothesis that heterotrimeric G protein γ subunits (Gγ), small, yet essential, GPCR signal–

transducing proteins with N-terminal IDR phosphorylation hotspots, undergo regulatory 

combinatorial phosphorylation similar to that of classically defined PTM-regulated terminal 

IDRs.

Heterotrimeric guanine nucleotide–binding proteins (G proteins), an evolutionarily 

conserved group of protein families consisting of Gα, Gβ, and Gγ subunits, function as 

transducers of extracellular signals, such as light, hormones, and neurotransmitters, which 

activate seven-transmembrane domain GPCRs embedded within the plasma membrane of 

eukaryotic cells (9). Activation of the GPCR on its extracellular surface stimulates a 

conformational change in the Gα subunit that promotes guanine nucleotide exchange and 

facilitates its dissociation from Gβγ, an obligate heterodimer of Gβ and Gγ subunits. 

Once dissociated, both Gα and Gβγ are free to interact with and modulate the activities 

of downstream protein effectors that control the production of second messenger signals, 

the activation of kinases, and the coordination of macromolecular events that constitute the 

cellular response to the stimulus. Signaling continues until Gα hydrolyzes GTP to generate 

GDP and re-enters a conformation that sequesters Gβγ, a process that is accelerated by the 

interaction of Gα subunits with regulators of G protein (RGS) proteins (10).

As the smaller members of the obligate Gβγ heterodimer, Gγ subunits are often thought 

to have limited functionality as membrane anchors for Gβ subunits, a function mediated 

through lipidation of C-terminal cysteine residues and through coiled-coil interactions with 

the N-terminal residues of Gβ subunits (11–13). However, evidence suggests that the N­

terminal regions of Gβ and Gγ, which are proximal to each other in the Gβγ dimer, play 

an important role in Gβγ-dependent effector signaling. In the budding yeast Saccharomyces 
cerevisiae (yeast), the effector-binding sites on Gβγ are located in N-terminal residues 

in GβSte4 (14, 15), which overlap with the same region in human Gβ1γ2 that inhibits 

phospholipase C β2 activity in mammals (16). Mutation near this region modulates 

mammalian Gβγ-dependent activity of adenylyl cyclase 5 (AC5) and AC6 in vitro (17).

The extreme N-termini of Gγ subunits are intrinsically disordered phosphorylation hotspots 

that govern Gβγ-effector interactions and activity (18, 19). Meta-proteomic informatics 

analysis showed that Gγ subunits harbor two-fold greater modification density (average 

number of PTMs per total protein length in residue number) than Gα or Gβ subunits, 

RGS proteins, or GPCRs (19, 20). Moreover, all Gγ subunits throughout Eukarya harbor 

an N-terminal IDR. Within this IDR, which averages between 7 and 13 residues in length, 
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most Gγ proteins harbor at least two phospho-acceptor residues and approximately 60% 

of all experimentally observed Gγ phosphorylation events; 12 times more than what is 

observed outside the N-terminal IDR (19). Previous work in mammals first demonstrated 

that protein kinase C (PKC)–dependent phosphorylation within this hotspot in Gγ12 inhibits 

AC2 stimulation by Gβ1γ12 in vitro (21) and is required for normal fibroblast motility in 

vivo (22).

N-terminal Gγ phosphorylation is also required for G protein signaling in yeast. The 

budding yeast Gγ subunit Ste18 undergoes mitogen-activated protein kinase (MAPK)­

dependent feedback phosphorylation within its N-terminal IDR in response to pheromone­

dependent activation of the pheromone GPCR, Ste2 (18). The Ste18 N-terminal IDR harbors 

three phospho-acceptor residues (Thr2, Ser3, and Ser7), and nullification of all three sites 

by mutation to alanine (S/T-A), in combination with hyperactivating mutations in the Gβγ 
effector and MAPK scaffold, Ste5, results in rapid and prolonged bulk-accumulation of 

the scaffold at the plasma membrane and subsequent ultra-fast and enhanced activation of 

the terminal MAPK, Fus3. In contrast, phosphomimic mutation of the same residues to 

glutamate (S/T-E) results in normal plasma membrane recruitment of Ste5 and subsequent 

MAPK activation. These data suggested to us that, like other PTM-regulatory terminal IDRs, 

phosphorylation within the N-termini of Gγ subunits might serve to govern their protein 

interactions and functional output.

Here, we investigated the hypothesis that Gγ subunit N-termini undergo combinatorial 

regulatory phosphorylation. Using the canonical yeast Gγ subunit Ste18 as a model, we 

measured the sensitivity of N-terminal phospho-acceptor sites Thr2 (T2), Ser3 (S3), and 

Ser7 (S7) to various stimuli, including GPCR activation by yeast mating pheromone, 

osmotic stress, glucose stress, and acid stress. Of these three sites, we found that S7 was 

phosphorylated in response to pheromone-induced GPCR activation and osmotic stress, 

whereas S3 was phosphorylated in a quantitative manner that was indicative of intracellular 

pH. We found that phosphorylation at S3 and S7 was interdependent in vivo and that 

different phosphorylation states had differences in IDR structure and distinct functional 

effects on GPCR-dependent MAPK activation. Together, these data place G protein γ 
subunits in the group of proteins governed by combinatorial PTM-regulated IDRs.

Results

The N-terminal IDR of Ste18 undergoes stimulus- and site-specific phosphorylation

The N-terminal IDR of Ste18, Ste18Nt, undergoes regulatory phosphorylation in response to 

pheromone-dependent GPCR activation (18), but was originally discovered by largescale 

phosphoproteomics analysis of yeast undergoing osmotic stress (23). Considering its 

regulatory role in the pheromone response pathway, we hypothesized that the tail was 

a hotspot for phosphorylation-dependent pathway crosstalk. To test this hypothesis, we 

utilized a phosphorylation-dependent electrophoretic mobility shift assay optimized for 

Ste18 to measure phosphorylation in response to common cellular stressors known to 

crosstalk with the pheromone pathway: osmotic stress, nutrient or glucose stress, and pH 

stress (24). Previously, pheromone-dependent phosphorylation was shown to correspond 

to the upper (slower-migrating form) of two Ste18-specific bands on immunoblots that 
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was sensitive to phosphatase (18). We first confirmed this result, showing that Ste18 

phosphorylation occurred rapidly in the presence of the α-factor (α-F) mating pheromone 

and persisted throughout the exposure period of 90 min (Fig. 1A). Next, we exposed cells 

to osmotic shock with 0.75M potassium chloride, which temporarily activates the osmotic 

stress pathway within 15 min (25). Ste18 phosphorylation was again evident although 

different from the pheromone response, occurring to a lesser extent and for a much shorter 

time, ranging from 15 to 45 min and then decreasing (Fig. 1B). The response was also found 

to be independent of HOG pathway kinases (fig. S1). In both pheromone and osmotic stress 

conditions, we also noticed a variable degree of basal phosphorylation in untreated cells 

(t=0), suggesting that there was a low level of constitutive phosphorylation that occurred in 

the absence of stimulus or stress (Fig. 1, A and B).

Unlike with pheromone stimulation or osmotic stress, we observed a distinct banding pattern 

that we had not seen previously in cells rapidly shifted from normal 2% glucose to low­

glucose medium (0.00625%), whereby a distinct band (middle band) between the bands 

corresponding to the phosphorylated and nonphosphorylated proteins appeared shortly after 

the onset of the stress (0.5 min) (Fig. 1C). This pattern was only observed under low-glucose 

shock, and did not occur when cells were transferred to media completely lacking glucose, 

consistent with a previous report that low glucose, but not the absence of glucose, stimulates 

the phosphorylation of some G proteins (26). Similar to osmotic stress, we found that 

glucose stress response pathway kinases were not required for this phosphorylation (fig. S2).

Considering that glucose deprivation results in acidification of the intracellular environment 

and it is this factor that drives the phosphorylation of G protein α subunits in yeast (27), we 

tested whether the three-band pattern in Ste18 immunoblots could be induced by exposure 

of cells to acetic acid and whether this pattern was the result of phosphorylation. Indeed, 

we found that treatment of cells with 45 mM acetic acid resulted in the same mobility 

shifted bands as those observed under glucose stress (Fig. 1D), and that both the upper and 

middle bands corresponded to phosphorylated forms of the protein that were sensitive to 

phosphatase treatment (Fig. 1E). Together, these data suggest that Ste18 phosphorylation 

is activated in response to a wide range of stimuli, including both GPCR-dependent and 

independent signals, and, moreover, that phosphorylation occurs at more than one site.

Phosphorylation of Ste18Nt occurs on two distinct phosphosites: S3 and S7

Based on previous mass spectrometry data (23), we hypothesized that phosphorylation 

would occur on two sites within Ste18Nt, which contains three potential phospho-acceptor 

residues: T2, S3, and S7 (Fig. 2A). To test this hypothesis, we substituted each acceptor 

residue in turn with either alanine (phospho-null) or glutamic acid (phospho-mimic) through 

point mutations introduced into the yeast genomic locus. The resulting mutant yeast strains 

were exposed to either acetic acid or α-factor mating pheromone and endogenous amounts 

of Ste18 proteins were evaluated by electrophoretic mobility analysis. Substituting T2 with 

either alanine (T2A) or glutamic acid (T2E) had no effect on the electrophoretic mobility of 

Ste18 in either condition, suggesting that it was not a site of phosphorylation under these 

conditions (Fig. 2, B and C). Under acid stress, in which both the middle and upper bands 

can be simultaneously detected, alanine substitution of S3 (S3A) resulted in a complete loss 
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of the middle band, whereas alanine substitution of S7 (S7A) resulted in a complete loss 

of the upper band (Fig. 2B). Furthermore, nullifying phosphorylation at both S3 and S7 

eliminated all phosphorylation-dependent mobility shifts (fig. S3). These results confirmed 

the identity of the middle band as corresponding to phospho-Ser3 (pS3) and the upper 

band as corresponding to phospho-Ser7 (pS7). These assignments were further confirmed 

by glutamate substitution of either site (S3E or S7E), which slowed the mobility of the 

nonphosphorylated lower band (np) in a manner reflective of the relative differences in 

electrophoretic mobility of pS3 and pS7 bands, respectively (Fig. 2B). Consistent with 

these assignments, we found that detection of the upper band (corresponding to pS7) 

in response to pheromone stimulation was completely lost for cells expressing Ste18S7A 

and was mimicked by the S7E mutation (Fig. 2C). Together, these data show that the 

electrophoretic mobility of Ste18 reflects the phosphorylation state of two distinct residues 

in Ste18Nt: S3, a pH- and glucose-sensitive phosphosite; and S7, a pheromone- and osmotic 

stress–sensitive phosphosite.

Ste18pS3 and Ste18pS7 are inversely regulated in response to intracellular acidification

The characteristics of the acid stress–dependent phosphorylation of Ste18S3 are unknown. 

We hypothesized that changes in the phosphorylation of Ste18Nt in response to acid stress 

were the direct result of changes in intracellular pH (pHi), which should manifest as a 

kinetic and concentration-dependent correlation between pS3 and extracellular acid stress. 

To test this hypothesis, we monitored changes in the phosphorylation of Ste18Nt relative 

to changes in pHi across time and concentration of extracellular acetic acid (Fig. 3). 

Intracellular pH was monitored through the plasmid-borne expression of pHluorin, a pH­

sensitive green fluorescent protein for which the ratio of fluorescence emission in response 

to excitation at 395 and 480 nm provides a direct readout of the pH environment inside 

the cytoplasm of the cells (28, 29). Under nonbuffered conditions, in which acetic acid 

was added directly to cell culture medium without the addition of a buffer, we observed an 

instantaneous drop in pHi from pH 7.2 to pH 4.5, which did not recover over the remainder 

of the 90-min experiment (Fig. 3A). Concomitantly, Ste18pS3 abundance increased from 0 to 

~20% of the total protein amount with ~15 min (t1/2 < 5 min) and remained stable for the 

remainder of the experiment (Fig. 3, C and E). We also observed that Ste18pS7 abundance 

decreased with nearly identical kinetics over the same time (identical t1/2), decreasing 

from ~30% to ~5% of the total Ste18 abundance. Beyond 1 hour, no further changes in 

phosphorylation were observed, consistent with the highly stable pHi observed in these cells.

The addition of a buffer to yeast cell culture medium supports the inherent ability of yeast 

cells to restore pHi after encountering extracellular acid stress, mediated by the proton 

pump Pma1 (27). Exploiting this feature of yeast, we next asked whether under buffered 

conditions, the phosphorylation status of Ste18 would be restored after the cells adapted 

to pH stress, which would indicate that the phosphorylation state was regulated by pHi, 

rather than acetic acid specifically. Consistent with previous observations (27), the addition 

of acetic acid to give a final concentration of 45 mM in the presence of a buffer had much 

less of an effect on pHi, resulting in an instantaneous drop from pH ~7.2 to 6.0, which 

was followed by an hour-long adaptation period during which pHi was restored back to 

the level observed in control cells (Fig. 3B). Concomitant with the kinetics and amplitude 
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of the changes in pHi, phosphorylation of S3 was diminished when compared to that in 

the unbuffered experiment, with Ste18pS3 abundance increasing from 0 to only 7% of total 

protein within 5 min and then decreasing back to an undetectable amount within 60 min 

(Fig. 3, D and E). As we had observed in the unbuffered experiments, the response of pS7 

mirrored that of pS3, with Ste18pS7 decreasing from 40 to 20% of total Ste18 abundance by 

30 min and then recovering to its original abundance by 90 min. These results demonstrate 

that Ste18Nt undergoes dynamic, multisite phosphorylation events that are coordinated in 

response to fluctuations in pHi.

Considering that Ste18Nt phosphorylation was coordinated with fluctuations in pHi observed 

under buffered stress conditions, we asked whether it might serve as a quantitative indicator 

of the intracellular effects of acid stress. To test this hypothesis, we directly compared 

the fluorometric response of pHluorin with S3 phosphorylation across a range of acetic 

acid concentrations added to yeast cell cultures without buffer. Indeed, we found that 

Ste18pS3 abundance exhibited a sigmoidal dose response to increasing concentrations of 

acetic acid (Hill slope = 5.924), indicating that Ste18Nt was cooperatively sensitive to 

pHi (Fig. 4). The pHluorin fluorescence response confirmed the decrease in pHi with 

increasing acetic acid concentration but became saturated at 40 mM, above which only 

the phosphorylation percentage of pS3 was indicative of changing pHi. We conclude that 

Ste18pS3 is a quantitative indicator of pHi.

Acid stress–dependent phosphorylation of Ste18S3 is affected by multiple kinases

To identify the kinases necessary for acid stress–dependent S3 phosphorylation, we screened 

151 different yeast kinase gene deletion strains that included 108 nonessential genes 

(deletion strains) and 17 essential genes (under the control of a Tet-off promoter), as well as 

26 multigene mutants generated specifically to eliminate kinase redundancy when possible 

(see Materials and Methods). Unexpectedly, S3 phosphorylation was never completely 

abolished in any strain, but exhibited a wide range of responses across the gene deletion 

strains in comparison to the response of the wild-type (WT) strain (Fig. 5A, fig. S4, 

table S1). From this screen, two strains were clear outliers: vps15Δ and pkc1Δ, in which 

Ste18pS3 was reduced by ~50% compared to that in WT cells as determined through several 

biological replicates for each case (vps15Δ, n = 10; pkc1Δ, n = 10) (Fig. 5, B and C). In 

comparison, Ste18pS7 was unaltered in either strain.

Adaptation of yeast to acid stress proceeds through the cell wall integrity (CWI) pathway, 

which is controlled by the kinase Pkc1 (30). In response to mechanical stress, Pkc1 

phosphorylates Ste5 within the RING domain, which mediates the interaction of this 

scaffold protein with Ste4 and Ste18 (31). Although Ste18S3 is not contained within a 

Pkc1 consensus sequence (32), we hypothesized that other downstream kinases in the 

CWI might potentially phosphorylate Ste18 in response to acid stress. We tested this 

by measuring acid stress–dependent S3 phosphorylation in CWI kinase gene deletion 

strains. However, we found that pS3 was unaffected in cells lacking genes for kinases 

downstream of Pkc1, including BCK1, MKK1/MKK2, and SLT2 (Fig. 5, D to F). Loss 

of Slt2 phosphorylation in the pkc1Δ and CWI kinase deletion strains further confirmed 

inactivation of the CWI pathway, suggesting that maximal S3 phosphorylation requires 
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Pkc1, but not the downstream kinases of the CWI pathway (Fig. 5E). Together, these results 

imply that maximal acid stress–dependent phosphorylation of S3 is partially dependent on 

the CWI-pathway kinase, Pkc1, as well as other non-CWI kinase(s), including Vps15.

Ste18pS3 and Ste18pS7 are interactive

Intraprotein PTM interactions, in which the modification of one site in a protein affects the 

modification of another (often nearby) modification site in the same protein, are common 

in well-characterized regulatory IDRs (8, 33–36). We assessed the potential for a pS3-pS7 

interaction by monitoring the behavior of both sites in response to isolated versus sequential 

stimulation by pheromone (pS7-activating) or acetic acid (pS3-activating). As shown earlier, 

we observed a rapid increase in Ste18pS7 abundance upon pheromone stimulation that 

was sustained up to 60 min (Fig. 6A and fig. S5). However, if the cells were pre-treated 

with the counter-stimulus (acetic acid in the case of pS7) for 15 min, the increase in 

Ste18pS7 abundance was completely inhibited. Moreover, Ste18pS7 abundance underwent a 

rapid and substantial decline upon post-treatment with the counter-stimulus. In comparison, 

acid-induced Ste18pS3 abundance was slightly diminished by pre-treatment with the counter­

stimulus (pheromone in the case of pS3), but unlike that of Ste18pS7, was only mildly 

affected by post-treatment with the counter-stimulus (Fig. 6B and fig. S5).

Whereas the results of the co-stimulation experiments suggested an interaction between pS3 

and pS7, the treatment of cells with two stimuli affects many proteins, making it difficult 

to evaluate the interaction between pS3 and pS7 directly. Therefore, to investigate whether 

pS3 and pS7 were directly interactive, we quantified phosphorylation at each site in the 

presence and absence of phospho-nullifying or -mimicking mutations at the neighboring 

site. We found that the S3A mutation had no effect on the phosphorylation of S7 in response 

to either pheromone stimulation or acid stress (Fig. 6, C and D, and fig. S6). In contrast, the 

S3E mutation significantly dampened both pheromone-dependent and acid stress–dependent 

phosphorylation at S7 by >50% compared to that in WT cells (Fig. 6, E and F, and fig. 

S6). This effect on S7 phosphorylation was uniform across all time points within each 

condition, suggesting that the efficiency, but not the dynamics of S7 phosphorylation, were 

sensitive to phosphorylation at S3. Together with the data from co-stimulation experiments, 

these results suggest that acid-dependent phosphorylation at S3 is likely to negatively affect 

pheromone-dependent phosphorylation at S7.

Reciprocal testing of the effects of S7 mutations on S3 phosphorylation further revealed 

that pS3 and pS7 were differentially sensitive to mutation at the neighboring phosphosite. 

S3 phosphorylation was not observed in pheromone-treated S7A or S7E mutant cells (Fig. 

6, G and I and fig. S6), but did show a three-fold increase from ~6 to ~18% in response 

to acid stress in S7A cells (Fig. 6H, and fig. S6), suggesting the phosphorylation of S7 

would negatively impact phosphorylation at S3. This was confirmed in S7E cells, in which 

acid-dependent phosphorylation of S3 was diminished by ~two-fold relative to that in S7A 

cells (compare Fig. 6, H and J, red traces), despite being slightly higher than the extent of 

phosphorylation observed in WT cells (Fig. 6J, red vs. gray). Together, these data provide 

evidence of a negative interaction between pS3 and pS7 in Ste18, whereby phosphorylation 

on one site dampens phosphorylation on the other site.
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Phosphorylation alters the structure of Ste18Nt in vitro

Evidence indicates that multisite phosphorylation in an IDR can in some cases produce 

intrinsic disorder-to-order transitions (37–39). To assess this possibility for Gγ subunit 

N-terminal IDRs, we analyzed the effects of site-specific phosphorylation on the structure 

of the Ste18 N-terminus (residues 1 to 13) by molecular dynamics (MD) simulations 

coupled with circular dichroism (CD) spectroscopy. MD analysis of each 13-mer peptide 

isoform suggested a tendency for the IDR to adopt an α-helical structure in the vicinity 

of the phosphosite, occurring near the extreme N-terminus when S3 was phosphorylated 

and further C-terminal when S7 was phosphorylated (Fig. 7, A and B, and fig. 

S7). The secondary structure propensities of the fully phosphorylated (pS3pS7) and 

nonphosphorylated (NP) peptides were considerably lower in comparison (Fig. 7, C and D, 

and fig. S7). Whereas it was at first surprising that the fully phosphorylated form mimicked 

the nonphosphorylated form, a time-resolved snapshot for this peptide provided evidence 

that metal ions may bridge the two phosphate groups and prevent helical structure formation 

within the tail (Fig. 7C, inset).

The general trends observed by MD simulation were corroborated by differential CD 

spectropolarimetry of synthetic phosphopeptides. First, a random coil was the dominant 

feature of each peptide regardless of phosphorylation state and consistent with the 

prominence of this characteristic across all MD simulations (Fig. 7E, and fig. S7). Second, 

the pS3 and pS7 peptides produced the largest spectral differences with the greatest overlap, 

displaying more secondary structural character relative to the nonphosphorylated form 

(Fig. 7F, and fig. S7). Third, the doubly phosphorylated peptide (pS3pS7) produced the 

least prominent difference spectrum relative to the nonphosphorylated peptide (Fig. 7F) 

and consistent with the relative rarity of α or β secondary structural character in the 

MD simulation of these peptides (Fig. 7, C and D). We conclude that the N-terminal 

IDR of Ste18 is innately intrinsically disordered and that site-specific, but not combined, 

phosphorylation, promotes weak but detectable secondary structure within this region.

Combinatorial phosphorylation on Ste18Nt tunes MAPK activation in vivo

Combinatorial protein modification is defined in one sense by the occurrence of distinct 

spatial combinations of protein modification that yield distinct functional outcomes (8). 

Phosphorylation of Ste18Nt controls Fus3 activation rate and amplitude. Phospho-nullifying 

mutations enhance the activation rate and amplitude of Fus3, whereas phosphomimic 

mutations have the opposite effect (18). Moreover, these effects of the Gγ tail become 

further exaggerated in the presence of Ste5ND (18), which is a docking mutant of the Gβγ 
effector Ste5 that prevents its binding to, and regulation by, Fus3 (40). Therefore, we used 

Fus3 activation kinetics in cells expressing Ste5WT or Ste5ND to report on the functional 

effect of combinatorial phosphorylation in Ste18Nt. Because pheromone does not induce 

S3 phosphorylation, we combined glutamate substitutions at position 3 (S3E) to mimic the 

effects of acid-induced S3 phosphorylation with alanine substitutions at position 7 to nullify 

naturally occurring S7 phosphorylation inherent to the pheromone response, resulting in four 

distinct protein isoforms: Ser3/Ser7 (S3/S7) (WT), S3/A7, E3/S7, and E3/A7. This approach 

minimized the potential for over-engineering the protein so as to capture realistic effects 

of combinatorial phosphorylation (that is, serine rather than alanine is maintained as the 
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natural residue for position); and also circumvented the treatment of cells with acetic acid, 

which broadly affects many proteins in addition to Ste18 that could preclude any ability 

to decipher Ste18-specific effects on G protein signaling. Each Gγ isoform was expressed 

endogenously in either Ste5WT or Ste5ND cells, which were then stimulated with pheromone 

and monitored for Ste18 phosphorylation and MAPK activation (Fig. 8, A to F, and fig. S8). 

We found that pheromone-induced S7 phosphorylation was identical between Ste5WT and 

Ste5ND cells, confirming that disruption of the Fus3 regulatory site on Ste5 has no effect on 

Ste18 phosphorylation at S7, and consistent with previously reported data (18). Similarly, 

we found no difference in the S3E-dependent inhibition of S7 phosphorylation between the 

Ste5WT and Ste5ND strains (Fig. 8, A and B, and fig. S8).

Next, we compared the activation of the pheromone-responsive MAPKs in each strain. 

Activation of the yeast mating pathway stimulates phosphorylation of Fus3 and also 

Kss1, which can both be monitored simultaneously. Overall, Kss1 activation was relatively 

unaffected by Ste18 phosphosite mutants in either the Ste5WT or Ste5ND background, 

despite the large increase in its overall activation in Ste5ND cells (Fig. 8, C and D, and 

fig. S8), which was documented previously (41). In contrast, we found that Fus3 activation 

kinetics were dependent on the phosphorylation state of Ste18. In Ste5WT cells, Fus3 

activation was sensitive to the S7A mutation, resulting in faster peak activation that occurred 

at 15 min rather than at the typical 30-min peak in Ste5WT cells (Fig. 8E, and fig. S8). 

In Ste5ND cells, Fus3 activation was more pronounced and revealed functional distinctions 

between the different Ste18 phosphosite mutants. Ste5ND cells expressing WT Ste18 (S3/S7) 

produced a characteristic peak of Fus3 activation at 30 min, but with ~2.5-fold greater total 

signal than occurred for Ste5WT cells (Fig. 8F). S7A (that is, S3/A7), which prevented all 

phosphorylation in response to pheromone, did not change Fus3 activation intensity but 

shortened peak activation time two-fold to 15 min. In contrast, E3/S7, which models a form 

of Ste18 that is maximally phosphorylated at both S3 and S7, repressed Fus3 activation 

without altering the rate of peak activation in the Ste5ND background. Lastly, we analyzed 

E3/A7, which models a form of Ste18 that is only phosphorylated at position 3 but not at 

position 7 (Fig. 8F). Cells expressing this form of Ste18 exhibited WT (S3/S7) behavior 

when combined with Ste5ND. Together, these data suggest that phosphorylation in the 

N-terminal IDR of a G γ subunit, and in Ste18 specifically, can have distinct structural and 

functional effects that govern G protein signaling outcomes.

Discussion

We have presented here evidence that the intrinsically disordered N-terminal tails of G γ 
subunits can undergo stimulus-dependent, combinatorial, multisite phosphorylation events 

that alter their inherent structure and function. We characterized in detail the site-specific N­

terminal phosphorylation of Ste18, the single canonical Gγ subunit required for pheromone­

dependent G protein signaling in yeast. Our results showed that Ste18Nt was differentially 

phosphorylated at two distinct serine residues, S3 and S7, in response to a range of stimuli, 

including pheromone-dependent GPCR activation, osmotic stress, glucose stress, and pH 

stress. Phosphorylation of S3 in particular was sensitive to pH stress and promoted a state 

in which both sites were phosphorylated simultaneously. We exploited this fact to test the 

hypothesis that Gγ subunits are among the short list of proteins, such as histones and 
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GPCRs, that undergo functional combinatorial modification within their terminal IDRs. 

Through a combination of in vivo and in vitro approaches, we provided several pieces of 

evidence in support of this hypothesis. We showed: (i) that phosphorylation between S3 and 

S7 is likely interactive such that phosphomimicry at one site inhibits phosphorylation on the 

other site; (ii) that phosphorylation induced detectable structural changes in the N-terminal 

IDR in vitro; (iii) that the structural effects of single- versus double-site phosphorylation 

were distinct; and (iv), that different patterns of phospho-mimicry or phosphorylation on S3 

and S7 result in distinct MAPK activation profiles in vivo. Together, these data support the 

hypothesis that Gγ N-terminal IDRs are multi-conditional targets of cell stress–mediated 

combinatorial phosphorylation that govern G protein signaling.

Phosphorylation, not structural change, likely dominates the regulatory effects of Ste18Nt

The functional effect of any PTM can be mediated through two possibilities. A modification 

may elicit a change in structure, and this structural change alters protein function (through 

altered tertiary or quaternary protein structure). Alternatively, a modification may itself 

disrupt or promote function by generating a new surface with which proteins may interact 

or by disrupting an existing surface that is necessary for interaction. IDRs are inherently 

disordered, and, as such, their modification is often suspected to mediate functional effects 

through the second of these two options. However, emerging evidence suggests that PTMs 

on IDRs can elicit disorder-to-order transitions, such as the formation of phosphorylation­

stabilized β-sheets (39). Here, we investigated the structural effects of phosphorylation on 

an N-terminal IDR within a canonical Gγ subunit. Our results suggest that, despite some 

minor changes in observable secondary structure, the intrinsic disorder of these regions 

largely persists regardless of phosphorylation state (Fig. 7). Consequently, we did not find 

a strong correspondence between the structural and functional effects of phosphorylation in 

the Ste18Nt (compare Fig. 7 and Fig. 8). Therefore, our data suggest that phosphorylation, 

more so than the structural changes induced by phosphorylation, mediate the regulatory 

properties of Gγ N-terminal tails.

Multiple phosphosites in Ste18Nt relay crosstalk from a range of cellular stress pathways

Previous work showed that pheromone- and MAPK-dependent feedback phosphorylation 

of Ste18Nt inhibits Ste5-dependent plasma membrane association and phospho-activation 

of Fus3 phosphorylation (18). Our work extends these findings to show that Ste18Nt 

phosphorylation occurs at multiple sites and in response to various cellular stress stimuli, 

including osmotic, glucose, and pH-dependent stresses. This discovery is consistent with 

the role of Ste18Nt phosphorylation as a negative regulator of MAPK signaling and 

suggests that in yeast, phosphorylation of the Gγ subunit is one of many ways in which 

negative feedback can be relayed to the mating response. Indeed, we confirmed that under 

hyperactivating conditions facilitated by mutations in the Gβγ effector Ste5, activation of 

the primary mating-specific MAPK Fus3 occurred unhindered in the absence of Ste18Nt 

phosphorylation, was partially repressed in response to single-site phosphorylation alone, 

and was maximally repressed in response to dual-site phosphorylation (Fig. 8F). Because 

S3 and S7 phosphorylation events were distinct in their conditional dependence (whereas 

S3 phosphorylation was responsive to low glucose or acid stress, S7 phosphorylation was 

responsive to pheromone stimulation or osmotic stress), it suggests that they function like 
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cellular stress indicators that relay crosstalk from different stress pathways and broaden 

the capacity of Gβγ-dependent signaling to be modulated in response. Furthermore, 

phosphorylation was dynamic and responsive, whereby it was maintained only for the 

duration of the stress or until the cell hed equilibrated to the stress, which can be seen in 

the short pulse of S7 phosphorylation observed under osmotic stress (Fig. 1B), the extended 

response to acid stress (Fig. 3C), the temporary response to acid in buffered culture medium 

(Fig. 3D), and the rapid decline in S7 phosphorylation in pheromone-stimulated cells that 

were suddenly exposed to acid stress (Fig. 6A).

Although our data provide evidence that such crosstalk can determine G protein signaling 

through Gβγ subunits, new questions also arise from this work. For example, the 

stoichiometry of Ste18 phosphorylation in response to cellular stress (5 to 20%) is rather 

low compared to the extent of phosphorylation observed in response to pheromone (~80%), 

which could suggest that Ste18Nt may not be a primary or ideal target for kinases activated 

under the stresses tested here, that there are strict cellular localization constraints for 

crosstalk to occur efficiently under each stress, or that we have gleaned the potential for 

stress crosstalk through Ste18Nt but have not yet identified the linchpin stressor or stress 

condition that would promote high stoichiometry phosphorylation and regulation. Indeed, 

our first glimpse into Ste18 phosphorylation came from studies of osmotic stress, only to 

find later that pheromone-dependent phosphorylation was more predominant (18). Further 

work will be necessary to determine the answers to these questions and to evaluate the 

physiological relevance of these molecular discoveries in a cellular context, wherein Gγ 
regulation is but one of thousands of proteome-wide targets of extracellular stress.

Multiple conditions, multiple sites, multiple kinases

The kinases that phosphorylate S3 and S7 in Ste18Nt are different, due not only to the 

distinctness of each site in the protein, but also to the conditions under which they become 

phosphorylated. Previous evidence suggests that Fus3 is responsible for phosphorylation 

of S7 in response to pheromone-dependent GPCR activation (18). However, the fact that 

Fus3 is not activated by osmotic stress indicates that other S7 kinases must also exist. The 

high osmolarity glycerol (HOG) pathway is essential for yeast adaptation to hyperosmotic 

stress (42). We evaluated S7 phosphorylation in HOG pathway kinase gene deletion strains. 

Unexpectedly, osmotic stress–induced S7 phosphorylation was not driven by the main 

MAPK of the HOG pathway, Hog1, or any other upstream kinases in the pathway (fig. 

S1). Furthermore, the observation of basal phosphorylation suggests the involvement of a 

third S7 kinase. Thus, beyond the fact that multiple phosphosites exist in Ste18Nt, condition­

specific phosphorylation patterns suggest that a site can be targeted by multiple kinases 

relaying crosstalk through the same residue.

In contrast to S7, S3 does not fit within a well-defined kinase consensus sequence and is 

difficult to predict by sequence alone (43). We detected S3 phosphorylation in response 

to both glucose deprivation and acid stress, although the effect was very minor under 

glucose stress (Fig. 1). The kinase Snf1, which is homolog of AMP-activated protein kinase 

(AMPK) in mammals, is essential for mediating glucose repression signaling in response 

to glucose deprivation, and three upstream kinases, Tos3, Elm1, and Sak1, are required 
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for Snf1 phosphorylation and activation (44). Glucose deprivation induces phosphorylation 

of the G protein α subunit Gpa1, which is mediated by all three of the Snf1-activating 

kinases (26). In contrast, we did not observe any change in S3 phosphorylation upon glucose 

starvation of snf1Δ cells and saw only a minor decrease in S3 phosphorylation in response 

to glucose deprivation of tos3Δ elm1Δ sak1Δ triple deletion cells (fig. S2). In contrast, we 

found two kinases, Vps15 and Pkc1 that appeared to be necessary to maximize acid stress–

dependent S3 phosphorylation. Vps15 is a serine and threonine kinase essential for the 

activation and localization of the phosphatidylinositol 3-kinase Vps34 to subcellular plasma 

membranes (45). Vps15 and Vps34 form a complex that mediates a number of intracellular 

signaling events, including vacuolar protein sorting (46), TORC1 activation in response to 

glutamine stress (47), autophagy (48), V-ATPase activity (49), and the pheromone response 

(50). Despite the involvement of Vps15 in several environmental stresses, we were unable 

to find prior evidence of acid stress–dependent regulation of Vps15 kinase activity in yeast, 

nor a well-defined consensus sequence that would otherwise provide additional support for 

its potential role as a Gγ kinase. Thus, our data do not exclude the possibility that Vps15 

functions indirectly to affect Ste18 phosphorylation.

In contrast to Vps15, Pkc1 and the CWI pathway are activated by pH stress (30). We found 

from experiments with deletion strains that Pkc1, but not other downstream CWI kinases, 

was necessary for maximal phosphorylation of Ste18S3 in response to acidic pHi stress 

(Fig. 5, E and F) The consensus sequence for Pkc1 phosphosites, generated by hundreds 

of different substrates (32), suggests that S3 is not a direct target of the kinase, but rather 

another kinase whose action on Ste18 is Pkc1-dependent (Fig. 5D). Considering the breadth 

of our survey across 151 different kinase gene mutants, identifying the acid stress–dependent 

kinases(s) sufficient for Ste18S3 phosphorylation remains an ongoing challenge and suggests 

the possibility of kinase redundancy for this phosphosite. In any case, we showed that S3 

phosphorylation functions as a quantitative indicator of intracellular pH (Fig. 4), and, in 

view of the fact that the complete CWI pathway is not essential for this effect, this suggests 

that activation of the responsible kinase may depend on proton second-messaging. Indeed, 

emerging evidence that protons can function as second messengers in G protein signaling 

pathways (27, 51, 52) provides support for this hypothesis.

Interdependence of Gγ phosphorylation and Gβγ effectors

Whereas we showed the physiological relevance of Ste18 phosphorylation in yeast, it was 

also not completely independent of the Gβγ effector Ste5. Indeed, we confirmed that 

the effects of Gγ phosphorylation were most prominent when coupled with the Fus3 

nondocking mutant of Ste5 (Ste5ND), which cannot be phospho-regulated by Fus3 (Fig. 

8F). Indeed, previous work showed that genetic mutations in Ste18Nt and Ste5 synergize 

to control MAPK signaling (18). Pkc1 phosphorylates Ste5 within the Ste5RING domain, 

which mediates the interaction of this scaffold protein with Ste4 and Ste18 (31). Thus, 

co-regulation of both Gβγ subunits and their effectors may play complementary roles in the 

modulation of Gβγ signaling. In yeast, additional Ste4 and Ste18 effectors (Far1, Ste20, and 

Cdc24) are also key players in the Gβγ-dependent pheromone response. Whether they, like 

Ste5, synergize with phosphorylated Ste18 remains unknown. In humans there are 5 Gβ and 

12 Gγ subunits, which can form a range of Gβγ dimers that interact directly with several 
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different effectors (53). Many of these Gγ subunits are phosphorylated in their N-terminal 

IDRs (19, 54), but they have not been studied to elucidate the functional importance of these 

sites, especially in terms of their dependence on effector modification state. Thus, continued 

work in this area can expand the existing paradigm of Gβγ signaling not only in yeast 

but also in other organisms for which there is growing evidence to support the hypothesis 

that N-terminal IDRs of Gγ subunits are combinatorially regulated governors of G protein 

signaling.

Materials and Methods

Yeast strains and plasmids

Unless specified otherwise, all strains used in this study were derived from the BY4741 
(MATa leu2Δ met15Δ his3Δ ura3Δ) background (see table S2). All mutants were 

constructed by delitto perfetto mutagenesis (55) and verified by PCR amplification and 

dideoxy sequencing (Eurofins MWG Operon). Cells lacking PKC1 (pkc1Δ; DL376) and 

the isogenic WT strain (DL100(1783)) (56) were graciously provided by Dr. David 

Levin (Boston University). Temperature-sensitive PKH1/2 (pkh1D398G pkh2Δ; INA106–
3B) and the isogenic WT strains (15Dau) were graciously provided by Dr. Kunihiro 

Matsumoto (Nagoya University) (57). Temperature-sensitive YCK1/2 (yck1-Δ1 yck2–2ts; 

LRB345) and the isogenic WT strain (LRB341) were graciously provided by Dr. Lucy 

Robinson (LSU) (58). To construct pRS313- and pRS316-HA-STE18, the primers ZNT433 

(5’TGGAGCTCCACCGCGGTGGCGGCCGCTAGGGCGCGACACGTCTAAA3’) and 

ZNT434 (5’TCGAATTCCTGCAGCCCGGGGGATCCCAGCGAGATTTATTTCGAAA3’) 

were used to amplify WT HA-STE18 including its endogenous promoter (−510bp) and 

terminator (+467bp) from the YMT235 strain genome. The PCR product was subcloned 

into the pRS313 or pRS316 plasmids digested with NotI and BamHI restriction sites using 

the sequence and ligation independent cloning (SLIC) method (59). The plasmid used for 

screening HOG pathway kinase deletion strains, pRS316-CUP1-HA-STE18, was graciously 

provided by Dr. Tatiana Chernova.

Media and growth conditions

Depending on the treatment conditions, yeast strains were grown in either YPD growth 

medium (Yeast Extract, Peptone, 2% dextrose media) or synthetic complete (SC) (or 

SC drop-out) medium with 2% dextrose. When experiments were performed in buffered 

conditions, SC medium with 2% dextrose was buffered by the addition of 50 mM dibasic 

potassium phosphate and 50 mM dibasic sodium succinate and adjustment to pH 5.0 

by the addition of HCl (27). Cells were grown at 30°C to mid-log phase (OD600: 0.75 

to 0.85), which followed by treatment appropriate for the specific experiment. After the 

cells were treated for the appropriate time, cell growth was stopped by the addition 

of 5% trichloroacetic acid (TCA), after which the cells were immediately harvested by 

centrifugation at 3724g in an Allegra X-14R Beckman Coulter Centrifuge at 4°C, washed 

with ice-cold Milli-Q water, and frozen at −80°C. Specific treatment conditions were as 

follows. For GPCR activation, cells were treated with α-factor peptide hormone (Genscript) 

at a final concentration of 3 μM. For osmotic stress, cells were collected by centrifugation 

and resuspended in the same medium supplemented with 0.75 M KCl for the appropriate 
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time, as described previously (60). To evaluate Ste18 phosphorylation in HOG pathway 

kinase deletion strains, expression of HA-STE18 was induced by 100 μM copper sulfate in 

BY4741 cells harboring the pRS316-CUP1-HA-STE18 plasmid at an OD600 of 0.2. As cells 

reached mid-log phase, osmotic stress was induced as described earlier. For glucose stress, 

cells were collected by centrifugation, washed with the same medium lacking glucose, and 

re-suspended in glucose-free synthetic medium supplemented with the desired amount of 

glucose for the appropriate time (27). To evaluate Ste18 phosphorylation in snf1Δ and tos3Δ 
elm1Δ sak1Δ triple deletion cells, cells were transformed with the pRS316-HA-STE18 

plasmid and glucose stress was induced as described earlier. For acetic acid stress, cells were 

grown in buffered or unbuffered SC medium containing 2% dextrose, which was followed 

by the addition of acetic acid to a final concentration fo 45 mM unless otherwise noted (27). 

For costimulations, cells were grown in unbuffered SC medium. Before treating cells with 

either 3 μM α-factor or 45 mM acetic acid, the cells were pretreated with 45 mM acetic acid 

(for 15 min) or 3 μM α-factor (for 5 min), respectively.

Cell lysis and Western blotting analysis

Cell pellets were subjected to glass bead lysis in the presence of TCA buffer according to the 

standardized protocol described previously (61). The protein concentration was measured 

with a DC Protein Assay (Bio-Rad). Protein extracts were separated by SDS-PAGE with 

either 7.5 or 12.5% acrylamide. Primary antibodies and dilutions used for immunoblotting 

included: phosphorylated Slt2, Kss1, and Fus3 (Phospho-p44/42 MAPK, Cell Signaling 

Technologies, Cat #9101; 1∶500); hemagglutinin antigen epitope (HA, Cell Signaling 

Technologies, Cat #3724; 1∶3000); total Slt2 (Mpk1 antibody D-1, Santa Cruz Biotech 

Cat#374434; 1:1000); phosphorylated Snf1 [Phospho-AMPKα (Thr172) (D79.5E), Cell 

Signaling Technology, Cat #4188; 1:2000); glucose-6-phosphate dehydrogenase (loading 

control; LC) (Sigma-Aldrich, Cat #A9521; 1∶50,000). In all cases, a horseradish peroxidase 

(HRP)-conjugated secondary antibody (goat-anti-rabbit) (Bio-Rad, Cat # 1705046; 1:5000) 

was used for detection. The signal was detected with enhanced chemiluminescence (ECL) 

reagent (PerkinElmer catalog #NEL 104001EA) and developed on film E3018 HyBlot 

CL Autoradiography Film (Denville Scientific). In all cases, several exposures were made 

and only those exposures for which all signals were below saturation were used for 

quantification. Quantification was achieved by hi-resolution scanning of appropriate films 

followed by image densitometry with ImageJ software to quantify signal intensities (62).

Analysis of Ste18 phosphorylation in yeast kinase mutant strains in response to acid 
stress

A total of 151 strains were screened for the kinases responsible for Ste18S3 phosphorylation 

under acetic acid stress, including 108 nonessential kinases (deletion strains from the 

yeast open reading frame knockouts by the Saccharomyces Genome Deletion Project), 

17 essential kinases (TET-titratable promoter strains from the Hughes Laboratory), 24 

multideletion strains, and two temperature-sensitive strains (table S3). Analysis of Ste18 

phosphorylation in the mutant strains was accomplished by transformation of each strain 

with either pRS316-HA-STE18 or pRS313-HA-STE18. For single and multiple deletion 

strains, cells were then grown in SC-URA or SC-HIS medium and treated with acetic acid 

for up to 15 min as described earlier. For the pkc1Δ and mkk1Δ/mkk2Δ strains, the medium 
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was supplemented with 1 M sorbitol to facilitate growth. For TET-titratable promoter strains, 

cells were grown in SC-HIS medium until they reached an OD600 of 0.8, and then were 

diluted back to an OD600 of 0.003, split, and treated with or without doxycycline (10 μg/ml, 

Sigma). Cells were then grown to mid-log phase and treated with acetic acid as described 

earlier. For yckts strains, cells were grown at 24°C to an OD600 of 0.8 and then each culture 

was split into two parts: one was subjected to acetic acid treatment and the other was 

incubated at 37°C for 30 min before undergoing acetic acid treatment. For pkhts strains, 

cells were grown at 24°C to an OD600 of 0.8 and then each culture was split into two parts: 

one was subjected to acetic acid treatment and the other was incubated at 37°C for 60 min 

before undergoing acetic acid treatment. Each transformed strain was grown in one copy or 

multiple replicates (biological replicates) and analyzed by Western blotting with respect to 

the isogenic WT strain on the same blot. For Tet-off strains, the doxycycline-treated mutant 

was analyzed with respect to the untreated mutant. Ste18 phosphorylation percentages 

calculated from both biological and analytical replicates (rerun of the same sample) were 

included in the quantitative analysis.

Phosphatase assay

Cells were grown as described earlier in a nonbuffered synthetic medium and treated with 

45 mM acetic acid for 15 min, which was followed by the addition of TCA, cell harvesting 

by centrifugation, and freezing at −80C. Cells were subjected to glass bead lysis in the 

presence of 1x phosphatase buffer mix [1x PMP buffer (New England Biolabs), 1x MnCl2, 

and 1x EDTA-free protease inhibitors (Roche)], as described previously (18). Lysates were 

clarified by centrifugation and the supernatant was split. One half was treated with lambda 

protein phosphatase enzyme (New England Biolabs, P0753S) at a final concentration of 2.25 

U/μl for 30 min at 30C. The other half was incubated in the same manner in the absence 

of phosphatase to serve as a control. 6x SDS loading dye was added to all samples, which 

were then boiled to stop the reaction. The samples were then resolved by SDS-PAGE and 

subjected to Western blotting analysis.

Measurement of pHi

For pHi measurement, yeast cells were transformed with the pZR4.1 plasmid encoding 

pHluorin under the TEF1 constitutive promoter (63), and pHi was measured as described 

previously (27). To generate the calibration curves (fig. S9), mid-log phase cells expressing 

pHlourin were permeabilized with digitonin (at a final concentration of 100 μg/ml; Sigma­

Aldrich, Cat #D141) for 10 min at 30°C. Permeabilized cells were washed with PBS (25 

mM potassium phosphate, 100 mM KCl, pH 7.0) followed by resuspension in PBS ranging 

from pH 5.0 to pH 8.0 (pH 5, 5.5, 6, 6.5, 7, 7.5, and 8). The ratio of pHluorin emission 

fluorescence intensity at 520 nm produced by excitation at 395 and 480 nm was measured 

with a Synergy H1 hybrid fluorescence plate reader (Biotek). For pHi measurements, Prism 

software, v8 (GraphPad Software) was used to convert pHluorin fluorescence intensities 

emitted upon excitation at the two excitation wavelengths to pH values using the calibration 

curve.
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CD spectropolarimetry

Commercial synthetic Ste18Nt peptides were synthesized with N-terminal acetylation 

and C-terminal amidation, and various combinations of S3 and S7 phosphorylation (or 

nonphosphorylation) and enriched to 95% purity (Genscript). Lyophilized peptides were 

reconstituted in deionized water at a concentration of 2.5 mg/ml and further diluted as 

necessary with 10 mM potassium phosphate buffer (pH 7). Far-ultraviolet (190 to 250 nm) 

CD spectroscopy was performed on a Jasco J-815 CD spectrometer equipped with a Peltier 

temperature control unit. Peptide samples were diluted to 0.25 mg/ml in 10 mM potassium 

phosphate buffer (pH 7). A quartz cuvette with a 1-mm path length was used at 25°C in this 

experiment. Measurements were performed with a 50 nm/min scan rate in 0.2-nm steps at 

a 1-s response time and a 1 nm bandwidth. Single CD spectra were averaged over 15 scans 

after buffer baseline correction.

MD simulations

MD simulations were performed with NAMD2.13 (64) and Amber16 (65). The 

CHARMM22* protein (66) and CHARMM36 nucleic acid force field (67) were used to 

describe the peptides, and the TIP3P water model (68) was used to describe the solvent 

and ions. The initial structure of the Ste18 N-terminus (residues 1 to 13) was prepared 

with VMD and its plugin, Molefacture (69). All four phosphorylated states of the peptide 

were constructed, including phosphorylation at Ser3 (pS3), Ser7 (pS7), both Ser3 and Ser7 

(pS3pS7), and nonphosphorylated (NP). Each peptide was placed in a water box, and ions 

were added to neutralize the system at a concentration of 150 nM NaCl. The final system 

size was around 20,300 atoms. Each system was equilibrated at 400K and a constant volume 

for 4 ns to randomize the starting conformation, and then cooled at 298 K and 1 atm for 

2 ns. Next, two independent 4-μs production runs were performed for each system at 298 

K and constant volume. The temperature was maintained using Langevin dynamics for all 

simulations, and the pressure was kept at 1 atm using the Langevin piston method when 

applied (70). The equilibration simulations were performed using a 2-fs time step. Hydrogen 

mass repartitioning (HMR) was used for the production runs to reach a time step of 4 fs (71, 

72). All simulations were performed under periodic boundary conditions with a cutoff at 12 

Å for electrostatic and Lennard-Jones interaction and a switching function beginning at 10 

Å. Long-range electrostatic interactions were calculated by the particle-mesh Ewald (PME) 

method (73). System setup, analysis, and visualization were performed with VMD.

Statistical analysis

All statistical analyses were performed with Prism software, v8 (GraphPad Software). 

Statistical significance was determined by two-way ANOVA with either a Bonferroni or 

Sidak’s test for post-hoc test for multiple comparisons. X

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Ste18 is phosphorylated in response to cell stress.
(A to D) The phosphorylation-dependent electrophoretic mobility of HA-Ste18 was 

monitored by Western blotting with an anti-HA antibody. Cells were analyzed after exposure 

to 3 μM α-factor mating pheromone (α-F) for the indicated times (A), 0.75 M potassium 

chloride for the indicated times (B), 0, 0.00625 (low), or 2% (standard) glucose (C), or 45 

mM acetic acid (Ac) for the indicated times (D). (E) Protein extracts of cells exposed 

to acid stress (45 mM acetic acid for 15 min) were treated with or without alkaline 

phosphatase to establish the dependence of each mobility-shifted band on phosphorylation. 
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LC, loading control (yeast G6PDH); pHA-Ste18, phosphorylated HA-Ste18. Western blots 

are representative of three experiments, except for (E), which is from a single experiment. 

Arrows to the right of the blots indicate a middle band found between the bottom and top 

bands observed under conditions of glucose or acetic acid stress.
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Fig. 2. pH- and pheromone-dependent phosphorylations occur at distinct phosphorylation sites 
in Ste18Nt.
(A) Schematic summary of site-specific phosphorylation events and their corresponding 

stimuli across the intrinsically disordered N-terminal tail of Ste18. (B and C) Cells 

harboring WT Ste18 or the indicated single-phosphosite mutations in Ste18 were left 

untreated (0) or were treated with 45 mM acetic acid (Ac) for 5 min (B) or with 3 μM 

pheromone (α-Factor) for 30 min before being subjected to Western blotting analysis with 

an anti-HA antibody. As indicated, the detected bands correspond to nonphosphorylated 

Ste18 (np) or SteNt phosphorylated at Ser7 (pS7) or Ser3 (pS3). Western blots are 

representative of two to three experiments. LC, loading control (yeast G6PDH); SE, short 

exposure; LE, long exposure.
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Fig. 3. Ste18pS3 and Ste18pS7 are inversely regulated in response to intracellular acidification.
(A to E) WT BY4741 yeast cells transformed with a pH-sensitive pHluorin probe were 

left untreated or were incubated for the indicated times with 45 mM acetic acid (Ac) in 

the absence or presence of buffer. (A and B) Intracellular pH was monitored over time. 

The relative abundances of Ste18 phosphorylated at S7 (pS7) and S3 (pS3) under the 

indicated conditions were determined by quantitative analysis of Western blotting data (C 

and D). (E) Representative Western blotting analysis of Ste18 phosphorylation status under 
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the indicated conditions. Results are means ± SD (n = 4 experiments). LC, loading control 

(yeast G6PDH).
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Fig. 4. Ste18pS3 is a pH indicator.
(A) Representative Western blot showing Ste18Nt phosphorylation after a 15-min exposure 

to the indicated concentrations of acetic acid (Ac) in the absence of buffer. pS7, Ste18 

phosphorylation at Ser7; pS3, Ste18 phosphorylation at Ser3; np, nonphosphorylated Ste18. 

LC, loading control (yeast G6PDH). (B) Analysis of the relative abundance of Ste18pS3 (red 

trace) and the ratio of fluorescence intensities emitted upon excitation of pHluorin at 395 

and 480 nm as a function of acetic acid concentration (gray). Cells were collected 15 min 

after acetic acid treatment to trap the maximal phosphorylation state of Ste18. Results are 

means ± SEM (n = 4 experiments).
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Fig. 5. Vps15 and Pkc1, but not the CWI pathway, are necessary for maximal phosphorylation of 
Ste18S3 in response to acid stress.
(A to C) WT or the indicated mutant yeast strains transformed with pRS31x-HA-STE18 
under the control of the STE18 promoter/terminator were treated with 45 mM acetic acid 

without buffer for 0 or 15 minutes before being subjected to SDS-PAGE and Western 

blotting analysis with anti-HA antibody. (A) Plot of the relative pS3 response to acetic 

acid for each of 151 mutant strains. Data are plotted as Log2 of the ratio of %pS3 in the 

mutant (mut) relative to the WT strain from the same experiment for single and multiple 
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gene deletion/mutant strains. For Tet-off strains, data are plotted as Log2 of the ratio 

of the percentage of Ste18pS3 in the mutant with doxycycline relative to mutant without 

doxycycline. Bio-replicates (circle size) correspond to unique single colonies tested. (B) 

Representative Western blots for vps15Δ and pkc1Δ cells relative to WT cells in response 

to exposure to 45 mM acetic acid for the indicated times. (C) Quantification of the relative 

percentages of Ste18pS3 and Ste18pS7 measured across 10 biological replicate experiments 

as shown in (B). (D) Schematic diagram of the CWI pathway. (E) Representative Western 

blotting analysis of HA-Ste18 in WT or the indicated CWI pathway kinase gene deletion 

strains after treatment for the indicated times with 45 mM acetic acid without buffer. (F) 

Quantification of the relative percentages of Ste18pS3 and Ste18pS7 from the experiments 

represented in (E). pSlt2, phosphorylated Slt2. LC, loading control (yeast G6PDH). For 

all quantitative analyses, data are means ± SD from four to 10 biological and analytical 

replicates. Statistical significance was determined relative to the WT strain by two-way 

ANOVA with Sidak’s test for post-hoc multiple-comparisons analysis using nonsaturated 

exposures. ****P < 0.0001. SE, short exposure; LE, long exposure.
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Fig. 6. Costimulation and site-specific substitutions reveal interactions between Ste18pS3 and 
Ste18pS7.
(A) Analysis of the change in Ste18pS7 abundance in response to pheromone, pheromone 

after a 15-min pretreatment with 45 mM acetic acid, or pheromone before post-treatment 

with 45 mM acetic acid. The black arrow indicates the time of acetic acid post-treatment. 

(B) Analysis of the change in Ste18pS3 abundance in response to 45 mM acetic acid, 

acetic acid after a 5-min pretreatment with 3 μM α-factor (α-F), or acetic acid before 

post-treatment with 3 μM α-F. The black arrow indicates the time of α-F post-treatment. For 
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(A) and (B), cultures were unbuffered for all experiments. (C to J) The relative abundances 

of Ste18pS3 and Ste18pS7 were measured by quantitative Western blotting analysis of yeast 

cells endogenously expressing WT Ste18 or the indicated Ste18 phosphosite mutants and 

then exposed to 3 μM pheromone or 45 mM acetic acid in buffered medium for 15 or 90 

min, respectively. (C to F) Quantification of Ste18pS7 abundance with respect to S3A and 

S3E under the indicated conditions (blue). (G to J) Quantification of Ste18pS3 abundance 

with respect to S7A and S7E under the indicated conditions (red). WT responses (means ± 

SD) across all experiments for each respective phosphosite in Ste18 wherein S3 and S7 were 

undisrupted are shown with gray lines (n = 6 experiments). Mutant results are means ± SD 

(n = 4 to 6 experiments) for all but (J, pS3) (n = 1). For (E) and (F), all but one time point 

pair (WT vs. mutant) beyond t = 5 min were determined to be significantly different (P < 

0.05). For (H), significant differences (P < 0.05) were only found for 5, 15, and 30 min. 

Statistical significance was determined by two-way ANOVA with a Bonferroni post-hoc test 

for multiple comparisons. See figs. S3 and S4 for representative Western blot images.
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Fig. 7. Phosphorylation promotes changes in the Ste18Nt IDR structure.
(A to D) Two independent MD simulations for synthetic pS3, pS7, pS3pS7, and 

nonphosphorylated (NP) peptides. Plots show the average secondary structure percentage 

(alpha helix or beta hairpin) relative to the amino acid position in each peptide (see fig. S7 

for independent time traces). Insets show representative structures of the respective Ste18Nt 

peptides. (E) CD spectrum of synthetic nonphosphorylated (NP) and phosphorylated 

Ste18Nt peptides. Peptides were N-terminally acetylated and C-terminally amidated to 

prevent N- and C-terminal charge interactions that would not be possible within the N­

terminus of the protein. (F) Difference CD spectra from (E) showing deviations between 

each phosphopeptide relative to the nonphosphorylated form.
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Fig. 8. Combinatorial phosphorylation on Ste18pS3 and Ste18pS7 controls the activation rate and 
amplitude of the MAPK Fus3.
(A to F) Fus3 activation is a hypersensitive diagnostic for the effects of Ste18Nt 

phosphorylation when combined with Ste5 mutants lacking a functional Fus3-binding 

domain (Ste5ND) (18), and was used to evaluate combinatorial phosphorylation states. Yeast 

strains endogenously expressing Ste5WT or Ste5ND and one of four Ste18 phosphosite 

isoforms (S3/S7, S3/A7, E3/S7, E3/A7) were exposed to pheromone for 90 min with 

sampling for Western blotting analysis of HA-Ste18, activated Kss1 (ppKss1), and activated 
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Fus3 (ppFus3), as indicated. (A and B) Relative abundance of Ste18pS7 in Ste5WT (A) and 

Ste5ND (B) cells. (C and D) Time-resolved activation of Kss1 in Ste5WT (C) and Ste5ND 

(D) cells. (E and F) Time-resolved activation of Fus3 in Ste5WT (E) and Ste5ND (F) cells. 

Results are means ± SEM (n = 8 experiments). See fig. S8 for representative Western blot 

images.
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