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The mating pathway in yeast Saccharomyces cerevisiae has
long been used to reveal new mechanisms of signal transduc-
tion. The pathway comprises a pheromone receptor, a hetero-
trimeric G protein, and intracellular effectors of morphogenesis
and transcription. Polarized cell growth, in the direction of a
potential mating partner, is accomplished by the G-protein By
subunits and the small G-protein Cdc42. Transcription induc-
tion, needed for cell-cell fusion, is mediated by Gy and the
mitogen-activated protein kinase (MAPK) scaffold protein Ste5.
A potential third pathway is initiated by the G-protein a subunit
Gpal. Gpal signaling was shown previously to involve the F-box
adaptor protein Dia2 and an endosomal effector protein, the
phosphatidylinositol 3-kinase Vps34. Vps34 is also required for
proper vacuolar sorting and autophagy. Here, using a panel of
reporter assays, we demonstrate that mating pheromone stimu-
lates vacuolar targeting of a cytoplasmic reporter protein and
that this process depends on Vps34. Through a systematic anal-
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ysis of F-box deletion mutants, we show that Dia2 is required to
sustain pheromone-induced vacuolar targeting. We also found
that other F-box proteins selectively regulate morphogenesis
(Ydr306, renamed Pful) and transcription (Uccl). These find-
ings point to the existence of a new and distinct branch of the
pheromone-signaling pathway, one that likely leads to vacuolar
engulfment of cytoplasmic proteins and recycling of cellular
contents in preparation for mating.

Many extracellular signals are detected by G-protein—
coupled receptors (GPCRs).'° In animals, these signals include
odors, tastes, light, pH, nucleotides, biogenic amines, peptides,
steroids, and phospholipids. In each case, receptor activation
results in binding of GTP to a G-protein « subunit and dissoci-
ation of Ga from the By subunit dimer. Both Ga and GBy can
then transduce signals through the activation of intracellular
enzymes and ion channels. G-protein signaling ends when GTP
is hydrolyzed to GDP, a process that is accelerated by members
of the regulator of G-protein signaling (RGS) family (1).

GPCRs also play an important role in yeast mating. Genetic
analysis in yeast Saccharomyces cerevisiae has led to the identi-
fication and characterization of several new signaling proteins,
including the first RGS protein Sst2 (2). Sst2 is required for
pheromone gradient tracking (3—5), adaptation (6, 7), and noise
suppression (8). Other pathway components were identified
from mutants that produce an unresponsive sterile (ste) pheno-
type, including the mating pheromone receptors (Ste2 and
Ste3), the G-protein By subunits (Ste4 and Ste18), a Gy effec-
tor (Ste5), downstream protein kinases (Ste20, Stel1, and Ste7),
and a transcription factor (Stel2) (2). Further analysis revealed
that the G-protein By dimer recruits and activates Farl in com-
plex with Cdc24 (9-13), an exchange factor for the small
G-protein Cdc42 (14), as well as Ste5, a scaffold protein
required for activation of the MAPKs Fus3 and Kss1 (15-22).
Cdc42 promotes cell cycle arrest and morphological changes
necessary for mating (23-25). Either Fus3 or Kss1 can sustain
the mating transcription program (17, 26—28). Fus3 alone pro-
motes cell cycle arrest and directed expansion toward a phero-

"0 The abbreviations used are: GPCR, G-protein-coupled receptor; PI, phos-
phatidylinositol; MAPK, mitogen-activated protein kinase; SEP, super-
ecliptic pHluorin; SCD, synthetic complete medium with dextrose; G6PDH,
glucose-6-phosphate dehydrogenase; RGS, regulator of G-protein signal-
ing; RFP, red fluorescent protein.
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Selective regulation by F box proteins

mone gradient (29-33). Kss1 promotes invasive growth under
nutrient-limiting conditions (34 —36). Together, these signaling
processes lead to the fusion of haploid a and « cells and forma-
tion of an a/a diploid.

Given its genetic tractability and the relatively small number
of signaling components, the yeast mating pathway has
emerged as one of the best-characterized of any signaling sys-
tem. Moreover, newer genetic screens, combined with bio-
chemical analysis of the affected gene products, have provided
evidence for a possible third signaling branch mediated by the
Ga subunit Gpal. In particular, we demonstrated transcrip-
tional activation by a constitutively active (GTPase-deficient)
mutant form of G, Gpal ¥***" (37-39). A systematic compar-
ison of 4847 gene deletion mutants revealed a transducer role
for seven proteins, including Dia2, Vps15, and Vps34 (38). Dia2
is one of an estimated 16 F-box adaptor proteins that recruit
substrates for ubiquitination (40, 41). Vps15 and Vps34 are the
regulatory and catalytic subunits of the sole phosphatidylinositol
(PI) 3-kinase in yeast and are required for proper vacuolar sorting
and autophagy (42—44). Thus, the same screen for Ga effectors
revealed components of pathways governing ubiquitination and
autophagy, representing the two predominant routes for protein
degradation in the cell. However, it is not known how these candi-
date effectors contribute to the mating response.

Ubiquitination is the covalent attachment of a 76-amino acid
peptide to specific target proteins. Once a protein is ubiquiti-
nated, ubiquitin can itself be ubiquitinated, resulting in the for-
mation of a polyubiquitin chain. Generally speaking, this pro-
cess is mediated by three factors: an E1 ubiquitin-activating
enzyme; an E2 ubiquitin-conjugating protein; and an E3 ubigq-
uitin ligase (45). The SCF (Skp1/Cullin/F-box) ubiquitin ligase
employs an F-box protein to recruit specific substrates for ubiq-
uitination, which are then captured by the proteasome and rap-
idly degraded (46). Up to 30% of newly synthesized proteins are
incorrectly made and degraded in a ubiquitin-dependent man-
ner (47). Other proteins are properly folded and ubiquitinated
in response to internal and external cues. For example, ubiq-
uitination of both Ste7 and Sst2 is induced by pheromone, and
these modifications are thought to represent feedback loops
leading to pheromone desensitization and resensitization,
respectively (48 —50).

In contrast to ubiquitin-mediated degradation, autophagy is
far less specific and also has much greater flexibility in the
choice of cargos (51). Whereas ubiquitin targets specific pro-
teins for destruction, autophagy delivers bulk cytoplasmic con-
tents to the vacuole or lysosome. Autophagy can in turn be
classified into two broad categories, nonselective and selective,
based on the nature of the substrates being consumed. Nonse-
lective autophagy (also macroautophagy) is initiated by nutri-
ent limitation and allows cytoplasmic contents to be broken
down and reused. Selective autophagy describes the removal of
specific cargos, including organelles such as mitochondria
(mitophagy) (52—55). A variant of this pathway, known as the
cytoplasm—to—vacuole targeting pathway, is responsible for the
proper delivery of vacuolar enzymes (56). As with the mat-
ing pathway, genetic screens in yeast revealed dozens of
autophagy-related (atg) genes, including components of the PI
3-kinase complex, that mediate nonselective and/or selective
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autophagy (57-59). Detailed investigations have revealed a
remarkable degree of conservation of autophagy components
in humans and yeast (60 —65).

Having demonstrated a potential link between Gpal and
both the ubiquitin—proteasome (Dia2) and vacuolar transport
(Vpsl5 and Vps34) systems (38), we sought to investigate the
role of these proteins in pheromone signaling. We show here
that pheromone promotes transport of a cytoplasmic protein
biosensor to the vacuole and that this process requires Vps34
and Vpsl15. A screen of 14 nonessential F-box deletion mutants
reveals that Dia2 alone is needed to sustain pheromone-in-
duced vacuolar targeting. A previously uncharacterized F-box
protein (Ydr306, renamed Pful) is required to abandon non-
productive mating projections prior to mating. A third family
member is required for MAPK induction (Uccl). On the basis
of these findings, we propose that vacuolar targeting represents
a third and distinct branch of the mating response pathway, one
that is uniquely mediated by the G-protein « subunit, the PI
3-kinase Vps34, and the F-box protein Dia2.

Results

Mating pheromone a-factor promotes vacuolar targeting of a
cytoplasmic reporter protein

In the yeast mating pathway, binding of the pheromone
a-factor to its receptor leads to dissociation of the G-protein «
and By subunits. Free GBy initiates new gene transcription and
morphogenesis in preparation for mating. The Ga protein
Gpal constrains the levels of free GBvy but also binds to and
activates the PI 3-kinase Vps34 (38). The functional conse-
quences of Gpal-mediated activation of Vps34 have not been
explored. Given that Vps34 is required for autophagy (via Com-
plex I during nutrient limitation) and cytoplasm—to—vacuole
transport (via Complex II under basal conditions), we hypoth-
esized that Vps34 might also promote these processes in
response to G-protein activation.

Earlier studies in animal cells revealed that autophagy is
inhibited by mutations in Gey, that diminish GTP binding or
hydrolysis (Q204L) (66 —69). To determine whether Ge in yeast
promotes autophagy, we transformed WT cells with a single
copy plasmid encoding the corresponding GTPase-deficient
mutant (Gpal¥**M), WT Gpal (Gpal¥'™), or empty vector as a
control. As illustrated in Fig. 1A, we considered three indepen-
dent methods to monitor autophagy in response to Gpal acti-
vation. The Pho8A60 enzymatic assay (70) is based on the alka-
line phosphatase Pho8, which is synthesized as an inactive
precursor and subsequently activated upon transport to the
vacuole via the secretory pathway. Deletion of residues 1— 60 of
Pho8 (Pho8A60) prevents vacuolar transport and maintains
the inactive enzyme in the cytosol. Upon induction of bulk
autophagy through nitrogen deprivation, cytosolic Pho8A60 is
engulfed by autophagosomes and targeted to the vacuole for
activation. Enzyme activity is measured by spectrophotometry
and used as an indicator of bulk autophagy. As shown in Fig. 1B,
expression of WT (unactivated) Gpal and Gpal ?**3" inhibited
autophagy in low-nitrogen conditions relative to a vector con-
trol. To determine whether the autophagy machinery is
required, we monitored vacuolar processing of GFP-Atg8 (71).
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Atg8 is a ubiquitin-like protein that is conjugated to phos-
phatidylethanolamine (72-74), resulting in membrane expan-
sion around portions of the cytoplasm (75, 76) and delivery to
the vacuole or lysosome (76 —82). The GFP—Atg8 reporter is
subsequently cleaved to release GFP. As shown in Fig. 1C, and
in contrast to the vacuolar transport assay, Gpal¥ ' and
Gpal®®*?*" had no detectable effect on Atg8 processing. We
infer from these results that Gpal regulates vacuolar transport
of cytoplasmic proteins, but it does not appear to regulate Atg8-
mediated autophagy directly.

Although the Pho8A60 and GFP—Atg8 assays have revealed
core components of the autophagy machinery (83), they lack
sensitivity and are not amenable to high-throughput analysis.
As an alternative, we adapted a two-color fluorescent biosen-
sor, Rosella, to a high-throughput 96-well microplate format
(Fig. 1D) (84). Rosella is a cytoplasmic protein composed of two
GFP variants, superecliptic pHluorin (SEP) and DsRed.T3.
Whereas SEP is pH-sensitive (85), DsRed.T3 is pH-stable (86).
When Rosella is transported from the cytoplasm to the lumen
of the vacuole (or lysosome in animal cells), the lower pH
quenches SEP fluorescence. In contrast, DsRed. T3 is unaffected
and serves as an internal control. Thus, vacuolar delivery of
Rosella is reported as the ratio of DsRed. T3 and SEP fluores-
cence. Rosella has previously been used in end-point assays that
include fluorescence microscopy and flow cytometry (84).
Here, we used the Rosella biosensor as a model to monitor
transport of cytoplasmic proteins to the vacuole over time.

We first validated the method by monitoring Rosella fluores-
cence in WT BY4741 cells in low-nitrogen (pro-autophagy)
medium, as a positive control. Under these conditions, cells
exhibited an increased response within 2 h relative to control
cells grown in nitrogen-rich medium (Fig. 1E). The response
continued to increase before saturating at ~6 h. We then con-
sidered the role of Gpal. As shown in Fig. 1F (left), expression of
Gpal weakly stimulated vacuolar targeting, while Gpal**3"
inhibited the response, as it did in the Pho8A60 assay. We note
that although the Rosella assay reports vacuolar delivery of the
reporter, the Pho8A60 assay reports on vacuolar proteolysis.
Thus, Gpal " (like Gay;2?°*") inhibits vacuolar targeting,
despite its documented ability to activate Vps34 catalytic activ-
ity. To confirm the inhibitory effect of Ga—GTP we measured
the response in cells lacking Sst2, which is required for proper
Gpal-GTP hydrolysis (87). As shown in Fig. 1F (right), deletion
of SST2 led to an attenuation of response in otherwise WT

(GPAI™) cells expressing an additional, plasmid-borne copy of
either Gpal or Gpal?®*?*", We infer that constraining Gpal to
the GTP-bound form results in attenuation of autophagy.

Our data so far suggest a dominant-negative effect of Gpal—
GTP, at least under pro-autophagy growth conditions. These
results allow for the possibility that Gpal-GTP promotes vac-
uolar targeting of Rosella under normal growth conditions. To
test this, we monitored vacuolar targeting in response to recep-
tor activation. For these experiments we used cells lacking the
secreted Barl protease, so as to minimize pheromone degrada-
tion during the extended 8-h time course. Cells were treated
with 0—3 uM pheromone, and Rosella fluorescence was moni-
tored every 30 min, for 8 h, in an automated 96-well plate reader
(Fig. 1G). For all samples, including the untreated control, we
observed an initial increase in vacuolar transport of the Rosella
reporter. This transient increase may be attributed to the
effects of liquid handling, for example, the transfer of cells from
glass culture tubes to polystyrene microplate wells and from
constant shaking to periodic shaking. Such changes can be con-
sidered a stress situation resulting in a high basal level of
response (83). Between 4 and 8 h, the signal returned to baseline
at low doses but was comparatively elevated at the higher con-
centrations of pheromone (0.3 to 3 um). To correct for the
observed changes in basal activity, we calculated the ratio of
signal in pheromone-treated and untreated samples (Fig.
1H). These data reveal a peak increase of ~40% and a half-
maximal response of ~200 nm a-factor (Fig. 1G, inset). The
peak response is roughly one-fifth of that induced by nitro-
gen starvation (Fig. 1E). Based on these findings, we con-
clude that pheromone stimulation results in a modest but
significant increase in vacuolar transport of the cytoplasmic
reporter protein.

Pheromone-induced vacuolar targeting is mediated by the
PI 3-kinase complex I

Vps34 is the sole PI 3-kinase in yeast and is present in two
distinct protein complexes (43, 88-91). Complex I is composed
of Vps34, Vpsl5, Vps30 (Beclin-1 in animal cells), and Atgl4.
Complex II contains Vps38 (UVRAG) in place of Atgl4 (92—
94). Whereas Complex [ is required for autophagy in nutrient-
limiting conditions, Complex II is required for proper delivery
of several resident vacuolar enzymes such as carboxypeptidase
Y (91) under nutrient-rich conditions (Fig. 14). Both complexes
are located at endosomes. The organization of the two tetra-

Figure 1. Mating pheromone a-factor induces transport of cytoplasmic proteins to the vacuole. Three independent methods were used to quantify
autophagy in BY4741 yeast. A, Pl 3-kinase Vps34 exists as two distinct complexes comprising a regulatory kinase (Vps15), a common effector (Vps30), and unique
partners (Atg14 or Vps38). Complex | promotes bulk autophagy in nutrient-limiting conditions such as nitrogen starvation. Complex Il mediates transport of vacuolar
enzymes in nutrient-rich conditions. Both complexes may contribute to the engulfment of cytoplasmic cargo (including reporters Pho8A60, GFP-Atg8, or Rosella)
within specialized double-membrane vesicles. Fusion of these vesicles with the vacuolar membrane and subsequent release of cargo is reported by quantitative
readouts. B, Pho8A60 activity induced by nitrogen deprivation in cells expressing plasmid-borne WT Gpa1, GTPase-deficient Gpa123?%", or vector. C, GFP-Atg8
processing into free GFP in low-nitrogen conditions in cells expressing Gpa1"", Gpa12*%3", or vector. D, biosensor Rosella, composed of super-ecliptic pHIuorin
(reporter) and DsRed.T3 (internal control), was used to quantify vacuolar targeting in BY4741 bar1A (WT) cells. Presented are representative images and line profiles
from individual cells in nitrogen-rich (top) or low-nitrogen (bottom) media showing the partial translocation of Rosella from the cytoplasm (red + green) to the vacuole
(red) as indicated by a vacuole-specific dye (blue). Gray lines in differential interference contrast (DIC) images indicate regions selected for line profile analysis. E, cells
expressing Rosella were maintained in exponential growth phase for 24 h prior to treatment with a dose range of mating pheromone a-factor or deprived of nitrogen
asa positive control, in 96-well microplates. Fluorescence was measured every 30 min for 8 h. Vacuolar targeting of Rosella was quantified as the ratio of red and green
fluorescence. Analysis was done using Microsoft Excel and GraphPad Prism. F, time course of vacuolar targeting induced by nitrogen deprivation in WT and sst2A cells
expressing plasmid-borne WT Gpa1, GTPase-deficient Gpa123?3", or vector. G, time course of Rosella response in cells treated with 0-3 um a-factor. Inset, dose
dependence of response at 8 h. H, relative response curves obtained by scaling the time profiles in G relative to untreated cells. Pho8A60 and GFP-Atg8 data are from
four biological replicates. Boxes extend from the 25th to 75th percentiles. Whiskers range from the minimum to maximum value. Rosella experiments were done at
least two times, and data are =+ S.D. for four technical replicates.
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Figure 2. Pheromone-induced vacuolar targeting is mediated by the PI
3-kinase complex Il and the MAPK Fus3. Time course of vacuolar targeting
induced by 1 um a-factor in BY4741 bar1A cells lacking Vps34 (A), Vps38 or
Atg14 (B), and Fus3 or Kss1 (C). D, flow cytometry analysis of organelle abun-
dance in WT and vps34A cells. Abundance is reported by fluorescence from
GFP fused with Chc1 (late Golgi/clathrin), Cop1 (early Golgi), Sac6 (Actin cyto-
skeleton), or Sec13 (endoplasmic reticulum-to-Golgi transport vesicles).
Rosella experiments were done at least two times, and data are mean =+ S.D.
from one experiment. Flow cytometry data are = S.D. for four biological rep-
licates (10,000 cells each).

meric complexes has been determined from a cryo-EM struc-
ture of mammalian Complex I (95) and a crystal structure of
yeast Complex II (96).

To identify which of the two effector complexes is needed for
pheromone-induced vacuolar targeting, we analyzed individual
gene deletions using the Rosella assay. As anticipated, cells
lacking Vps34 and Vps15 failed to exhibit vacuolar targeting in
response to pheromone (Fig. 24 and Fig. S1). Whereas the
response was unaffected by deletion of Atgl4 (Complex I), it
was completely abrogated in cells lacking Vps38 (Complex II)
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(Fig. 2B). Thus, although nutrient-driven autophagy is medi-
ated by Complex I, pheromone-induced vacuolar targeting is
mediated by Complex II.

Pheromone-induced vacuolar targeting is mediated by the
MAPK Fus3

Whereas Gy recruits and activates Ste5 (97-101), Gpal/Ga
binds to and activates Vps34 (38). Ste5 assembles and activates
the protein kinases Stell, Ste7, and Fus3 but is also required for
activation of Kssl (15-22). In contrast, Vps34 activates Fus3
alone (38). Fus3, but not Kssl, is likewise required for
autophagy under nitrogen-limiting conditions (102); under the
same conditions Kss1, but not Fus3, promotes invasive/pseu-
dohyphal growth in susceptible strains (34—36). Thus, we
anticipated that Fus3 would be needed for pheromone-induced
vacuolar targeting of Rosella. As predicted by this model, cells
lacking Fus3 failed to respond to pheromone, whereas cells
lacking Kssl responded normally (Fig. 2C). Replacement
of phosphorylation sites necessary for MAPK activation
(FLIS3T180A/YI82E) 350 eliminated the response (Fig. S2). Muta-
tions in other pathway components, all of which are required
for proper Fus3 expression and/or activation, are likewise
required for vacuolar targeting. Specifically, we confirmed a
requirement for the receptor (Ste2), G (Ste4), scaffold (Ste5),
MAPKKK (Stell), MAPKK (Ste7), and transcription factor
(Ste12). Although several of these proteins act downstream of
Gpal, they are necessary for the proper expression of mating
pathway component(s) such as the receptor and Fus3; this
could also explain why Ste4 is needed for signaling by constitu-
tively active variants of Ste5 and Stel1, despite their well-estab-
lished functions downstream of the G+ subunits (18, 38, 103).
Cells lacking GPA I are permanently arrested in the G, phase of
the cell cycle (104, 105).

Our results indicate that Vps34 is required for pheromone-
induced vacuolar transport of the cytoplasmic reporter (Fig.
2A). To determine whether Vps34 also targets specific organ-
elles for vacuolar degradation, we compared the abundance of
four proteins with well-characterized and distinct subcellular
localizations: Sec13—GFP (marker of endoplasmic reticulum—
to—Golgi transport vesicles); Copl-GFP (early Golgi), Chcl-
GFP (late Golgi), and Sac6 —GFP (actin cytoskeleton). As shown
in Fig. 2D, most of these proteins showed higher abundance in
the vps34A mutant, suggesting a role for the vacuolar targeting
pathway in maintaining the abundance of cellular organelles
and the actin cytoskeleton. Below, we examine the fate of these
proteins upon mating.

F-box protein Dia2 promotes pheromone-dependent vacuolar
targeting

In our previous screen of nearly 5000 gene deletion strains,
we determined that Vps34 and Vpsl5 are required for signal
transduction by Gpal. The same screen revealed a similar
requirement for the F-box protein Dia2. Dia2 is one of 16 mem-
bers of the F-box family, which serves to recruit specific sub-
strates for ubiquitination and for degradation by the protea-
some protease complex (41). Although a role in autophagy has
not been reported in yeast, F-box proteins are known to regu-
late autophagy in animal cells. A genome-wide human siRNA
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screen identified ZBTB16 as an inhibitor of PI 3-phosphate pro-
duction and starvation-mediated autophagy (106). ZBTB16
mediates proteasome degradation of Atgl4L (107). Two other
adaptor proteins, FBLXL2 and KLHL20, promote ubiquitina-
tion of VPS34 in response to DNA damage (108) and nutrient
starvation (109), respectively. Thus, F-box adaptor proteins can
serve as important regulators of autophagy-related processes,
at least in animal cells. Accordingly, we considered a similar
role for the F-box proteins in yeast.

Given the documented role of Dia2 in Gpal signaling, we
first determined its ability to regulate Rosella targeting. As
shown in Fig. 34, and in support of our model, cells lacking
DIA?2 exhibit a small impairment of response after 6 h of pher-
omone treatment. A comparison of pheromone concentrations
at the 8-h time point also revealed a more graded pheromone
dose-response profile, as compared with WT cells (Fig. 3B). We
infer from these results that Dia2 promotes the ubiquitination
and degradation of a component in the pheromone-response
pathway. Moreover, the target of Dia2 is likely to be long-lived,
given the length of time required to observe the attenuation of
response.

To determine whether other F-box adaptor proteins regulate
vacuolar targeting, we analyzed individual gene deletions using
the Rosella assay. Whereas Dia2 promotes vacuolar targeting of
cytoplasmic Rosella in pheromone-treated cells, it had the
opposite effect in unstimulated conditions (Fig. 3B). The basal
signal was likewise elevated in one other mutant tested (ufolA,
Fig. 3C), but that mutant did not exhibit any differences in
response to pheromone stimulation.

We then considered whether Dia2 regulates the abundance
of organelle marker proteins, in the manner of Vps34. As shown
in Fig. 3D, abundance of Sec13—GFP, Copl-GFP, Chc1-GFP,
and Sac6 —GFP are likewise elevated in the dia2A mutant. The
stabilizing effects of the dia2A and vps34A mutants are in con-
trast to the observed destabilization of the cytoplasmic protein
Rosella. Thus, Dia2 and Vps34 promote pheromone-induced
vacuolar targeting of cytoplasmic proteins and also limit the
abundance of organelle markers, at least under basal (unstimu-
lated) conditions. We then considered the contribution of Dia2
to maintaining organelle abundance upon mating of haploid
cells to produce diploids. To that end, MATa cells expressing
the organelle markers were combined with MATa cells and,
after selecting for diploids, quantified for GFP by flow cytom-
etry. As shown in Fig. S3, haploid and diploid cells lacking Dia2
exhibited a similar increase in organelle abundance, which was
not evident in either WT cells or cells lacking other F-box pro-
teins. We conclude that Dia2 specifically regulates cytoplasmic
but not organelle-associated proteins during the mating path-
way signaling.

Finally, we considered other aspects of the mating response.
In particular, we measured pathway-specific gene transcription
with a reporter consisting of the FUSI promoter fused to the
B-gal gene. Compared with WT cells, a vps34A mutant has a
substantially diminished transcription response (38). As shown
in Fig. 3E, deletion of DIA2 likewise results in attenuation of
transcription. Thus, Dia2 and Vps34 are both required to sus-
tain pheromone-dependent transcription, and the changes in
transcription mirror the changes in pheromone-dependent
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Rosella targeting reported above. In addition, Dia2, like Vps34,
limits abundance of organelle-associated proteins but does so
independently of the mating signal.

F-box protein Ucc1 regulates pheromone-dependent MAPK
signaling

Taken together, our findings reveal a novel form of vacuolar
targeting that is mediated by mating pheromone, the G-protein
a subunit Gpal, the PI 3-kinase Complex II, the MAPK Fus3,
and the F-box protein Dia2. Although pheromone-induced
vacuolar targeting has several unique features, it nonetheless
acts in combination with known components of the phero-
mone-response pathway. For example, Fus3 is activated down-
stream of Ga as well as by GBvy. To further distinguish these
processes, we initiated a targeted screen for specific regulators
of each output.

Given the specific role of Dia2 in vacuolar targeting, we
tested our panel of 14 nonessential F-box deletion strains for
any that modulate MAPK- and Cdc42-dependent signaling.
Webegan by measuring activation of Fus3, which requires phos-
phorylation of two conserved residues, Tyr-180 and Thr-182.
Cells were treated with pheromone, resolved by gel electropho-
resis and immunoblotting, and probed with antibodies that
detect the dual-phosphorylated form of the protein. In this
case, the dia2A mutant sustained full Fus3 activation, despite
the marked decrease in Fus3-mediated transcription and vacu-
olar targeting (110). Indeed, of the 14 deletion mutants tested,
only ucclA resulted in an appreciable change in the phospho-
Fus3 signal (Fig. 44). We conclude that Uccl, but not Dia2,
regulates Fus3 activation.

Uccl could work directly on Fus3, a Fus3-binding partner, or
on Fus3-mediated transcription. Fus3 is not known to be
degraded in a ubiquitin-dependent manner; however, it is well-
known to invoke a positive feedback loop that amplifies the
signal through increased transcription and induction of Fus3
itself (Fig. 4B). To distinguish between increased phosphoryla-
tion and increased abundance of the kinase, we used phos-tag
gel electrophoresis to resolve the proportion of phosphorylated
and unphosphorylated species (111). As shown in Fig. 4C, and
as reported previously, pheromone treatment led to the rapid
accumulation of dual-phosphorylated Fus3 and, following a
slight delay, accumulation of mono-phosphorylated protein
(this mono-phosphorylated pool of kinase does not stimulate
but rather inhibits the mating response) (111). As is evident
from these data, the proportion of phosphorylated and unphos-
phorylated protein was unaltered in the ucc1A strain. We infer that
Uccl limits the overall abundance of Fus3 and that the increase in
p/ppFus3 abundance (Fig. 4B) reflects an increase in Fus3 expres-
sion. In accordance with these findings, deletion of L/CC1 led to an
~2-fold increase in pheromone-induced gene transcription (Fig.
4D). We conclude that Uccl is a negative regulator of MAPK sig-
naling, and its primary effect is on MAPK protein expression
rather than kinase activation.

F-box protein Ydr306c (Pfu1) regulates pheromone-dependent
morphogenesis

Having identified F-box proteins that regulate pheromone-
induced vacuolar targeting (Dia2) and Fus3 induction (Uccl),
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Figure 3. F-box protein Dia2 promotes pheromone-dependent vacuolar
targeting. A, time course of Rosella response (relative to untreated cells)
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we considered the role of F-box proteins in morphogenesis. In
preparation for mating, haploid cells form a pear-shaped pro-
jection, or “shmoo,” that expands in the direction of the pher-
omone gradient. Accordingly, we measured the size of the mat-
ing projection in WT cells and in cells lacking each of the
nonessential F-box proteins. Cells were plated on agar pads
supplemented with pheromone for 15 h. We then measured the
base—to—tip lengths of mating projections in 200 individual
cells for each strain. As shown in Fig. 54, cells lacking LUCCI or
DIA?2 displayed little or no change in cell shape as compared
with WT cells (Fig. 54). In contrast, cells lacking GRRI or
YDR306¢ exhibited mating projections that are longer by
15-20%. Grrl has a well-characterized role in cell cycle arrest
and morphogenesis (112—114). The functional role of YDR306¢
has not previously been explored.

YDR306¢ was of particular interest because it is expressed
predominantly in haploid (mating competent) cells, as deter-
mined by stable isotope labeling of amino acids and MS analysis
(115). Very few proteins are uniquely found in haploid cells, but
these include the pheromone receptor, all three G-protein sub-
units, the scaffold Ste5, the MAPK Fus3 (but not Kss1), and the
downstream transcription factor Stel2 (115). All of these pro-
teins are needed to detect and track a pheromone gradient and,
with the exception of Fus3, all are essential for mating. Thus,
Ydr306 may represent a new member of the mating pathway.

To further characterize the cell polarization function, we
monitored oriented growth in cells lacking Ydr306, in response
to a spatially uniform field of pheromone, using a custom
microfluidics device (Fig. 5B) (30). Cell polarization was scored
using the well-characterized polarity marker Beml-GFP.
Bem1 binds directly and selectively to the activated form of
Cdc42, which together with its guanine nucleotide— exchange
factor Cdc24 comprises the core components of the “polar cap.”
The polar cap assembles at the tip of the first mating projection
and remains there during active morphogenesis. Failure to find
a mating partner causes WT cells to disassemble the cap and
form a new polar cap at a different site (5, 116—118).

To quantify changes in the polar cap over time, we plotted
the distribution of Bem1-GFP as line scans measured around
the cell boundary (kymographs). As shown in Fig. 5B, cells nor-
mally expand in one direction for ~200 min (represented as a
single, sharp band of Bem1 fluorescence) before abandoning
the cap and expanding in another direction. Establishment of a
new polarity site coincides with a break in the kymograph
traces, which is followed by a new fluorescent band at a differ-
ent cell boundary position (y axis). For the first 200 min,
ydr306¢cA mutants functioned much like WT cells. Between
200 and 600 min, however, the strains exhibited strikingly dif-
ferent behaviors. Whereas the WT cells abandoned the first
projection, the mutant cells formed multiple projections while

induced by 1 um a-factorin BY4741 bar1A cells and cells lacking Dia2. B, dose
dependence of response after 8 h of treatment with 0-3 um a-factor. C, F-box
screen. Bars represent percent basal response relative to BY4741 bar1A cells.
D, flow cytometry analysis of organelle abundance in BY4741 WT and dia2A
cells, as done above for vps34A (Fig. 2D). E, B-gal activity in cells expressing
the FUST-lacZ transcription reporter and treated with 0-3 um a-factor for 90
min. Rosella experiments were done at least two times with four technical
replicates, and data are mean =+ S.D. from one experiment. Flow cytometry
data are = S.D. for four biological replicates (10,000 cells each).
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Figure 4. F-box protein Ucc1 promotes MAPK induction. A, F-box screen.

Bars represent average phospho-MAPK (Fus3) activation relative to BY4741
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also maintaining the original site of expansion (Fig. 5B and
Movie S1). The exaggerated growth may be due in part to a
modest (2-fold) decrease in pheromone sensitivity (Fig. 5C),
because WT cells exposed to a weak stimulus also become elon-
gated in this manner (3, 30, 119). Reduced sensitivity is inde-
pendent of MAPK activation, however, as shown in Fig. 44
(ydr306c). We conclude that YDR306¢ selectively regulates the
morphogenesis branch of the pheromone pathway and, in
particular, is required for efficient removal of the polar cap
from nonproductive mating fronts. In light of the phero-
mone-dependent phenotype and its documented role in
ubiquitination (41), we named the gene PFUI (pheromone
E-box ubiquitination).

Discussion

Vacuolar recycling of cellular contents has long been known
to occur under conditions of nutrient limitation. Here we dem-
onstrate, using the cytoplasmic biosensor Rosella, a parallel
process that occurs in response to pheromone stimulation.
Pheromone-induced vacuolar targeting is transmitted by the
G-protein « subunit, the PI 3-kinase Vps34, and the protein
kinase Fus3. The F-box protein Dia2 specifically regulates this
event, whereas other F-box proteins selectively regulate MAPK
induction and mating morphogenesis (Fig. 6). Whereas Dia2
promotes vacuolar targeting, Uccl regulates MAPK abun-
dance, and Pful promotes the disassembly of the polar cap.
Pful is of particular interest because it has not previously been
characterized, is expressed exclusively in haploids, and limits
the lifetime of the mating projection. Collectively, our data sup-
port the existence of a new branch of the pheromone-response
pathway and reveal new components of the mating apparatus.

Our findings build on earlier studies linking Gpal to Vps34
activation and of Vps34 activation to autophagy. Previous
efforts to investigate these processes were hampered, however,
by the lack of appropriate genetic tools and sufficiently sensitive
assays. Since it was first characterized by EM in the 1950s, a
hallmark of autophagy has been the focal degradation of cyto-
plasmic content within lysosomes. More recently, autophagic
activity is reported as the redistribution or degradation of Atg8
(or LC3), increased abundance of autophagosomes, and
increased degradation of cytoplasmic proteins. Although these
methods have revealed critical pathway components, they are
not conducive to large-scale measures of pathway activity (83).
Moreover, methods that rely on the appearance or abundance
of GFP—Atg8 do not track specific cargo, are difficult to quan-
tify, and can be affected by changes in cell size and morphology

(WT). Cells were treated with 3 um a-factor for 60 min and analyzed by immu-
noblotting with phospho-p44/42 antibodies to detect activated Fus3. B, time
course of Fus3 activation. WT and uccTA cells were treated with 3 um a-factor
and analyzed by immunoblotting with phospho-p44/42 (p/pp-Fus3), Fus3,
and G6PDH (load control) antibodies. C, Phos-tag immunoblot analysis of WT
and uccTA cells treated with a-factor and analyzed by immunoblotting, as
described in B. Protein bands (left) representing dual-phosphorylated
(ppFus3), mono-phosphorylated (pFus3), and nonphosphorylated (Fus3)
forms of the protein were quantified using ImageJ and presented as a per-
centage of total Fus3 at 0 min (right). D, B-gal activity in cells expressing the
FUS1-lacZ transcription reporter and treated with 0-3 um a-factor for 90 min.
Data represent percentage of maximum activity relative to WT cells. A and B
show individual data points (X) and the mean of two biological replicates; all
other data are = S.D.
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Figure 6. Model of the mating pathway with three distinct branches lead-
ing to vacuolar targeting, transcription, and morphogenesis. Binding of
mating pheromone to its receptor Ste2 triggers activation of the G protein.
Vacuolar targeting is initiated by Gpal-GTP at endosomal membranes,
requires the Pl 3-kinase Vps34 and the terminal MAPK Fus3 (but not Kss1), and
is positively regulated by the F-box protein Dia2. In contrast, new gene tran-
scription and morphogenesis are initiated by the GB+y subunits at the plasma
membrane, transmitted by either Fus3 or Kss1, and negatively regulated by
the F-box protein Ucc1. Proper morphogenesis is initiated by GBvy, mediated
by the small G-protein Cdc42, and is regulated by the F-box protein, Pful.

(as occurs during mating morphogenesis). Biochemical meth-
ods, such as those that rely on Pho8A60 alkaline phosphatase
activity, are quantitative but require cell lysis, are not amenable
to high-throughput analysis, and can be affected by the
ubiquitin—proteasome pathway. By comparison, the Rosella
reporter constitutes a marker-independent method to measure
the sequestration of cytoplasmic cargo in living cells, over time,
and under various growth conditions (84). By adapting the
Rosella biosensor for use in a microplate reader, we now have a
platform for quantitative measurement of Gpal/Vps34 signal-
ing, in multiple strains, at multiple concentrations of stimulus,
and at multiple time points.

SASBMB

vation. Similar findings have been reported previously for
mammalian GPCRs, including the muscarinic cholinergic
receptor (120-126) and B-adrenergic receptor (124-126).
Other examples are likely to emerge, given that many GPCRs
not only regulate but also detect the abundance of nutrients.
For instance, there are GPCRs that bind to amino acids
(GPRC6A, T1R1, and T1R3), long-chain fatty acids (GPR120
and GPR40), and short-chain fatty acids (GPR41 and GPR43).
The T1R1/T1R3 receptors stimulate mechanistic Target of Ra-
pamycin Complex I (nTORC1), which in turn phosphorylates
and inhibits the PI 3-kinase needed for autophagosome biogen-
esis (122, 127).

One unusual aspect of pheromone-induced vacuolar target-
ing is the positive role for the G-protein « subunit, Gpal. It has
long been recognized that Gpal controls the release of GBYy,
which in turn recruits Ste5 and Cdc24, and these processes are
sufficient to drive nearly all aspects of the mating response. In
contrast, itis Gpal—-GTP that binds to and activates Vps34 (38),
and Vps34 activity is absolutely required for autophagy and
vacuolar targeting (42, 128). Another unusual aspect of this
system is the endomembrane location of the effector protein
Vps34. It had long been assumed that G proteins function
exclusively at the plasma membrane, in conjunction with cell-
surface receptors and extracellular ligands. Our findings indi-
cate that Gpal functions at endosomes to promote PI 3-kinase
activity. This process is likely to be conserved in mammals,
given that VPS34 binds directly to Ge; (129) and is activated by
at least one GPCR (130) as well as the nonreceptor exchange
factor Ric-8A (129).
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Another unusual aspect of pheromone-induced vacuolar tar-
geting is the specific requirement for Fus3. Whereas Fus3 and
Kss1 are both activated by pheromone, Fus3 alone is activated
by Gpal. Whereas Fus3 alone promotes cell cycle arrest (29),
gradient tracking (30), and vacuolar tracking, either kinase can
sustain mating morphogenesis and transcriptional induction
(17,111,131, 132). However, there is clearly some integration of
Gpal signaling with other branches of the mating pathway. For
example, GBvy can also promote the activation of Fus3. Thus,
our use of F-box deletions is significant because it allowed us to
show that the three branches can be functionally separated. An
important goal for the future is to identify the relevant sub-
strates for Fus3 and the three F-box proteins. Pful is of partic-
ular interest because it is expressed exclusively in haploid cells
(115), and it is therefore likely to have a unique and specific role
in mating.

In summary, these findings advance our understanding in
several important ways. First, we have determined the func-
tional consequences of Vps34 activation by Gpal. In particular,
our results demonstrate that vacuolar targeting is stimulated by
mating pheromone and is mediated by Vps34. Although Vps34
is well-known to be required for autophagy and cytoplasm—to—
vacuolar targeting, these events had not been investigated in
detail in the context of the yeast G-protein—signaling pathway.
The fluorescent biosensor Rosella provided the technical
breakthrough needed to answer this long-standing question.
Moreover, our systematic analysis of F-box deletions provided
corroborating evidence for the existence of a third distinct
branch of pheromone-signaling pathway. Finally, our studies
revealed that one of the F-box proteins Pful acts to limit the
lifetime of the mating projection. Pful had not previously been
characterized but was of particular interest because it (like the
G protein) is expressed exclusively in signaling-competent hap-
loid cells. F-box proteins serve as receptors for the plant hor-
mones auxin and jasmonates (133-135). Thus, homologous
proteins could serve as targets for inhibitors that selectively
enhance or diminish GPCR signaling and autophagy-related
processes in humans.

Experimental procedures
Strains, plasmids, and growth conditions

Yeast strains used in this study were BY4741 (MATa leu2A
metISA his3A ura3A) and BY4741-derived gene deletion
mutants obtained from the Yeast Knockout Collection (Invit-
rogen) for transcription and morphogenesis screens or remade
by homologous recombination of PCR-amplified drug resis-
tance genes (136) with flanking homology to the gene of interest
(Table S1) for autophagy and Rosella assays. Gpal ?*>*" and
WT Gpal were expressed using plasmid pRS316 (39). Pho8A60
was stably integrated into the genome, replacing the native
PHO8 gene (gift from Mara Duncan, University of Michigan).
The plasmid pRS416-GFP-ATG8 (Addgene 49425) was
obtained as a gift from Daniel Klionsky (137), and the GFP—
ATGS construct was subsequently introduced into the pRS415
vector. The autophagy biosensor Rosella was expressed with
the pASINB—DsRed.T3-SEP plasmid (2u, amp®, LELI2™") (gift
from Mark Prescott and Rodney Devenish, Monash University)
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(84). Cells were grown in synthetic complete medium supple-
mented with antibiotics or lacking specific nutrients to main-
tain plasmid selection and containing 2% w/v dextrose (hereaf-
ter, SCD medium or SCD — nutrient). Colonies were
inoculated into liquid medium and grown overnight at 30 °C.
Saturated cultures were then diluted with fresh medium to A,
= 0.1 and cultured for 6 h, then further diluted to Ay, = 0.001,
and cultured for 18 h to maintain Ay, <1 prior to use. Cells
were transferred to low-nitrogen conditions by washing and
resuspending in SCD medium lacking ammonium sulfate
(SCD — nit).

Autophagy assays

The Pho8A60 assay was performed as described previously
(70). Cells were grown to absorbance (at 600 nm) ~1 in SCD
medium prior to transfer to SCD — nit medium. Aliquots were
collected after 0, 4, and 8 h of starvation, transferred to assay
buffer (250 mm Tris-HCl, pH 9.0, 10 mm MgSO,, 10 um
ZnSO,), and lysed with glass beads on an automatic vortex
mixer (5 min at 4 °C). The cell lysate was diluted 10-fold and
incubated with substrate (5 mm a-naphthyl phosphate, Sigma
N7255) at 30°C for 20 min. Enzyme activity was measured
spectrophotometrically (345 nm excitation and 472 nm emis-
sion) and presented as emission per amount of protein in the
reaction, which was determined via the Bradford method. For
the GFP—Atg8 assay (71), cells were similarly propagated in
SCD-leucine medium prior to nitrogen starvation. Cell extracts
were obtained after 0, 3, and 6 h of starvation. Cell pellets were
lysed with TCA buffer, and protein extracts were normalized
and resolved by 10% SDS-PAGE. Proteins were detected by
immunoblotting with GFP antibodies (sc-999c, clone B-2,
Santa Cruz Biotechnology) or glucose-6-phosphate dehydroge-
nase (G6PDH) antibodies (Sigma). Immunoreactive species
were detected with antibodies conjugated with horseradish
peroxidase (Jackson ImmunoResearch) using ECL-plus reagent
(Life Technologies, Inc.) on a Bio-Rad Chemidoc Touch Imag-
ing System. Protein bands were quantified using Image Lab
software version 6.0.1 (Bio-Rad).

Rosella assay

Cells lacking the secreted protease Barl were exposed to 0 -3
uM mating pheromone a-factor in SCD-leucine medium in
black clear-bottom 96-well microplates (Greiner 655087 or
Corning 3631). As a positive control, a separate culture was
starved of nitrogen, as described previously. Background signal
was measured using clear medium that did not contain cells.
Microplates were sealed to reduce evaporation (adhesive PCR
plate seal, Thermo Fisher Scientific AB0558) and placed in a
microplate reader (Molecular Devices SpectraMax M5 or i3x)
for 8 h at 30 °C. At each time point, samples were shaken, and
fluorescence was measured for SEP (488 nm excitation and
530 nm emission) and DsRed.T3 (543 nm excitation and 587
nm emission). Pheromone treatment does not by itself affect
cytoplasmic pH (138). All experiments were performed two
or more times in quadruplicate. Time-course response pro-
files were generated by calculating the ratio of background-
corrected dsRed.T3 and SEP fluorescence. Dose-response
profiles were calculated at the 8-h time point using a variable
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slope (four parameters) nonlinear regression with least-
squares fit (GraphPad Prism). The magnitude of phero-
mone-induced vacuolar targeting of Rosella was determined
at each time point by scaling the pheromone-induced
response with basal response in untreated cells.

Organelle culling

Organelle abundance was measured in cells expressing GFP-
or RFP-tagged Copl (early Golgi), Chcl (late Golgi/clathrin),
Sec13 (endoplasmic reticulum to Golgi), Sac6 (actin cytoskele-
ton), or Om45 (mitochondria) (139). BY4741 (MATa) cells con-
taining GFP-labeled organelles were combined with BY4742
(MATa) cells expressing RFP-labeled organelles on YPD agar
plates overnight. Diploid cells expressing both GFP- and RFP-
labeled organelles were selected on SCD — histidine + G418
plates. Colonies were inoculated into SCD medium as de-
scribed above, and GFP (488 nm excitation and 525/50 nm
emission) and RFP (594 nm excitation and 610/20 nm emis-
sion) fluorescence were measured on an LSR II flow cytometer
(BD Biosciences). BY4741 lacking fluorescent markers was
used to measure background signal. The RFP signal was used to
confirm that no residual MATa cells were selected in the pop-
ulation of diploid cells. Flow cytometry data were analyzed
using FlowJo version 10 and are presented as the average
median fluorescence intensity of 10,000 cells from four biolog-
ical replicates.

Transcription reporter assay

Pathway-specific outputs leading to transcription and mor-
phogenesis were monitored using previously published meth-
ods. Transcription was quantified as the activity of the lacZ
(B-gal) reporter expressed from the pheromone-inducible
FUSI promoter (140). Cells were grown in SCD — histidine
medium to absorbance (at 600 nm) ~1, exposed to 0-10 um
mating pheromone for 90 min, permeabilized, and incubated
with the substrate fluorescein di-B-p-galactopyranoside for
another 90 min. B-Gal hydrolyzes the substrate to fluorescein,
which is quantified by fluorescence (485 nm excitation and 530
nm emission). A signal is evident after 2 h, similar to the Rosella
assay for vacuolar targeting. The assay is stopped after 3 h to
avoid depleting the substrate.

Morphogenesis assay

Morphogenesis was measured using brightfield illumination
on a Nikon Ti 2000-inverted microscope. Agar pads were pre-
pared by dissolving 2% agar in clear SCD medium and spotting
(200 wl) onto a clear glass slide. Another slide was quickly
placed on top, and the agarose was allowed to solidify. After
removing the top slide, the agar pad was supplemented with 30
uM a-factor in SCD medium. High concentrations of phero-
mone are needed in WT (BARI+) cells to allow for the forma-
tion of multiple mating projections. Next, 5 ul of cells were
mounted on the pad and sealed with a clean glass coverslip as
described previously (141). Mating projection lengths were
determined using FIJI image analysis software (142). Data are
shown as percentage of the average length of mating projec-
tions relative to WT cells (# = 200). Morphogenesis-related
changes in the localization of the polarity marker protein Bem1
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were monitored as described previously (5). Briefly, cells
expressing Bem1-GFP were immobilized in a microfluidic
chamber and exposed to a constant flow of fresh growth
medium containing 300 nm a-factor in both channels. Because
the medium is constantly being replenished, low concentra-
tions of pheromone are sufficient to invoke the formation of
mating projections. Images were acquired at 5-min intervals for
12 h asaz-series of 1-um step size, 5 wm around the focal plane,
using an Olympus IX83 spinning-disc confocal microscope
equipped with an Andor Revolution XD spinning-disk unit.
Kymographs were generated using FIJI and MATLAB, as
described previously (5).

Phospho-MAPK and Phos-tag immunoblotting

MAPK activation was measured using quantitative immuno-
blotting as described previously for Hogl (143). Briefly, cells
grown to absorbance (at 600 nm) ~1 in yeast extract/pep-
tone/2% dextrose (YPD) medium were treated with 3 um a-fac-
tor pheromone, and aliquots were collected at the indicated
time points. Cell pellets were lysed with TCA buffer; protein
extracts were normalized and resolved by either standard 10 or
12% acrylamide SDS-PAGE or 50 pum Zn**-Phos-tag in 10%
acrylamide SDS-PAGE (Wako Chemicals). Proteins were
detected by immunoblotting with phospho-p44/42 antibodies
(9101, Cell Signaling Technology), Fus3 antibodies (Santa Cruz
Biotechnology), or G6PDH antibodies (Sigma). Immunoreac-
tive species were detected with antibodies conjugated with
horseradish peroxidase (Santa Cruz Biotechnology) using ECL-
plus reagent (Life Technologies, Inc.) or with Alexa Fluor 647
(Jackson ImmunoResearch) on a Bio-Rad Chemidoc Touch
Imaging System. Protein bands were quantified using the scan-
ning densitometry function within FIJI (142).
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