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ABSTRACT

The yeast plasma membrane (PM) is organised into specific subdomains that can regulate the activity
of surface membrane proteins localised within them. Nutrient transporters actively uptake substrates in
particular regions of the PM where they are also susceptible to the endocytic machinery for substrate induced
degradation. However, transporters also diffuse into distinct subdomains termed eisosomes, where they are
inactive for substrate uptake and are protected from endocytosis. Although most nutrient transporter
populations are sorted to the vacuole for degradation during glucose starvation, a small pool are retained in
eisosomes. Sequestering this small pool of transporters during nutrient stress is essential for efficient recovery
from starvation following a return to replete conditions. However, the mechanisms controlling this process at a
biochemical level are poorly defined. We find the core eisosome subunit Pil1, a Bin, Amphiphysin and Rvs.
(BAR) domain protein involved in membrane dynamics required for eisosome biogenesis, is primarily
phosphorylated by Pkh2 but that Pil1 dephosphorylation occurs during acute glucose starvation. We screened
for enzyme localisation and activity to implicate the essential phosphatase Glc7 as the primary enzyme
responsible for Pil1 dephosphorylation. Manipulation of GLC7 expression correlates with Pil1 hypo/hyper
phosphorylation. Furthermore, glc7 mutants and Pil1-phosphomutants are defective in recovering from glucose
starvation. We propose precise posttranslational control of Pil1 modulates nutrient transporter retention within
eisosomes depending on cellular nutritional status, to maximise recovery from starvation.

INTRODUCTION

The plasma membrane (PM) of eukaryotic cells is organised into distinct domains of specific lipids and
proteins (Kraft, 2013). In the budding yeast Saccharomyces cerevisiae, microdomains of the PM have been
characterised by fluorescence microscopy and shown to house distinct protein populations (Léon and Teis,
2018). Original localisation studies distinguished between the hexose transporter Hxt1, that is uniformly
dispersed across the surface and other proteins that were found in discrete, non-overlapping regions (Malinska
et al., 2003). The type 2-type H*-ATPase Pma1 is distinct from punctate subdomains marked by the amino acid
transporters Can1 and Fur4 (Grossmann et al., 2007; Malinska et al., 2004). The subdomains containing these
nutrient transporters are also termed eisosomes (Walther et al., 2006). Since then, many distinct regions and
spatiotemporal patterns have been observed for different proteins localised to the yeast PM (Berchtold and
Walther, 2009; Grossmann et al., 2007; Heinisch et al., 2010; Murley et al., 2017; Spira et al., 2012). The
punctate eisosome regions with concentrated Can1 signal were originally estimated to be membrane furrows
approximately 300nm long and enriched in sterols and sphingolipids (Grossmann et al., 2007; Malinska et al.,
2003; StraDalova et al., 2009). Eisosomes are formed de novo randomly across the PM, where they are
immobilised (Moreira et al., 2009). Beyond the original proteins localised to eisosomes, many additional factors
have been identified, such as core structural proteins, post-translational modifiers, tetraspan membrane
proteins and uncharacterised proteins (Foderaro et al., 2017). Eisosomes have been identified in other fungal
species, such as Aspergillus nidulans and Ashbya gossypii (Seger et al., 2011; Vangelatos et al., 2010), as well
as various species of lichens and algae (Lee et al., 2015).

Eisosome structure and function is known to be regulated by some of these factors. Examples include
the Bin, Amphiphysin and Rvs (BAR) domain proteins Pil1 and Lsp1 required for eisosome biogenesis, which
are involved in binding to the PM and organising lipids during the sculpting of eisosomes (Moreira et al., 2009;
Walther et al., 2006; Zhao et al., 2013; Zidtkowska et al., 2011). The eisosomal kinases Pkh1 and Pkh2 function
by phosphorylating both Pil1 and Lsp1, which is required for eisosome assembly (Luo et al., 2008; Walther et
al., 2007). A screen for PI(4,5)P2 regulators revealed eisosome factors SIm1 and SIm2 also bind lipids, which
are required for proper eisosomal organisation and integrate with TORC2 signalling and lipid synthesis (Audhya
et al., 2004; Berchtold et al., 2012; Kamble et al., 2011; Riggi et al., 2018). Other examples of proteins required
for proper eisosome assembly include Nce102, a sphingolipid sensor (Fréhlich et al., 2009; Vaskovicova et al.,
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2020; Zahumensky et al., 2022), and Seg1, a stability factor that operates upstream of Pil1 (Moreira et al.,
2012; Seger et al., 2011).

Many nutrient transporters diffuse in and out of eisosomes (Babst, 2019; Grossmann et al., 2008). Yeast
cells uptake nutrients from their external environment through specific transporters that localise to the PM (Jack
et al., 2000). Regulation of these transporters at the PM allows for nutrient acquisition to be tightly controlled in
response to cellular requirements. When nutrient transporters are in eisosomes they are protected from
endocytosis (Grossmann et al., 2008) and nutrient uptake activity is inhibited. For uptake of arginine, the Can1
transporter undergoes a conformational shift and moves from eisosomes to distinct regions of the PM, where it
can subsequently be endocytosed (Gournas et al., 2018). A similar PM relocation mechanism is observed for
the Mup1 transporter in response to methionine addition (Busto et al., 2018; Moharir et al., 2018).

Active transporters localised to the PM, like Fur4, Can1 and Mup1, undergo conformational changes in
response to nutrients and are more efficiently serviced by the endocytic machinery (Gournas et al., 2017;
Guiney et al., 2016; Keener and Babst, 2013). Nutrient transporter ubiquitination is the signal for trafficking
through the multivesicular body pathway, where ubiquitinated proteins are recognised and packaged into
intralumenal vesicles of the MVB by the endosomal sorting complex required for transport (ESCRT) apparatus
(Migliano et al., 2022). Upon MVB-vacuole fusion, intraluminal vesicles containing surface proteins are
deposited in the degradative environment of the vacuolar lumen. These feedback mechanisms allow
degradation to avoid excessive nutrient uptake, which can be detrimental (Kaur and Bachhawat, 2007; Séron
et al., 1999; Watanabe et al., 2014). This pathway is coordinated in response to nutritional cues, for example
in response to nitrogen starvation, surface proteins are degraded more readily by the elevation in vacuolar
sorting triggered via Rsp5 and its adaptors (MacGurn et al., 2011; Muller et al., 2015). Rsp5 mediated
degradation is also upregulated in response to growth past log-phase when niacin becomes limited (MacDonald
et al., 2015). Surface proteins are also degraded faster and recycled less efficiently in response to leucine
starvation (Jones et al., 2012; MacDonald and Piper, 2017). A similar dual control of trafficking pathways in
response to glucose starvation, which triggers surface protein degradation (Lang et al., 2014), occurs through
an increase in AP180 mediated endocytosis and a decrease in Gpa1-PI3-kinase mediated recycling (Laidlaw
et al., 2021; Laidlaw et al., 2022).

Some of these stress condition experiments have shown that the entire nutrient transporter population
is not degraded, with at least some of the cellular pool being sequestrated in eisosomes. This has only been
shown for nutrient transporters, suggesting other cargoes are degraded in response to starvation but specifically
retaining a reserve pool of nutrient transporters allows efficient recovery from starvation. Unlike the response
to substrate, where transporters like Can1, Fur4 and Mup1 move from eisosomes and undergo endocytosis,
starvation conditions like poor nitrogen source or growth to stationary phase results in increased transporter
concentration in eisosomes (Gournas et al., 2018; Moharir et al., 2018). Stress conditions trigger restructuring
of eisosomes, with changes in PM tension and deepening of these structures, to better retain this reserve pool
of nutrient transporters (Appadurai et al., 2020; Moharir et al., 2018; Riggi et al., 2018). Our single molecule
work has shown that biophysical changes in Pil1 are observed at this time, including an increase in molecular
stoichiometry and diffusion coefficients (Laidlaw et al., 2021), which might contribute to such structural
alterations during stress. Furthermore, there is a physiological benefit to harbouring these nutrient transporters
in eisosomes: to allow efficient recovery following a return to replete conditions. For example, the uracil
transporter Fur4 that is required at the surface for efficient growth in limited uracil conditions contributes to
efficient recovery following glucose starvation, in a uracil-dependent manner (Laidlaw et al., 2021; Paine et al.,
2021).

The retention of nutrient transporters in response to stress is not well understood at a mechanistic level.
As mentioned, phosphorylation of the core factor Pil1 by Pkh-kinases is required for eisosome biogenesis
(Karotki et al., 2011; Luo et al., 2008; Walther et al., 2007). We show Pkh2 is the main kinase that regulates
Pil1 phosphorylation but also that Pil1 is dephosphorylated in response to the glucose starvation conditions that
trigger transporter retention. We identify Glc7 as a critical enzyme that regulates Pil1 dephosphorylation and
show Glc7 activity is required for efficient recovery from starvation. Furthermore, phosphoablative and
phosphomimetic Pil1 mutants are both defective in starvation recovery. We propose that the alteration of Pil1
phosphorylation modulates lipid binding to alter eisosomes, not only during biogenesis but in response to
changes in nutritional conditions, allowing better retention of nutrient transporters.
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RESULTS

Pkh2 is the predominant kinase that phosphorylates Pil1

It has been previously shown that Pil1 phosphorylation is ablated in a double pkh1® pkh2A mutant
(Walther et al., 2007). To determine the contribution of Pkh1 and Pkh2 to Pil1 phosphorylation, we assessed
individual deletion mutants. As Pkh3 was identified as a multicopy suppressor pkh Spkh2 mutants (Inagaki et
al., 1999) but has not been tested for a role in Pil1 phosphorylation, we included pkh3A mutants in this analysis.
Pil1 phosphorylation status affects its migration during electrophoresis and can be visualised by immunoblot
(Walther et al., 2007). Pil1 phosphorylation was assessed in all three pkh mutants to reveal pkh2A mutants
were most defective in Pil1 phosphorylation and that pkh1A and pkh2A mutants have a small but significant
defect (Figure 1A). We next performed localisation studies for these kinases. Although previous studies have
demonstrated that over-expression of Pkh1/2 with the galactose inducible promoter GALT is required for
sufficient levels to localise these proteins (Roelants et al., 2002; Walther et al., 2007), we avoided this glucose-
repression strategy, due to its effect on eisosome biology (Laidlaw et al., 2021). GFP-tagged kinases were
instead over-expressed from the constitutive NOP1 promoter (Weill et al., 2018) in cells co-expressing the
eisosomal marker Nce102 tagged with mCherry. Only GFP-Pkh2 predominantly colocalised with Nce102-
mCherry (Figure 1B). This small apparent contribution of Pkh1 and Pkh3 to Pil1 phosphorylation observed by
immunoblot might be explained by the fact that although most cells do not localise Pkh1/3 to eisosomes, a
small number of cells do (Supplemental Figure S1A - S1B). In further support of Pkh2 being a regulator of
Pil1 phosphorylation, overexpressing Pkh2 in wild-type cells leads to a significant increase in Pil1
phosphorylation and Pkh2 plasmid expression in pkh2A cells increases Pil1 phosphorylation (Figure 1C).
These data demonstrate that Pkh2 is the primary Pkh-family member responsible for Pil1 phosphorylation, but
that Pkh1 and Pkh3 also exhibit subsidiary regulatory roles for Pil1.

Phosphorylated peptides of Pil1 have previously been identified by mass spectrometry (Albuquerque
et al., 2008; Luo et al., 2008; Swaney et al., 2013; Walther et al., 2007), suggesting multiple levels of potential
phosphorylation. This is also implied by the various species observed by immunoblot using an inverted step-
gradient electrophoresis strategy (Laidlaw et al., 2021). Experimental work has determined several key
phosphosites (Luo et al., 2008; Walther et al., 2007), which map to distinct regions of the Pil1 structure (Figure
2A). To ascertain if any additional kinases beyond the Pkh-family were responsible for Pil1 phosphorylation,
NetPhorest analysis (Horn et al., 2014) was used to predict potential kinases for known Pil1 phosphosites
(Figure 2B). Mutants of any high scoring kinases were tested for a role in phosphorylating Pil1 by immunoblot
(Supplemental Figure S2). Only eight mutants showed any indication of a potential role, which was followed
up quantitatively. This revealed hog7A cells lacking the yeast homologue of the mammalian MAPK p38, Hog1
(Han et al., 1994), had reduced levels of Pil1 phosphorylation. Also, depletion mutants with reduced levels of
the Hippo-like kinase Cdc15 (Rock et al., 2013; Steensma et al., 1987), by virtue of a DAmMP cassette (Breslow
et al., 2008), showed higher levels of Pil1 phosphorylation (Figure 2C). This additional analysis again supports
the notion that Pkh2 is the primary enzyme responsible for Pil1 phosphorylation, but that phosphorylation via
other kinases may also have an impact, potentially through indirect mechanisms such as transcriptional or
stress-induced control.

Pil1 is dephopshorylated in response to glucose starvation

In response to acute glucose starvation, nutrient transporters localise to eisosomes (Laidlaw et al.,
2021) and are hypothesised to relocate to PM regions for nutrient uptake upon return to replete conditions
(Figure 3A). For glucose starvation, media lacking glucose but containing the trisaccharide raffinose, which
cannot be quickly metabolised (de la Fuente and Sols, 1962), is used. Upon raffinose exchange, nutrient
transporters such as Mup1 concentrate to eisosomes within 10 minutes (Figure 3B). During the initial period
of glucose starvation when nutrient transporters accumulate in eisosomes, we observe rapid Pil1
dephosphorylation (Figure 3C). We also observe significant glucose induced dephosphorylation in pkh1A,
again suggesting it is not a key regulator of Pil1 phosphorylation (Supplemental Figure S3).

We hypothesise that Pil1 dephosphorylation in response to glucose starvation plays a role in the ability
of eisosomes to sequester nutrient transporters in response to glucose starvation. In Saccharomyces cerevisiae
43 phosphatases have been identified (Offley and Schmidt, 2019), of which 39 are non-essential and 4 are
essential. To identify the phosphatase(s) responsible for Pil1 dephosphorylation, we screened mutants of all
phosphatase enzymes for their activity in glucose and raffinose conditions (Figure 4A). Pil1 phosphorylation
status was assessed in null mutants (A) lacking non-essential phosphatases or with reduced expression of
essential phosphatases, by virtue of a DaMP cassette (Breslow et al., 2008). Mutants were scored based on
defects in Pil1 dephosphorylation (Figure 4B). This screen revealed 7 top scoring phosphatase mutants
selected for further quantitative analysis (Figure 5A - 5B). Next, we assessed the localisation of GFP tagged
phosphatases at mid-log phase and stationary phase (Figure 5C, Supplemental Figure S4). We included
stationary phase as a nutritional stress associated with eisosome transporter retention (Gournas et al., 2018).
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This confirmed a range of localisations, many to the nucleus and cytoplasm but also Ppn2 at the vacuole and
Ptc5 at the mitochondria (Breker et al.,, 2013). Interestingly, we also observed several GFP tagged
phosphatases that had changes in localisation following growth to stationary phase, including Sdp1, Ptc5, and
Nem1. Although GFP-Msg5 and GFP-Siw14 fusions localised to the periphery upon growth to stationary phase,
deletion of these mutants had no impact on Pil1 phosphorylation, so we assume this peripheral localisation is
not related to eisosome regulation. However, GFP-GIc7 showed significant peripheral punctate localisation in
both growth conditions, in addition to localisation to the mid-body, the cytoplasm and the nucleus (Bloecher and
Tatchell, 2000; Breker et al., 2013). The only phosphatase that showed significant localisation to the cell
periphery and that exhibited defects in phosphorylation upon mutation, was Glc7.

Glc7 functions in regulation of Pil1

Glc7 is an essential phosphatase (Clotet et al., 1991; Feng et al., 1991) that has been previously show
to function in glucose related pathways, where it acts with its regulatory subunit Reg1 (Tu and Carlson, 1995)
and bud neck formation (Larson et al., 2008), amongst other roles in the cell. We confirmed that glc7°4™ results
in reduced dephosphorylation of Pil1 in both glucose replete and glucose starvation conditions (Figure 6A).
Intriguingly, these effects are independent of Reg1, as reg7A cells exhibit slightly increased levels of Pil1
dephosphorylation (Figure 6B - 6C). As a complementary approach to test the role of Glc7 in Pil1
phosphorylation we altered GLC7 expression levels using a YETI (Yeast Estradiol with Titratable Induction)
strain (Arita et al., 2021) which allows modulation using R-estradiol concentrations (Figure 6D). We reveal
GLC7 expression correlates with Pil1 phosphorylation, with 100 mM R-estradiol induced over-expression of
GLC7 reducing Pil1 phosphorylation and removing R-estradiol entirely increasing phosphorylated species
(Figure 6E - 6F). This analysis demonstrates the YETI system in media lacking 3-estradiol for 6-hours has a
more pronounced decrease in GLC7 expression than glc7P4™ . Collectively, this suggests the role of Glc7 in
Pil1 phosphorylation might be direct, so we sought to test if Glc7 colocalises to eisosomes marked with Nce102-
mCherry. However, neither steady state or time lapse imaging in glucose and raffinose media revealed large
amounts of GIc7 localisation to eisosomes, but there were often small regions of colocalisation in a restricted
number of eisosomes (Figure 6G - 6H).

Phosphorylation of Pil1 is important for recovery after glucose starvation

Having implicated Glc7 in Pil1 dephosphorylation that occurs during glucose starvation, we next wanted
to test if this regulation controls Pil1 function in starvation recovery. Previous studies have assessed the
phosphorylation profile of various Pil1 mutants with mutation of 8 verified phosphosites (Luo et al., 2008;
Walther et al., 2007). We generated phosphoablative (changed to alanine, 8A) and phosphomimetic (changed
to aspartate, 8D) versions of Pil1 at these phosphosites (Figure 7A). Western blotting confirmed that the 8A
and 8D mutations resulted in Pil1 migrating not as a doublet, but as a single band, with faster migration of the
phosphoablative Pil1-8A-mGFP and slower migration of the phosphomimetic Pil1-8D-mGFP fusion (Figure
7B). Fluorescence microscopy of GFP tagged Pil1 versions showed both 8A and 8D expressing strains
exhibited an altered localisation phenotype compared to wild-type cells (Figure 7C), as previously documented
for phosphomutants of Pil1. This confirms what was previously shown for phosphomimetic and ablative mutants
(Luo et al., 2008; Walther et al., 2007). We quantified these differences (Supplemental Figure S5) revealing
both mutants have fewer eisosomes per cell compared to wild type (Figure 7D). Furthermore, both ablative
and mimetic mutants exhibit more cytoplasmic signal (Figure 7E). This analysis showed a more pronounced
defect in eisosome number and levels for Pil1-8D-mGFP than Pil1-8A-mGFP.

To test if Pil1 phosphomutants were functional in starvation recovery, we used an assay that tracks
recovery growth following 2 hours glucose starvation (Laidlaw et al., 2021). This assay cultures cells in minimal
media, which shows no growth differences between wild-type and phosphomutants of Pil1 (Figure 7F). We do
note that in rich YPD media, the Pil1-8A and Pil1-8D mutants have defects in growth at early time points,
potentially explained by a connection between nutritional status and Pil1 phosphorylation. However, unlike
comparable growth under non-stress conditions, we find that both Pil1-8A and Pil1-8D mutations are defective
in recovery growth (Figure 7G - 7H). This suggests phosphoregulation of Pil1 is required to modify eisosomes
that sequester nutrient transporters during nutritional challenges.

Pil1 mutants that cannot modulate phosphorylation status are impaired in their ability to recover from
starvation, and Pkh2 and Glc7 are required for these post translational modifications. Therefore, our model
would predict that these enzymes are also required to efficiently sequester nutrient transporters in eisosomes,
and for full recovery following starvation. We have previously shown that pkh2A mutants have reduced retention
of nutrient transporters and an attenuated recovery following glucose starvation (Laidlaw et al., 2021). Similarly,
glc7PA™P cells with reduced levels of GLC7 have reduced eisosomal localisation of the methionine permease
Mup1 tagged with GFP, in both glucose replete conditions and following a brief incubation with raffinose (Figure
8A). Growth assays on both rich and minimal media show that gic7°A™ cell growth is comparable to wild-type
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cells that are not exposed to starvation conditions (Figure 8B). However, recovery growth of gic7°A™ mutants
following 2 hours of glucose starvation is significantly hampered (Figure 8C and D).

DISCUSSION

The organisation of the yeast PM is very complex with a multitude of possible surface localisation
patterns known for both integral membrane proteins and surface associated factors (Spira et al., 2012). Since
the discovery of the eisosome subdomain, progress has been made in understanding the formation and
biological function of these structures, particularly in response to cellular stress (Babst, 2019; Moseley, 2018).
The discovery that Pil1 and Lsp1, and their phosphorylation by the Pkh-family kinases, are required for proper
eisosome biogenesis (Walther et al., 2007; Walther et al., 2006) suggests post-translational modification of core
components could regulate the eisosome environment. Pkh1 and Pkh2 were originally identified as homologues
of human and Drosophila 3-phosphoinositide-dependent protein kinase-1 (PDK1) that are essential for viability
(Casamayor et al., 1999). As this work showed the double pkh1A pkh2A yeast mutant was inviable, a double
mutant with a temperature sensitive allele of PKH1 (D398G) and deletion of PKH2, termed pkh1® pkh2A, was
used to study kinase signalling pathways (Inagaki et al., 1999). This double pkh1® pkh2A mutant also revealed
an early association of Pkh-kinases with endocytosis, with this strain impaired for internalization from the PM
(Friant et al., 2001). Due to the shared essential function of Pkh1 and Pkh2, the double mutant was the most
logical strain to test effects on biogenesis of eisosomes upon their discovery (Walther et al., 2007; Walther et
al., 2006). However, we find Pkh2 is predominantly responsible for phosphorylating Pil1 with only minor roles
for Pkh1 or indeed the related kinase Pkh3 (Figure 1A). We also did not observe substantial amounts of Pkh1
or Pkh3 at eisosomes. One key difference to our work and previous localisation of Pkh1 to eisosomes (Walther
et al., 2007) is that we did not use the GAL7 promoter for over-expression, so it may be that the glucose
starvation stress of galactose induction media alters Pkh1 localisation or the eisosome environment. Further
exploring other potential kinase and phosphosites did suggest the Hog1 and Cdc15 kinases might also exhibit
small roles regulating Pil1, but these effects were also relatively modest compared with Pkh2 (Figure 2). Of
note, the phosphoshift seen for Pil1 is mainly caused by phosphorylation at S273 (Walther et al., 2007), as the
focus of this work was not kinase regulation future work using alternative approaches may better clarify the role
of alternative kinases in Pil1 regulation.

The finding that extracellular stress results in the accumulation of nutrient transporters in eisosome
compartments, which deepen to facilitate this process, suggests a key role of eisosomes is related to nutritional
uptake following stress (Appadurai et al., 2020; Gournas et al., 2018). We have previously shown the specific
stress of acute glucose starvation (0-2 hours) results in concentration of the nutrient transporter Mup1 to
eisosomes. As eisosomal mutants fail to properly retain nutrient transporters and fail to recover efficiently from
starvation (Laidlaw et al., 2021), we propose acute glucose starvation modulates eisosomes to better harbour
transporters for recovery. We find the core eisosomal Pil1 is rapidly dephosphorylated during the same acute
glucose starvation period (Figure 3). This led to the model that the phosphorylation status of Pil1 is important
for reorganisation of existing eisosomes during cargo retention, in addition to its established role in eisosome
biogenesis. These functions could be one and the same at the molecular level, with changes in phosphorylation
and charge of Pil1 having the potential to affect its lipid binding/sculping capacity. As membrane bending effects
of other BAR domain proteins are known to be affected by disordered regions (Busch et al., 2015; Zeno et al.,
2018), it is conceivable that phosphorylation can alter the biophysical properties of eisosomes.

To identify possible regulators of Pil1 dephosphorylation that might regulate eisosomes during stress,
we systematically screened mutants of all encoded yeast phosphatases, in both glucose replete and starved
conditions. This effort implicated a role for Glc7, an essential Type 1 Serine/Threonine protein phosphatase
(Cannon et al., 1994; Peng et al., 1990). We confirmed Glc7 regulates Pil1 by decreasing GIc7 levels using a
Decreased Abundance by mRNA Perturbation (DAmMP) method (Breslow et al., 2008) and a Yeast Estradiol
with Titratable Induction (YETI) strategy (Arita et al., 2021), both of which showed elevated levels of Pil1
phosphorylation (Figure 6). This latter approach also allowed over-expression of GLC7, which resulted in
further Pil1 dephosphorylation. Although Glc7 was the only phosphatase to regulate Pil1 phosphorylation in
addition to localising to the cell periphery (Figure 5), we only observed small levels of colocalisation of Glc7
with Pil1. Glc7 has several roles in the cell including, growth, mitosis, transcription, stabilisation of emerging
buds, glycogen metabolism and ion homeostasis (Feng et al., 1991; Hisamoto et al., 1995; Kozubowski et al.,
2003; Peggie et al., 2002; Sanz et al., 2004; Williams-Hart et al., 2002), which we corroborate with expected
localisations at the bud-neck, nucleus and cytoplasm. It may be that at steady state very little GIc7 is required
for eisosome maintenance, and this may be achieved via a transient interaction, either direct or indirect via
accessory proteins.

Glc7 having a role in eisosomal modulation during glucose starvation is conceptually consistent with
many studies demonstrating that Glc7 integrates with transcriptional repression in response to glucose
availability, via Snf1 and downstream factors (Sanz et al., 2000; Tu and Carlson, 1994). However, as the
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changes we observe in both Pil1 dephosphorylation and transporter retention are very rapid, we assume these
effects are not mediated at the transcriptional level. In further support of this idea, the regulatory subunit Reg1,
which is required for many transcriptional related Glc7-activities (Alms et al., 1999; Cui et al., 2004; Dombek et
al., 1999), showed no increase in phosphorylated Pil1 species upon its deletion (Figure 6B - 6C). We did note
a small but significant decrease in Pil1 phosphorylation in reg7A mutants, which could be explained by Glc7
being liberated from Reg1-mediated commitments, and more available to further dephosphorylate Pil1.
Nonetheless, the fact that Glc7 is robustly associated with glucose metabolism via distinct mechanisms
suggests there may be more complexity to the cellular response to carbon source availability.

The findings that glc7 mutants are defective for transporter retention and recovery from starvation
(Figure 8) is consistent with dephosphorylation of Pil1 during glucose starvation being the responsible
biochemical driver of this response. Cells lacking the primary Pil1 kinase Pkh2 (pkh2A) are defective in recovery
from glucose starvation (Laidlaw et al., 2021), as are both phosphomimetic and phosphoablative mutants of
Pil1 (Figure 7). Collectively this implies that hyper- or hypo-phosphorylated Pil1 are not locked in a biochemical
state that maximises eisosomal retention of transporters, but rather the fine-tuning of Pil1 phosphorylation is
required to better harbour transporters acutely in response to nutritional stress. This mechanism could be
important for understanding metabolic response of yeast to varying nutrient conditions, including pathogenic
fungi (Rutherford et al., 2019). Beyond this, the role of post-translational modifications to membrane interacting
proteins from other structures and compartments throughout eukaryotic cells could inform future biochemical
and biophysical experimentation and understanding.
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METHODS

Reagents
Supplemental Table T2 documents yeast strains used in this study.

Cell culture

Yeast cells were routinely grown in YPD (1% yeast extract, 2% peptone, 2% dextrose) or synthetic complete
(SC) minimal media (2% glucose, 0.675% yeast nitrogen base without amino acids, plus appropriate amino
acid dropouts for plasmid selection) (Formedium, Norfolk, UK). 2% Glucose was routinely used, where stated
4% glucose was used. Cells were subjected to glucose starvation using 2% raffinose rather than glucose as
described previously (Laidlaw et al., 2021). Plasmid pCM1054 is a 2y over-expression plasmid for Pkh2 (Jones
et al., 2008) used in Figure 1C and plasmid pCM264 is CEN based pPR315 expression vector containing
Mup1-GFP under control of its endogenous promoter (Stringer and Piper, 2011) used in Figure 3B and Figure
8A.

Mating of yeast strains

Haploid BY4741 mata yeast strains encoding URA3-GFP-tagged Pkh-family kinases (Weill et al., 2018) were
mated with BY4742 Mata. modified at the NCE102 locus (nce102-mCherry-his5") on YPD rich media overnight.
Single diploid colonies were isolated on media lacking uracil and histidine and confirmed by fluorescence
microscopy.

Immunoblotting

Strains were grown to mid-log phase and equivalent volumes were harvested or starved for glucose with
raffinose treatment prior to harvesting. Cells were treated to 0.2 N NaOH for 5 minutes prior to resuspension in
lysis buffer (8 M urea, 10% glycerol, 50 mM Tris-HCI pH 6.8, 5% SDS, 0.1 % bromophenol blue and 10% 2-
mercaptoethanol). SDS-PAGE was used to resolve proteins which were then transferred to a nitrocellulose
membrane using the iBlot dry transfer system (Invitrogen). Ponceau S strain was used to confirm successful
transfer and equal loading. Membranes were probed with antibodies stated and visualised using enhanced
chemiluminescence (ECL) Super Signal Pico Plus (Thermo) and captured using a ChemiDoc Imager (Bio-Rad).

Confocal microscopy

Yeast cells expressing fluorescently tagged proteins were grown to mid-log phase (unless stated) and then
visualised in minimal media at room temperature on Zeiss laser scanning confocal instruments (Zeiss LSM880
or Zeiss 980) using a 63x/1.4 objective lens. GFP was excited using a 488nm laser and emission collected from
495 to 500 nm and mCherry was excited using the 561nm laser and emission collected from 570 — 620 nm
using an Airyscan (LSM880) or Airyscan 2 (LSM980) detector. Images were captured sequentially to minimise
any potential bleedthrough and processed using Zeiss Zen software standard airyscan algorithm and modified
for publication using ImageJ software (NIH).

Recovery Growth Assays

Equivalent volumes of cells were harvested from mid-log cultures and washed three times with raffinose media
before being resuspended in raffinose media and incubated in a shaking incubator at 30°C for 2 hours.
Equivalent volumes of the raffinose starved cells were harvested and washed three times with glucose media
before being resuspended in 100 ul of glucose media. This was added to 3 ml of glucose media and absorbance
at ODesoo was measured to obtain time point 0. Subsequent ODsoo measurements were taken every hour using
a plate reader (Thermo Scientific) and normalised to wild-type.

Spot Growth Assays

Equivalent volumes of cells at mid-log phase were harvested and a 10-fold serial dilution was created and
spotted onto indicated plates. Plates were incubated at 30 °C and images were captured at indicated time-
points using a scanner (Epson).

Bioinformatic and Statistical analyses

Prediction of kinase consensus motifs in Pil1 was undertaken by submitting the Pil1 amino acid sequence to
the yeast database in Netphorest (Horn et al., 2014) and experimentally determined phosphosites (Luo et al.,
2008; Walther et al., 2007) were selected for analysis. The results were filtered with a minimum phosphorylation
probability score of 0.1. Unpaired Student’s t-tests were performed using GraphPad Prism v8.3.1. to compare
the statistical significance between experimental conditions, with p values in Supplemental Table T3. An
asterisk (*) is used to denote significance.
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Figure 1: Pkh2 predominately regulates phosphorylation of Pil1

A) Whole cell lysates of wild-type, pkh1A, pkh2A and pkh3A cells were analysed by immunoblot using a-Pil1
and a-GAPDH antibodies, with Ponceau S stained membrane included. The percentage phosphorylated Pil1
from each yeast strain was quantified (n=3). B) Cells co-expressing Nce102-mCherry and indicated GFP
tagged Pkh-kinases were grown to mid-log phase and imaged using confocal microscopy (Airyscan 2). The
Pearson’s Correlation Coefficient was measured of colocalisation between Nce102-mCherry with the respective
GFP-tagged kinases (n > 40). C) Wild-type and pkh2A cells were transformed with either an empty vector
control (-) or a 2y Pkh2 over-expression plasmid (+). Whole cell lysates were generated from transformants
and Pil1 phosphorylation assessed by immunoblot. Levels of GAPDH and Ponceau S are shown as loading
controls (left). The percentage of phosphorylated Pil1 was quantified (n=3) and shown (right). Statistical
significance was determined using Student’s t-test. Scale bar = 5um
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Figure 2: Bioinformatic screen for additional kinases that service Pil1

A) Alphafold structural model of Pil1 residues 1- 307 (grey) shown with eight previously verified phosphorylation
sites indicated (magenta). B) The Pil1 protein sequence was surveyed using NetPhorest searching against a
reference kinase database for Saccharomyces cerevisiae. Kinases that scored above threshold (0.1) are
presented as a heat map (blue) with the indicated potential phosphorylated residue (magenta). C) Whole cell
lysates of wild-type and kinase mutant cells were generated and percentage Pil1 phosphorylation assessed by
immunoblot and presented as a histogram (n=3).
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Figure 3: Pil1 is dephosphorylated in response to glucose starvation

A) Schematic showing the increased diffusion of nutrient transporters into eisosomes in response to glucose
starvation, and their potential exit upon a return to replete nutrient conditions to aid recovery. B) Cells co-
expressing Pil1-mCherry and Mup1-GFP were imaged using confocal microscopy (Airyscan 2) with centre and
top focus under glucose conditions and following 10 minutes of exchange with raffinose media. Mup1 localised
to endosomes (red arrow) and Pil1 marked eisosomes (yellow arrow) after raffinose treatment are indicated. C)
Wild-type cells exposed to raffinose media for 1, 5 and 10 minutes prior to lysate generation were
immunoblotted using a-Pil1 antibodies and compared to wild-type and pil1A cells grown in glucose replete
conditions. GAPDH blot and Ponceau S stained membrane is included as a loading control. Percentage of
phosphorylated Pil1 was generated for WT vs 10 minutes of raffinose treatment for wild-type cells was
quantified (right).
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Figure 4: Screen for regulators of Pil1 dephosphorylation

A) Wild-type cells and indicated phosphatase mutants were grown to log-phase in glucose replete conditions
prior to lysate generation and immunoblotting with a-Pil1 and a-GAPDH antibodies. Representative blots for at
least one mutant are shown, alongside Ponceau S stained membrane. B) Immunoblots for all phosphatase
mutants were qualitatively scored based on their Pil1 phosphorylation phenotype in both glucose (green) and
raffinose (purple) conditions compared with wild-type controls. The highest scoring mutants are labelled in red.
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Figure 5: Activity and localisation screens implicate Glc7 in Pil1 regulation

A) Whole cell lysates of wild-type and phosphatase mutant candidates from glucose replete media (left) or
following 10 minutes exchange with raffinose media were generated and analysed by immunoblotting using a-
Pilland a-GAPDH antibodies. B) Quantification of percentage of Pil1 phosphorylated in indicated mutants was
calculated. Statistical significance was determined using Student’s t-test. C) Yeast expressing GFP tagged
phosphatases were cultured to mid-log and stationary phase prior to confocal microscopy (Airyscan). The
number of peripheral dots per cell (n > 30) from separate experiments (n = 4) were quantified in each condition
(right). Scale bar =5 pym.
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Figure 6: Glc7 regulates Pil1 dephosphorylation in a Reg1 independent manner

A) Wild-type and glc7°A™" cells were cultured in glucose media and following 10 minutes of raffinose treatment
prior to the generation of whole cell lysates and immunoblotting with o-Pil1 and a-GAPDH antibodies. B) Whole-
cell lysates of wild-type and reg1A cells were generated for a-Pil1 and a-GAPDH immunoblot. C) The
percentage of phosphorylated Pil1 from experiments in A and B was quantified (n=3) and p values from
Student’s t-tests indicated. D) Schematic outlining the principle of the YETI expression system for titratable
expression of GLC7 to mimic severely depleted (green) and over-expressed (pink) levels. E) YETI-GLC?7 cells
were grown overnight in 12.5 nM B-estradiol before washing x3 in YPD media and dilution in fresh media
containing 0, 12.5 nM and 100 nM B-estradiol. Cells were then grown for 6 hours prior to the generation of
whole-cell lysates and immunoblots using o-Pilland oa-GAPDH antibodies. F) Pil1 phosphorylation was
quantified (n=3) from B-estradiol titrations shown in E with p values from Student’s t-tests shown. G) Cells co-
expressing GFP-GIc7 and Pil1-mCherry were grown to mid-log phase and imaged using confocal microscopy
at 0, 30 and 60 minutes of raffinose treatment. H) Time-lapse microscopy of GFP-Glc7 and Pil1-mCherry
expressing cells was performed in glucose and 25 minutes raffinose conditions. Scale bar = 5um.
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Figure 7: Phosphomutants of Pil1 are defective in starvation recovery

A) Cartoon showing Pil1 fusion to mGFP, including its verified phosphosites and BAR domain. Pil1 cassettes
that have been mutated to alanine (yellow) or aspartate (red) that were stably integrated at the PIL1 locus are
also shown. B) Pil1 or indicated 8A and 8D mutants were expressed from the endogenous locus as mGFP
fusions in strains grown to mid-log phase, harvesting and lysate generation for immunoblotting with a-Pil1 and
a-GAPDH antibodies. C) Versions of mGFP tagged Pil1 were expressed as the sole chromosomal copy and
localised by confocal microscopy coupled to Airyscan 2 detector. D) Pil1 labelled eisosomes were identified
by otsu segmentation and number per cell quantified (n = > 37) with p values generated from Student’s t-test
comparisons. E) Integrated density for all GFP tagged Pil1 versions localised to eisosomes identified from
segmentation performed in D was calculated as a percentage of the total signal, with Student’s t-test
comparison generated p values shown. F) Indicated yeast strains were grown to log phase in either YPD rich
media or SC minimal media, equivalent cell numbers were estimated by optical density measurements and
harvested. 10-fold serial dilutions were generated, and yeast spotted out on YPD and SC plates. Growth was
recorded at 24 and 48 hours. G) Cells at mid-log phase were subjected to 2 hours of glucose starvation
(raffinose treatment), returned to glucose replete conditions and growth measured over time. H) The growth
assay in G was repeated (n = 4) and the growth relative to wild-type was quantified for each indicated time-
point. Statistical significance was determined using a Student’s t-test.
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Figure 8: Glc7 is required for efficient recovery from glucose starvation

A) Wild-type and glc7PA™ cells expressing Mup1-GFP were imaged under glucose replete and after 10
minutes Raffinose treatment. Representative images for centre and top focus are shown. Scale bar = 5um._B)
Indicated yeast strains were grown to log phase in either YPD rich media or SC minimal media, equivalent
cell numbers were estimated by optical density measurements and harvested. 10-fold serial dilutions were
generated, and yeast spotted on YPD and SC plates followed by recording growth at 24 and 48 hours. C)
Cells at mid-log phase were subjected to 2 hours of glucose starvation (raffinose treatment) and then returned
to glucose replete conditions where growth was tracked through ODeoo measurements every hour for 5 hours.
D) The growth assay in C was repeated (n = 4) and the growth relative to wild-type was quantified for each
time-point. Statistical significance was determined using a Student’s t-test.
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