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ARTICLE INFO ABSTRACT

The mating-specific yeast Ga controls pheromone signaling by sequestering Gy and by regulating the Fus3 MAP
kinase. Disrupting Ga-Fus3 interaction leads to severe defects in chemotropism. Because Ga concentrates at the
chemotropic growth site where Fus3 is required for the phosphorylation of two known targets, we screened for
additional proteins whose phosphorylation depends on pheromone stimulation and Ga-Fus3 interaction. Using a
mutant form of Ga severely defective in Fus3-binding, Ga™P", and quantitative mass spectrometry, fourteen
proteins were identified as potential targets of Ga-recruited Fus3, ten of which were previously implicated in cell
polarity and morphogenesis. To explore the biological relevance of these findings, we focused on the Spa2
polarisome protein, which was hypophosphorylated on multiple serine residues in pheromone-treated Ga”S?
cells. Six sites were mutagenized to create the Spa2°** mutant protein. Spa2°*5* exhibited increased affinity for
Fus3, consistent with a kinase-substrate interaction, and Spa2°*S* cells exhibited dramatic defects in gradient
sensing and zygote formation. These results suggest that Ga promotes the phosphorylation of Spa2 by Fus3 at the
cortex of pheromone-stimulated cells, and that this mechanism plays a role in chemotropism. How the Ga-Fus3
signaling hub affects the other putative targets identified here has yet to be determined.

Significance: Previously, interaction between the G alpha protein, Gpal, and the MAPK of the pheromone re-
sponse pathway, Fus3, was shown to be important for efficient sensing of the pheromone gradient and for the
maintenance of cell polarity during mating. Here we show that the underlying molecular mechanisms involve
the phosphorylation of specific cortical targets of Gpal/Fus3. These have been identified by quantitative
phosphoproteomics using a mutant of Gpal, which is defective in interacting with Fus3. One of these targets is
the polarisome protein Spa2. Alanine substitution of the Spa2 phosphorylation sites targeted by Gpal/Fus3 lead
to a dramatic defect in pheromone gradient sensing and zygote formation. These results reveal how the G alpha
protein and the MAPK control cell polarity in a prototypical model system. Our results have wider significance as
similar mechanisms exist in higher eukaryotes and are involved in important biological such as neuron devel-
opment, immunity, and cancer cell metastasis.
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1. Introduction efficiently depends on chemotropism — the process by which cells
sense the position of the nearest potential mating polarize their growth

In the lifecycle of the unicellular eukaryote Saccharomyces cerevisiae in that direction.

(budding yeast), genetic recombination occurs when the organism
switches between its haploid and diploid states. Haploid yeast exist as
two mating types, MATa and MATa, which can reproduce asexually by
mitosis, or sexually, by fusing with cells of the opposite type. Cell and
nuclear fusion (mating) produces MATa/MATa diploids, which can
then undergo meiosis to complete the sexual reproductive cycle.
Because budding yeast cells are not motile, their ability to mate
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The yeast mating response is mediated by mating-type specific G-
protein coupled receptors (GPCRs) and their cognate G protein. MATa
and MATa cells each secrete a peptide mating pheromone that binds to
the receptor on cells of the other type. Pheromone-bound receptor ac-
tivates the mating-specific Ga protein, Gpal, which triggers phos-
phorylation of G and dissociation of GBvy from Ga-GTP. Free Gy then
signals via a MAP kinase (MAPK) cascade to the nucleus, where the
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activated Fus3 MAPK induces cell-cycle arrest in G1 and mating-specific
gene expression.

Once arrested in G1, pheromone-stimulated cells polarize their
growth and form mating projections (also called shmoos) via actin-
cable-directed delivery of membrane vesicles to a focused site (for re-
views, see [1-3]. This process also locally concentrates the enzymes
that degrade the cell wall and proteins that promote plasma membrane
fusion during zygote formation [3]. In gradient-stimulated cells, GBy
acts as a positional determinant by recruiting the Farl-Cdc24 adaptor-
activator complex to the chemotropic growth site. In its role as an
adaptor, Farl binds directly to GBy and to the Bem1 scaffold protein;
Cdc24 is the guanine nucleotide exchange factor that activates the
conserved Rho-family GTPase, Cdc42 [4,5]. Activated Cdc42 (i.e.,
Cdc42-GTP) promotes the localization of Beml and the Bnil formin
protein to the incipient growth site via direct interaction. Because Bem1
interacts with Far1l-Cdc24, additional Cdc42 is recruited to and acti-
vated at the growth site, thus initiating a positive feedback loop that
results in the assembly of the polarisome — a protein complex con-
sisting of Bnil, Spa2, Pea2 and Bud6. The polarisome nucleates actin
filaments along which Myo2 carries secretory vesicles to the tip of the
mating projection [6]. Thus, the receptor orients mating projection
growth toward the source of pheromone by inducing local activation of
Cdc42 and actin-cable nucleation via its G protein [7]. Pheromone-
stimulated cells that are unable to sense a gradient (e.g., under isotropic
or saturating-dose conditions), are also able to form mating projections:
they shmoo where they would have budded in the next cell cycle [8].
This position, marked by Bud1, is known as the default polarity site [9].

Ga plays a critical role in chemotropism by directly interacting with
activated Fus3 [10], and recruiting it to the cell cortex [11,12]. N-
terminal myristoyl and palmitoyl moieties anchor Ga to the plasma
membrane [13,14]. A mutant form of Ga that is defective in binding
Fus3, GaPP (for Docking Site Disrupted), confers decreased mating
efficiency and compromised partner discrimination, implying a han-
dicap in pheromone-gradient sensing [10]. Although Ga™P BUDI cells
can form mating projections at the default polarity site, Ga®® bud1A
cells are unable to stably polarize their growth in response to pher-
omone, consistent with a role for the Ga-Fus3 interaction in estab-
lishing and/or maintaining the chemotropic growth site [15].

In mating cells, the pheromone receptor and its G protein polarize to
the eventual chemotropic growth site prior to morphogenesis and re-
main concentrated in the growing region of the mating projection until
the mating partners fuse. The direct interaction of Ga with activated
Fus3 suggests that Ga recruits Fus3 to phosphorylate cortical targets at
the chemotropic site. Gf is likely to be one such target, as its pher-
omone-induced phosphorylation is substantially decreased in both
fus3A and GaPP mutant strains [10,16]. Bnil is likely to be another
target of Go-recruited Fus3. Matheos et al. showed that Fus3 phos-
phorylates Bnil, and that Fus3 is required for Bnil localization to the
shmoo tip [12]. Moreover, fus3A and GaPSP were reported to pheno-
copy bnilA: pheromone-treated bnila, fus3A, and GoP*® mutants ex-
hibit similar defects in microtubule alignment, and in the polarization
of f-actin, Spa2-GFP, and GFP-Kar9. Together, these data suggest that
Ga/Fus3-directed phosphorylation of Bnil is essential to its mating-
specific functions [12].

Recently, Errede et al. directly demonstrated that the Ga-Fus3 in-
teraction is essential for chemotropism, as had been postulated based
on genetic results [10], by assaying gradient tracking and morpho-
genesis in response to linear pheromone gradients generated in vitro
[17]. Given that mating comprises a wide range of processes (e.g.,
gradient-oriented establishment of the growth site, polarized growth,
cell wall and plasma membrane fusion, nuclear migration and fusion),
that these processes all require the localization and regulated activation
of numerous proteins at the chemotropic site, and that these proteins
are frequently found to be phosphorylated on MAPK motifs in large-
scale screens, we postulated that Ga directs Fus3 phosphorylation of
mating-specific proteins in addition to Gf and Bnil. To test this

Journal of Proteomics 207 (2019) 103467

hypothesis, we used differential phosphoproteomic analysis to compare
global protein phosphorylation in pheromone-treated Ga and GaPS®
cells. Our results indicate that the phosphorylation of ten known po-
larity proteins is significantly affected by Ga™P, suggesting that the
Ga-Fus3 interaction is critical for spatial regulation of mating functions.
This conclusion is supported by our study of the polarisome protein,
Spa2, which appears to be targeted by Ga-Fus3 for phosphorylation on
6 serines. Alanine-substitution of these sites significantly increased the
affinity of Spa2 for Fus3 but not for the Kss1 MAPK or cyclin-dependent
kinases, and conferred clear defects in the ability of cells to orient and
polarize toward their mating partners. These results provide additional
evidence that Ga specifically recruits the pheromone-responsive Fus3
MAPK to phosphorylate Spa2, and that this is important for chemo-
tropism.

2. Materials and methods
2.1. Microorganisms and culture conditions

Standard culturing and molecular techniques were used [18]. Yeast
cells were cultured in either YEPD (1% yeast extract, 2% peptone, 2%
dextrose) or in selective synthetic media (SS) (0.16% yeast nitrogen
base, 0.5% ammonium sulfate, 2% dextrose, supplemented with the
amino acids required for the SILAC experiments). L-arginine U-13C6, U-
15N4 and 1-lysine U-13C6, U-15N2 from Cambridge Isotope Labora-
tories were used at 100 mg/] in the SILAC experiments. Cells were
grown at 30 °C and treated with alpha-factor pheromone (GeneScript)
at 100 ng/ml for BF264-15D strains and at 4000 ng/ml for BY4741
strains. The lithium acetate method was used to transform yeast
[19,20]; the electroporation method [21] was used to transform E. coli
strain DH5a.

2.2. Plasmids and strains

The yeast strains used in this study (Supplementary Table 5) were
derived from strain 15Dau (MATa barlA adel his2 leu2-3, -112 Atrpl
ura34) [22], which is congenic with strain BF264-15D [23]. The
Spa2®*SA.GFP construct was created by overlap extension PCR medi-
ated site directed mutagenesis using an XL II site directed mutagenesis
kit (Agilent) and pRS406/Spa2p:Spa2-GFP (p406S2G; [24] as the
template and the primers shown in Supplementary Table 6. The
PRS406/Spa2p:Spa2-GFP and pRS406/Spa2p:Spa2°*A-GFP plasmids
were linearized for integration into the genome of the spa2A derivative
of strain BY4741 to generate strains NCY006 and NCY022, respectively,
by cutting at a BsaBI recognition site, 76 base pairs upstream of the
Spa2 start codon. A second BsaBI recognition site, 661 base pairs
downstream of the SPA2 start codon, appeared to have been blocked,
likely by methylation. The in situ tagged SPA2-GFP and spa2®**-GFP
strains used for pull-down and mass spec analysis were created by de-
letion of native SPA2 with URA3 in the BY4741 MATa WT strain and
subsequent transplacement of URA3 with either SPA2-GFP or spa2%%54-
GFP. URA3p:URA3 was amplified from YCplac33 using SPA2-flanked
URAS3 primers (#106 and #107, Supplementary Table 6). The linear
PCR product was transformed into MSY101 to create the strain
RDY321. SPA2-GFP and spa2%*5A-GFP were amplified from pRS406/
SPA2p:SPA2-GFP and pRS406/SPA2p:spa2®*SA.GFP, respectively, using
a forward SPA2 primer and a URA3-flanked-GFP reverse primer (#111
and #108, respectively, Supplementary Table 6). The linear PCR pro-
ducts were transformed into RDY321 to create the strains RDY338 and
RDY340, which were isolated by selection on synthetic media con-
taining 2 mg/ml 5'FOA.

2.3. Preparation of yeast extracts for phospho-peptide analysis

SILAC was used to incorporate heavy-isotope containing amino
acids into newly synthesized proteins in NWY023 and NWY025 cells.
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SILAC heavy- and light-labeled cultures of both strains were allowed to
proliferate or were treated with pheromone for 30 min. Cell pellets
were lysed at 4 °C with 0.5 mm silica beads in 25 mM Tris-Cl buffer
(150 mM NaCl, 10 mM Tris pH8, 100 mM, 1% v/v Triton X100) con-
taining phosphatase inhibitor (Roche) and protease inhibitor cocktails
by manual vortexing with 30s pulses. A minimum of 75% lysis was
confirmed with phase contrast microscopy. Crude whole-cell lysates
were centrifuged at 16,000 xg at 4°C for 20 min and protein con-
centrations were determined using a colorimetric protein assay kit (Bio-
Rad). 3mg total protein from the corresponding light and corre-
sponding heavy-labeled lysates were mixed for both experimental
protocols 1 and 2. Each crude lysate was normalized to 3 mg total
protein and light vegetative lysates were mixed, in equal total protein
amounts, with corresponding heavy labeled lysates of treated cells of
the same strain. Lysate mixtures were diluted in 5x tris-glycine SDS
sample buffer (0.25% bromophenol blue, 0.3M DTT, 50% glycerol,
10% SDS, 0.25M Tris-Cl pH 6.8) to 1 X concentration, boiled for five
minutes, and alkylated in the dark for 1h with 60 mM iodoacetimide
(Sigma-Aldrich). Samples were then centrifuged at 16,000 xg for
15min and loaded on a 10% self-cast 1 mm preparative tris-glycine
poly-acrylamide gels, run 5cm into the resolving layer and stopped.
Gels were trimmed of excess material and stained using PageBlue
protein staining solution (Fermentas) according to manufacturer's di-
rections. Gels were manually sectioned into seven equal slices, cut
manually into 1 mm X 1 mm cubes, and collected in low retention
1.7 ml centrifuge tubes (Kisker). Gel pieces were destained with con-
secutive incubations in three solutions; 50% methanol; 30 mM ammo-
nium bicarbonate solution; and 50% acetonitrilile/30 mM ammonium
bicarbonate solution. Destain cycles were repeated until gel pieces were
visually void of dye, approximately three cycles. Gel pieces were de-
hydrated with 100% acetonitrile and vacuum centrifugation. Proteins
were in-gel digested overnight at 30 °C with sequencing grade modified
trypsin (Promega) diluted 1:40 in 30 mM ammonium bicarbonate so-
lution. On the following day supernatant from in-gel digested samples
was extracted by pipette and deposited into fresh low retention cen-
trifuge tubes. Peptides were extracted with consecutive additions of
Solution A (water with 0.1% formic acid, Fluka Analytical) and Solution
B (acetonitrile with 0.1% formic acid, Fluka analytical) until gel pieces
appeared visually dehydrated. Collected extracts were vacuum cen-
trifuged to a pellet and enriched for phospho-peptides using a magnetic
titanium dioxide phosphopeptide enrichment kit (Pierce) by following
the manufacturer's directions. Lastly, pelleted phosphopeptides were
resuspended in Solution A (Fluka Analytical) and analyzed by nano li-
quid chromatography electrospray ionization tandem mass spectro-
metry (nano LC-ESI-MS/MS) and MaxQuant [25] and Andromeda [26]
as previously described [27,28].

2.4. Co-IP of Spa2-GFP and Spa2%*A-GFP in yeast

NWY091, NWY094, NWY095, MSY103, NCY003, NCYO006,
NCY016, NCY021 and NCY022 cells were cultured in duplicate to
create parallel cultures for each strain. One set of cultures were treated
with pheromone for 30 min and then dosed again. At 50 min post initial
pheromone treatment, cultures were chilled on ice and harvested by
centrifuging 3000 x g for 2min in a GS-3 rotor (Sorvall) at 4 °C. Cell
pellets were washed with ice-cold water, frozen by dry-ice ethanol bath,
and stored at —80 °C. Thawed cell pellets were resuspended in 750 pl
GFP-Trap wash buffer (10 mM Tris/Cl pH 7.6, 150 mM NaCl, 0.5 mM
EDTA) containing 1 X protease inhibitor cocktail set III (Calbiochem).
Cell suspensions were spilt across two 2 ml screw cap tubes (Midwest
Scientific) and approximately 950 ul of ice-cold 0.5 mm zirconium/si-
lica beads (BioSpec Products) were added. Mechanical lysis was per-
formed by bead beating with a beadbeater-16 instrument (BioSpec
Products) with fifteen 20 s pulses. Supernatants were separated from
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beads by pipetting with gel loading tips and split across two 2 ml cen-
trifuge tubes, mixed with NP40 detergent (SigmaAldrich) to a final
concentration of 0.5%, and incubated on ice for 10 min. Lysates were
spun at 16,000 xg for 10 min and supernatants were transferred to
fresh centrifuge tubes and spun again. Supernatants were transferred to
a second set of fresh centrifuge tubes and protein concentrations were
determined with a 660nm colorimetric based protein assay
(ThermoFisher). 20ul magnetic GFP-TRAP slurry (Chromotek) was
aliquoted into 2ml centrifuge tubes and equalized in WASH buffer
three times. 40 mg of each lysate was transferred into tubes containing
equalized beads, refreshed with protease inhibitor cocktail and in-
cubated with end-over-end rotation at 4 °C 2.5-3 h. After incubating,
tubes were spun 4000 X g for 3min and supernatant was discarded.
GFP-Trap beads were washed, five times, with WASH bulffer. After the
final wash, the WASH buffer was carefully removed with the aid of a gel
loading pipette tip and bead slurries were resuspended in 25pul 70
trypsin solution. The trypsin solution was prepared by diluting frozen
trypsin (Promega) 40-fold in a solution of 30 mM ammonium bicarbo-
nate with 1M urea. Trypsin-treated bead mixtures were incubated
overnight at 37 °C. Supernatants were extracted and desalted with 10 pl
Zip Tips (Millipore) according to manufacturer's instructions with the
following exceptions: 0.1% formic acid was substituted for TFA; a
200 pl tip was forced onto the Zip Tips to increase volume capacity; the
wash volumes were 200 pl each. Desalted peptides were vacuum cen-
trifuged until dry and analyzed with nano LC-ESI-MS/MS and
Maxquant as previously described [27].

2.5. Zygote lysis analysis

Cultures of XWY054, NCY006, and NCY020 were grown to mid-log
phase, and 2 x 107 cells were harvested by centrifugation. Cell pellets
were resuspended in various volumes of water and briefly vortexed.
Resupsension volumes were 1 ml for the 1 x density, 500 ul for the 2 x
density, and 250 pl for the 4 x density. Freshly diluted cultures were
used to create mating mixtures in which XWY054 cells at a particular
density were mixed with either NCY006 or NCY020 at the corre-
sponding density, resulting in six separate mixtures. Mixed cultures
were briefly vortexed and 10 pl of culture was deposited on a 1cm
diameter nitrocellulose filter, placed on a YEPD plate, and incubated at
30°C for 2.5h to allow for zygote formation. Filters were washed in
1 ml of water and 100 cells from each mating mixture were scored for
normal and lysed zygotes with phase contrast microscopy. The data in
Supplementary Table 4 represents the total number of cells for three
independent trials at each density (n = 300).

For analysis using Trypan blue stain, cultures of XWY054, NCY006,
and NCY020 were grown to mid-log phase, and 2 x 107 cells were
harvested by centrifugation. Cell pellets were resuspended in 1 ml of
media. Freshly diluted cultures were used to create mating mixtures in
which XWY054 cells were mixed with either NCY006 or NCY020, re-
sulting in two separate mixtures. Mixed cultures were briefly vortexed
and then sonicated at 20% power for seven 0.5 s pulses. 10 pl of culture
was deposited on a 1cm diameter nitrocellulose filter, placed on a
YEPD plate, and incubated at 30 °C for 2.5h to allow for zygote for-
mation. Filters were removed, placed in 1 ml of water, and vortexed for
1 min. Cells were pelleted and resuspended in 50 ul 0.2% Trypan Blue
for 15’ at room temperature. 200 cells from each mating mixture were
examined for Trypan blue staining. The data in Supplementary Table 4
represents the total number of cells for three independent trials
(n = 600).

2.6. Fluorescence microscopy

Mating mixtures were prepared as described above for zygote lysis
analysis with the exception that the mixtures were deposited on agarose
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pads composed of selective synthetic media. Mating mixtures were
imaged every 5min for 3h using a DeltaVision Elite deconvolution
microscope (Applied Precision). Images were captured by 60 X objec-
tive with 488 nm laser excitation set to 10% with 150 ms exposure, 10-
slice 0.5 um z-stacks were taken at each time point. Fiji image proces-
sing software was used to merge fluorescent and DIC captured images
and encoded to 8-bit stacked TIFF files. Individual images were pulled
from stacked TIFF files by use of Fiji.

2.7. Statistical analysis

R. Student's t-test, Fisher exact test, and Chi-squared tests were
computed using the t-test, fisher exact test and chi-squared test func-
tions. P value adjustment for multiple testing was done using the false
discovery rate method. Gene ontology term enrichment was calculated
using the YeastMine database described in Balakrishnan et al. [30].

3. Results

3.1. GaP®P compromises the pheromone-induced phosphorylation of
multiple proteins involved in cell polarization

To identify putative substrates of Ga-recruited Fus3, we used the
stable isotope labeling by amino acids in culture (SILAC) approach for
quantitative phosphoproteomics [29]. We looked for proteins that were
more efficiently phosphorylated in pheromone-treated cells expressing
Ga than in cells expressing GaPP. Growing cells both in normal
medium and in medium containing amino acids labeled by heavy-iso-
topes enabled us to simultaneously analyze the phospho-peptides in the
lysates from two cultures at once, thereby minimizing differences due
to instrument and sample-handling variance, and increasing the preci-
sion of peptide quantitation. We took advantage of this capability to
make two comparisons. By using two different labeling protocols, we
also minimized the chance of misleading results due to isotope-related
effects on protein abundance or phosphorylation. In the first experi-
ment, we determined the effect of pheromone treatment on the
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Fig. 1. Quantitative analysis of yeast phosphopro-
END3 teome during mating in Ga and Ga”SP cells. A. Cells
were labeled as described in Materials and Methods
and treated with pheromone for 30 min. The phos-
phopeptides were isolated by TiO»-affinity chroma-
tography and quantified by LC-MS/MS. The x-axis
coordinates show the log2 transformed ratio ob-
tained by dividing the normalized H/L ratios from
GaV'" cells by the normalized H/L ratios obtained
from Ga™SP cells for the same phosphopeptide in
experiment 1, in which the heavy-labeled cells were
treated with pheromone and Ga®® and Ga'" were
analyzed separately. The y-axis coordinates show the
log2-transformed normalized L/H SILAC ratios from
experiment 2, in which pheromone-treated GaPS?
and Ga™" cells were analyzed as a single sample. The
GaPSP cells were heavy-labeled. B. STRING database
analysis of the identified proteins. For description of
STRING see [42]. The three polarity proteins, Spa2,
Pea2, and Sla2, and CDC10, are part of tightly con-
nected module. The STRING protein-protein inter-
action enrichment (PPI) p-value for this network is
3.38e-08.

phosphoproteome of a given strain (i.e, strain held constant; condition
varied), analyzing cells expressing wild type Ga and Ga™P in this way.
Vegetative cells were grown in normal light medium (henceforth, L),
while cells to be pheromone-treated were first labeled with heavy
amino acids (henceforth, H). The two cultures were then mixed and
analyzed as a single sample. An H/L ratio > 1 for a given phospho-
peptide therefore indicates that its phosphorylation is induced by
pheromone. The resulting data sets allowed us to ask whether Ga”sP
affects pheromone-induced phosphorylation by dividing the H/L ratio
of a given phosphopeptide in the control (WT Ga) cells by its H/L ratio
in the experimental (GaPSP) cells. Values > 1 indicate that GaPSP
confers hypophosphorylation. In the second experiment, pheromone-
treated control cells were grown in normal medium and pheromone-
treated GaPSP cells were pre-labeled in heavy medium (i.e., condition
held constant; strain varied); the two cultures were then mixed and
analyzed as a single sample. In this protocol H/L ratio < 1 for a given
phosphopeptide suggests decreased phosphorylation in Ga”S" cells.
We identified candidate Ga-Fus3 target proteins by looking for H/L
ratios relating the relative degree of pheromone-induced phosphoryla-
tion in Ga and GaP*® cells beyond stringent threshold values (> 2 for
the experiment 1 calculation and < 0.5 for the experiment 2 calcula-
tion). Fourteen proteins met these criteria: Cdc10, Enp2, Ldb17, Mdrl,
Netl, Pea2, Skg3, Sla2, Spa2, Str3, Stul, Swh1l, Ypkl, and Ypk2 (Fig. 1
and Table 1). Several proteins were identified with more than one
phosphopeptide and several peptides were phosphorylated on more
than one residue. In total, we found 21 sites that were hypopho-
sphorylated in pheromone-treated Ga™*® cells in both experiments 1
and 2, of which seven were canonical MAPK sites: S or T followed by P.
These were as follows: one SP site in Swh1; two SP sites in Pea2; one TP
site in Ypk1; one SP site in Spa2; one TP and one SP site in Sla2.
Candidate proteins were analyzed for gene ontology (GO) term
enrichment using the Saccharomyces Genome Database (SGD) data re-
trieval tool, YeastMine [30]. Groups of the candidate genes enriched for
specific GO terms (adjusted p < .05) in the “biological process” on-
tology are shown in Table 1. The GO terms associated with our iden-
tified genes group with highest statistical significance were cytokinesis
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(CDC10, NET1, PEA2, SLA2 and SPA2; p < .002); bud site-selection
(PEA2, SPA2, and SLA2;p < .006); establishment and maintenance of cell
polarity (SWH1, CDC10, PEA2, SPA2, and SLA2; p < .006); regulation of
cell morphogenesis (PEA2, SPA2, YPK2; p < .02), and regulation of
mating projection growth (SPA2 and PEA2; p < .02). Groups of the
candidate genes enriched for specific GO terms (p < .05) in the “cel-
lular component” ontology are shown in Table 2. The GO terms asso-
ciated with our identified genes group with highest statistical sig-
nificance were cellular bud and site of polarized growth (CDC10, LDB17,
PEA2, YPK1, SPA2, SKG3, and SLA2; p < .0003), and cell projection,
mating projection tip, cell projection part, and mating projection (CDC10,
PEA2, SPA2 and SLA2; p < .02).

Although GoP*P dramatically decreased pheromone-induced phos-
phorylation of numerous cortical proteins, it had no such effect on the
phosphorylation of the mating-specific transcriptional inhibitor, Dig2, a
well-known nuclear target of Fus3 (Supplementary Table 1).
Pheromone-induced phosphorylation of Dig2 residue S225 was de-
tected in both experiments 1 and 2, consistent with published reports
[31], and did not significantly differ in Ga®® and Ga™" cells. In ex-
periment 1, the H/L ratios of the S(ph)PHIEDITSR Dig2 peptide were
1.78 and 2.45 in GaP*P and Ga™" cells, respectively; In experiment 2,
the DSD/WT ratio was 0.94. These results demonstrate very similar
levels of the Dig2 phosphorylated peptide in the pheromone-treated
GaP%P and Ga"'" cultures.

It is notable that our phosphoproteomic screen did not detect
phospho-peptides derived from Bnil and Ste4 — proteins thought to be
substrates of Ga -Fus3 [10,12,16]. The most likely reason for not de-
tecting these proteins is the scale of the phosphoproteomics experiment,
which did not allow exhaustive and comprehensive interrogation of the

Table 1
Enriched GO terms in the ontology “Biological process”.
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yeast phosphoproteome. As described in the Materials and Methods, we
used a relatively small amount of starting material, 3 mg total protein,
and gel-based separation of the labeled intact proteins. Denaturing
electrophoresis as a front-end separation increases resolution but limits
capacity. Phospho-peptides derived from low-abundance proteins may
therefore fall below the threshold for detection. In addition, phospho-
peptides with low phosphorylation stoichiometry are less likely to be
detected at this scale of analysis.

3.2. The gpa1”SP mutation confers a dramatic decrease in the abundance of
a large number of proteins in pheromone-treated cells

In addition to identifying putative targets of pheromone-induced
Go/Fus3 phosphorylation by phosphoproteomic analysis, we evaluated
the effect of breaking the Ga-Fus3 interaction on protein levels by
analyzing the total proteome of Ga and GaPSP cells. The results suggest
that in pheromone-treated cells, GaPS" causes a significant decrease in
the abundance of a large set of proteins, and that this set is highly
enriched for proteins involved in the regulation of vesicle trafficking
and protein localization (Supplementary Table 2). Using the criterion
that a protein must show at least a 2-fold decrease in GaP*P cells and no
change or an increase in Ga cells, we identified 418 proteins with de-
creased abundance in pheromone-treated GaP*® cells. We used GO term
enrichment analysis to compare this group to 1054 proteins that were
either unchanged or increased in abundance in both Go and GaPSP
cells. This analysis showed that:

1. Among the 418 proteins whose abundance was significantly de-
creased in GaPP cells, 13.2% are assigned to the Golgi vesicle

Biological process term Adjusted p Standard gene name
Cytoskeleton-dependent cytokinesis 0.001512 CDC10, PEA2, NET1, SPA2, SLA2
Mitotic cytokinesis 0.001906 CDC10, PEA2, NET1, SPA2, SLA2
Cytokinesis 0.001925 CDC10, PEA2, NET1, SPA2, SLA2
Bipolar cellular bud site selection 0.005336 PEA2, SPA2, SLA2

Establishment or maintenance of cell polarity 0.005714 SWH1, CDC10, PEA2, SPA2, SLA2
Mitotic cytokinetic process 0.007429 PEA2, NET1, SPA2, SLA2
Cytokinetic process 0.014383 PEA2, NET1, SPA2, SLA2
Regulation of cell morphogenesis 0.01711 PEA2, SPA2, YPK2

Regulation of initiation of mating projection growth 0.01857 PEA2, SPA2

Regulation of termination of mating projection growth 0.01857 PEA2, SPA2

Regulation of anatomical structure morphogenesis 0.025303 PEA2, SPA2, YPK2

Mitotic cell cycle 0.028985 STU1, CDC10, PEA2, NET1, SPA2, SLA2
Endocytosis 0.029205 SWH1, LDB17, YPK1, SLA2
Cytoskeleton organization 0.029684 STU1, CDC10, PEA2, SPA2, SLA2
Regulation of mating projection assembly 0.030869 PEA2, SPA2

Regulation of developmental process 0.03111 PEA2, SPA2, YPK2

Cellular bud site selection 0.031584 PEA2, SPA2, SLA2

Mitotic cytokinesis, site selection 0.031584 PEA2, SPA2, SLA2

Cell division 0.032012 STU1, CDC10, PEA2, NET1, SPA2, SLA2
Mitotic cell cycle process 0.03256 STU1, CDC10, PEA2, NET1, SPA2, SLA2
Cell morphogenesis 0.036133 PEA2, SPA2, YPK2

Regulation of cell projection organization 0.036298 PEA2, SPA2

Regulation of cell projection assembly 0.036298 PEA2, SPA2

Eisosome assembly 0.036298 YPK1, YPK2

Mating projection assembly 0.036995 PEA2, SPA2

Regulation of actin cytoskeleton reorganization 0.036995 PEA2, SPA2

Positive regulation of actin cytoskeleton reorganization 0.036995 PEA2, SPA2

Cytokinesis, site selection 0.03794 PEA2, SPA2, SLA2

Regulation of cellular component biogenesis 0.03819 PEA2, NET1, YPK1, SPA2
Membrane invagination 0.041157 SWHI1, LDB17, YPK1, SLA2

Cell budding 0.042119 PEA2, SPA2, SLA2

Asexual reproduction 0.042119 PEA2, SPA2, SLA2

Cell projection organization 0.04353 PEA2, SPA2

Cell projection assembly 0.04353 PEA2, SPA2
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Table 2
Enriched GO terms in the ontology “Cellular component”.

Cellular component term Adjusted p  Standard gene name

Cellular bud 0.000169 CDC10, LDB17, PEA2, YPK1, SPA2,
SKG3, SLA2

Site of polarized growth 0.000239 CDC10, LDB17, PEA2, YPK1, SPA2,
SKG3, SLA2

Cellular bud neck 0.000295 CDC10, LDB17, PEA2, YPK1, SPA2,
SKG3

Cellular bud tip 0.013322 PEA2, SPA2, SKG3, SLA2

Polarisome 0.014016 PEA2, SPA2

Cell projection 0.016387 CDC10, PEA2, SPA2, SLA2

Mating projection tip 0.017665 CDC10, PEA2, SPA2, SLA2

Cell projection part 0.018949 CDC10, PEA2, SPA2, SLA2

Mating projection 0.019307 CDC10, PEA2, SPA2, SLA2

Cell cortex part 0.019307 CDC10, LDB17, PEA2, SPA2, SLA2

Incipient cellular bud site 0.027427 PEA2, SPA2, SLA2

Cell cortex 0.030051 CDC10, LDB17, PEA2, SPA2, SLA2

Cytoplasmic region 0.030051 CDC10, LDB17, PEA2, SPA2, SLA2

transport category (GO:0048193) and 57.4% to the cellular compo-
nent organization or biogenesis category (GO:0071840), as compared
to 1.6% (p = 5.492231e-18) and 32.9% (p = 1.019308e-17), re-
spectively, of the 1054 proteins whose abundance was unaffected by
GGDSD.

2. Among the genes that are upregulated or unchanged in both strains,
small molecule metabolic process (GO:0044281) is the top enriched
category in upregulated or unchanged group of genes (SILAC ratio
DSD =0.80, WT =0.8).

Five out of the 14 proteins shown in Fig. 1 were also found in the
group of proteins whose abundance was significantly decreased in
pheromone-treated GaPSP cells. These are Cdcl0, Netl, Ypk2, Spa2,

2
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Fig. 2. Effect of pheromone treatment on Spa2, Sla2, and Actl abundance in Ga and Ga
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and Sla2. SILAC quantification data showing the effect of Ga™® on

three representative proteins is shown in Fig. 2.

Taken together, the phosphoproteomic analysis and the total pro-
teome quantitation data suggest that Ga-directed Fus3 phosphorylation
of cortical substrates that play a role in cell polarity has a stabilizing
effect on a large number of proteins involved in trafficking and locali-
zation.

3.3. SPA2 mutagenesis and pull-down experiments confirm Spa2 as a target
of Fus3 during the pheromone response

Our differential phosphoproteome analysis revealed that pher-
omone-treated GaPSP cells hypophosphorylate six Spa2 residues (5254,
S274, S585, S646, S979, and S1263 (Supplementary Table 1). Among
the proteins shown in Fig. 1, Spa2 had the highest number of differ-
entially phosphorylated sites, but hypophosphorylation of only one
Spa2 peptide correlated with GaPP in both experiments; five addi-
tional hypophosphorylated Spa2 sites were detected in either one ex-
periment or the other. These six sites were also identified in a large-
scale analysis of phospho-peptide isolated from pheromone-treated
cells [32]. Spa2 is a constituent of the polarisome, along with Bnil,
Pea2 and Bud6. A priori, phosphorylation of Spa2 could affect its affi-
nity for other members of the polarisome and/or its ability to localize to
the site of polarized growth. As a first step toward understanding the
role of Ga/Fus3-dependent phosphorylation of Spa2, we constructed
Spa2®*SA.GFP, a GFP-tagged mutant form of Spa2 in which all six of the
serine residues identified in our analysis were changed to alanine. We
then created spa2A strains transformed with integrative vectors car-
rying either Spa2°*$A.GFP or Spa2-GFP, and strains in which we used
the Spa2°*SA.GFP and Spa2-GFP constructs to replace the native copy of
SPA2.

To determine whether mutation of the six putative Go/Fus3-de-
pendent Spa2 phosphorylation sites affects the affinity of Spa2 for its

p=7.64e-18 p=0.219
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!AL%
4o =
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\ |
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Y A dsd
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Act1

PSP cells. The boxplots show log2-transformed normalized H/L ratios for the

individual peptides as reported by MaxQuant. The heavy SILAC-labeled cells were treated with pheromone. The p-values were computed using the Student's t-test in

R. The data is from a single labeling experiment.
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Fig. 3. Boxplots showing normalized and scaled Fus3 intensity in Spa2-GFP and
Spa2®*SA.GFP immunoprecipitates obtained from vegetative and pheromone-
treated cells. Values are from four independent experiments. The graphs in the
figure were generated after normalizing the raw Fus3 intensities to the corre-
sponding Spa2-GFP and Spa2®*SA-GFP intensities reported by MaxQuant. The
normalized Fus3 intensities were then scaled by dividing by their standard
deviations. Experiments in which the cells expressed Spa2-GFP and Spa2®*SA-
GFP at the SPA2 locus (in situ tagged) or from plasmids integrated at the URA3
locus were scaled independently. Neg stands for negative controls. The p-value
shown on the graph is from a two-sample Student's t-test computed in R.

partners, we used mass spectrometry (LC-MS/MS) to quantify the
amount of proteins that co-immunoprecipitated with Spa2-GFP and
Spa2®*SA_GFP in vegetative and pheromone-treated cells. The list of
proteins identified in these experiments is available as Supplementary
Table 3. The table contains a subset of 288 proteins selected by a Chi-
squared test on the spectral counts obtained in 12 independent ex-
periments (including 4 negative controls in which a non-specific anti-
body was used instead of the anti-GFP antibody). The subset contains
known 19 Spa2 interactors such as Bnil, Sla2, and Cdc28, as well as
previously unreported candidate interactors such as Fus3, Hogl, and
Kar4. Gene ontology analysis of the candidate list shows that genes
involved in actin filament regulation and genes involved in RNA loca-
lization are enriched (Supplementary Table 3).

To specifically determine whether the six serine to alanine sub-
stitutions in Spa2 affects its ability to pull down Fus3 and other can-
didate interactors, we used the protein intensities, which provide a
more sensitive measure of peptide abundance over a greater dynamic
range as compared to spectral counts. As shown in Fig. 3, pheromone-
treatment greatly increased the pull-down of Fus3 by Spa2-GFP, and to
a significantly greater degree, by Spa2®*SA-GFP. The higher apparent
affinity of Fus3 for Spa2°*A-GFP could be the result of a non-produc-
tive kinase-substrate interaction, as has been reported for protein kinase
C [33], consistent with our conclusion that Fus3 is at least partially
responsible for the phosphorylation of Spa2 during the mating
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response. In addition to Fus3, Pdr5, Mnnl1, and Imd2 were identified
in this analysis. Unlike Fus3, however, all three of these proteins were
pulled down less efficiently by the Spa2°*SA-GFP bait as compared with
the Spa2-GFP bait (Student's t-test p-value < .05). These data are pre-
sented in Supplementary Table 3.

3.4. Spa2®*SA_GFP confers defects in chemotropism and zygote formation

To determine how chemotropism and zygote formation are affected
by the phosphorylation of Spa2 residues S254, S274, S585, S646, S979,
and S1263 — the putative targets of Ga/Fus3 regulation — we took
time-lapse DIC and fluorescent images of mating mixtures in which
MATa cells expressing either Spa2-GFP or Spa2°*SA.GFP were crossed
to wild type MATa cells. We followed MATa cells that fused with MATa
cells after completing cytokinesis and scored them for four behaviors at
five-minute intervals: mating projection formation (shmooing), elon-
gation exclusively toward the mating partner, movement of the Spa2
reporter from the cytokinesis site to the chemotropic site, and formation
of viable zygotes (Fig. 4). As shown in Fig. 4A-B, 82% of the MATa
Spa2-GFP cells shmooed, and of these, 93% elongated directly toward
their partner. In contrast, only 43% of the MATa Spa2%*SA.-GFP cells
shmooed (p < .0001), and of those that elongated, 40% grew in the
wrong direction (p < .0001). Zygotes formed by non-shmooing or
misoriented MATa Spa25*SA-GFP cells appeared to result from fusion at
a contact site determined solely by the MATa cells, suggesting a wild
type partner can rescue the apparent chemotropic defect conferred by
Spa2®¥sA,

Although Spa2 is known to be highly concentrated at sites of po-
larized growth — e.g., the mother-daughter neck of budding cells and
the tips of mating projections in cells responding to pheromone — its
movement from the cytokinesis site (CKS) to the chemotropic growth
site, and ultimately, to the fusion site of mating cells, has never been
studied in situ. To standardize our characterization of Spa2 localization
in mating cells, we analyzed its movement from the mother-daughter
neck (one time point following cytokinesis), to the cell fusion site (one
time point before zygote formation) (Fig. 4C). In mating MATa Spa2-
GFP cells, the reporter either appeared to “jump” from the CKS to the
fusion site during the 5 min between time points, or, to move along the
plasma membrane (PM) directly from the CKS to the fusion site, a
phenomenon we call tracking. In a small fraction of mating MATa cells,
the path of Spa2-GFP along the PM from the CKS to the fusion site was
not direct (i.e, it did not persistently move in one direction), a phe-
nomenon we call wandering. In MATa Spa2°*SA.GFP cells, the move-
ment of the reporter from the CKS to the fusion site was clearly ab-
normal. As compared to the wild type reporter, Spa25*A-GFP jumped
much less often (18% vs. 38%; p < .005), and wandered much more
often (43% vs. 8%; p < .0001). Not surprising, it took considerably
longer, on average, for Spa2®*SA.GFP to translocate to the fusion site as
compared to Spa2-GFP (3.7 + 0.5 vs. 2.3 + 0.4 time points; n = 49;
p =.03).

The fusion of two mating yeast cells to form a viable zygote is a
complex process that requires strict spatiotemporal coordination of
signaling elements, structural proteins, and enzymatic activities [3].
During the pre-zygotic stage, mating partners each synthesize new
lateral and apical cell wall that is thought to be of distinct composition.
This helps prevent the subsequent degradation of the cell wall from
occurring outside the zone of contact, and thereby promotes controlled
PM fusion. Highly localized delivery of the degradative enzymes is also
critical. Any failure in the orchestration of these events can result in cell
lysis due to osmotic pressure. In our time-lapse mating mixtures, MATa
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A. spa26XSA-GFP cells exhibiting normal mating and lysis upon fusion
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Fig. 4. Effect of serine to alanine substitutions at Spa2 positions 254, 274, 585, 646, 979, and 1263 on chemotropism, cell fusion, and Spa2 localization. MATa SPA2-
GFP and MATa spa2%*A-GFP cells were crossed with wild type MATa cells expressing BUDI-RFP as a fusion marker, and DIC and fluorescent images were taken at

five-minute intervals. A. Spa2°XSA

confers a defect in cell fusion. Representative images of a MATa spa2®*5A-GFP cell that successfully mated (25’, green arrow) and

one that lysed upon fusion (60’, red arrow). B. Spa2°*S* confers defects in chemotropic growth. (i) Representative MATa SPA2-GFP cells that exhibit normal
chemotropism; (ii) Example of a MATa spa2%*SA-GFP cell that failed to shmoo; (iii) Example of a MATa spa2°*SA-GFP cell that elongated away from its partner. Yellow
arrows indicate Spa2°*A-GFP localization and corresponding growth. C. Spa2*S*-GFP is defective in localization to the chemotropic growth site in mating cells. (i;
ii) Examples of Spa2-GFP redistributing from the cytokinesis site to the chemotropic site in mating cells either by jumping (I, red arrows) or tracking (ii, yellow
arrows); (iii) Example of Spa25XSA-GFP wandering behavior. The position of SpaZGXSA-GFP is indicated as polarized at the cell cortex (white arrows) or diffuse within
the cytoplasm (white arrowheads) at each time point. White curved arrows indicate the directional change in Spa2®*SA-GFP position between time points. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Spa2-GFP and MATa cells rarely lysed upon fusion, whereas lysis of
both MATa Spa25*A.GFP and MATa partners attempting to fuse was
observed relatively often (8% vs. 1.6%; p < .0001). This difference
was confirmed by quantifying the incidence of fusion-induced lysis in
cells removed at hourly intervals from mating mixtures on plates. Zy-
gotes were scored for lysis by their characteristic appearance under
phase-contrast microscopy, and for inviability based on their uptake of
the vital dye, trypan blue (Supplementary Table 4).

4. Discussion

The pheromone receptor and its G protein are uniformly distributed
on the surface and cortex, respectively, of vegetative cells. Pheromone
gradients induce polarization of the receptor and G protein to the
eventual chemotropic growth site, and this occurs prior to morpho-
genesis. Once actin-cable-directed secretion begins, nascent receptor
and G protein are delivered to the growth site, ultimately concentrating
at the tip of the mating projection. We have shown that cells unable to
polarize the receptor are defective in gradient sensing [34], and that
both polarization of Ga and its interaction with the Kar3 motor protein
are required to orient nuclear migration in pheromone-treated cells
[35]. Moreover, a number of studies have implicated the Ga-Fus3 in-
teraction in chemotropism: Ga”SP confers defects in gradient sensing
[10,17], chemotropic growth [15], pheromone-induced Gf3 phosphor-
ylation [10], and Bnil function in pheromone-treated cells [12]. To-
gether, these results suggest that the receptor and G protein determine
the position of the chemotropic growth site in response to the pher-
omone gradient, whereupon Ga recruits Fus3 to phosphorylate multiple
cortical proteins required for chemotropism and cell fusion.

To identify additional Ga-Fus3 targets, we conducted a quantitative
phosphoproteomic analysis designed to reveal pheromone-induced
phosphorylation sites that are inefficiently phosphorylated in the ab-
sence of Ga-Fus3 interaction. We found that a cohort of proteins as-
sociated with cell polarity was hypophosphorylated in Ga™" as com-
pared to control cells 30min after pheromone treatment. Of the
fourteen proteins identified in our screen, eight have known roles in
exocytosis (Pea2, Mdrl, and Spa2), endocytosis (Ldb17 and Sla2), po-
larity (Cdc10), or cell integrity (Ypkl and Ypk2). Spa2, Pea2, and Sla2
are of particular interest because their putative phospho-sites are MAPK
motifs (S/TP), and because they are members, along with Cdc10, of a
functional module that regulates polarity (Fig. 1B).

As a first step in testing the biological relevance of the phospho-sites
identified in our screen, we created Spa2°*S4, a mutant form of Spa2
that serves as a proxy for the hypophosphorylated Spa2 in GaP*® cells.
A component of the polarisome, Spa2 plays a role in actin cytoskeletal
organization during polarized growth in both budding and shmooing
cells, and has also been reported to act as a scaffold for the Mkk1 and
Mpkl1 cell wall integrity kinases in vegetative cells [36]. Deletion of

SPA2 confers an approximately 50% decrease in mating efficiency [37]
with a high proportion of mating pairs arresting at the pre-zygote phase
[38]. In mating mixtures, Spa2®*5* cells exhibited three pronounced
phenotypes: defects in gradient sensing, chemotropic growth, and cell
fusion. The defect in gradient sensing is evident in the aberrant tracking
of the Spa2®*SA.GFP reporter and the high incidence of mutant cells
that oriented away from their partners; the fusion defect is evident in
the increased frequency of cell lysis. The latter constitutes a cata-
strophic failure in mating, as it results in the death of both partners.
Lysis is the expected outcome if the cell wall remodeling enzymes are
not properly localized to the shmoo tip. These results are consistent
with the idea that the pheromone-induced phosphorylation of Spa2 is
critical to chemotropic growth and cell fusion. It is also possible that the
change in the primary sequence of Spa2, and not the absence of phos-
phorylated sites, confers the observed mating phenotypes. However, it
is clear that Spa2°*SA-GFP is at least partially functional, as it localizes
to the PM (Fig. 4) and binds to its polarisome partner Bnil with normal
affinity (Supplemental Table 3).

Although we have not yet determined the molecular mechanism
underlying the Spa2°*4 phenotypes, our data indicate that many pro-
teins, including Spa2, decrease dramatically in pheromone-treated
GaPSP cells. Previously, we reported that Ga™S® has the same effect on
the abundance of G [10]. Ga-directed Fus3 phosphorylation may lo-
cally inhibit the proteolysis of key chemotropic and polarity factors,
and this might indirectly affect the stability of their binding partners.
Alternatively, or in addition, dysfunction of polarity proteins in cells
induced to polarize their growth might adversely affect a range of
proteins in the same functional network.

In conclusion, the observations described here and in published
studies support the idea that pheromone-activated Ga recruits active
Fus3 to the chemotropic growth site to phosphorylate proteins that
serve a variety of mating functions. Local stimulation of actin-cable-
directed secretion via the formin protein, Bnil, and the polarisome
proteins, Spa2 and Pea2, is expected to strengthen signaling at the
shmoo site by positive feedback, as the receptor and G protein are se-
cretory proteins; localized endocytosis contributes to the maintenance
of polarity [39]; and cell-integrity signaling likely plays a role in pre-
venting lysis during fusion. We propose that Ga-Fus3 serves as a sig-
naling hub: the MAPK is localized to the incipient shmoo site by re-
ceptor/G-protein signaling, where it coordinates multiple processes to
effect spatiotemporal regulation of mating. Functional Ga-MAPK in-
teractions have also been demonstrated in Dictyostelium discoideum
[40,41], suggesting that similar mechanisms exist in multicellular or-
ganisms.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.jprot.2019.103467.
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