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ABSTRACT Eukaryotic cells are compartmentalized into organelles by intracellular mem-
branes. While the organelles are distinct, many of them make intimate contact with one an-
other. These contacts were first observed in the 1950s, but only recently have the functions
of these contact sites begun to be understood. In yeast, the endoplasmic reticulum (ER)
makes extensive intermembrane contacts with the plasma membrane (PM), covering ~40% of
the PM. Many functions of ER-PM contacts have been proposed, including nonvesicular lipid
trafficking, ion transfer, and as signaling hubs. Surprisingly, cells that lack ER-PM contacts
grow well, indicating that alternative pathways may be compensating for the loss of ER-PM
contact. To better understand the function of ER-PM contact sites we used saturating trans-
poson mutagenesis to identify synthetic lethal mutants in a yeast strain lacking ER-PM con-
tact sites. The strongest hits were components of the ESCRT complexes. The synthetic lethal
mutants have low levels of some lipid species but accumulate free fatty acids and lipid drop-
lets. We found that only ESCRT-lll components are synthetic lethal, indicating that Vps4 and
other ESCRT complexes do not function in this pathway. These data suggest that ESCRT-lII
proteins and ER-PM contact sites act in independent pathways to maintain lipid homeostasis.
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INTRODUCTION

Eukaryotic cells have several layers of organization. The first layer
separates the cell from the outside world using a lipid membrane
and defines the cell. The second layer of organization is the com-
partmentalization of the cell by intracellular membranes, generating
organelles (Brown et al., 1831; Mullock and Luzio, 2013). The bio-
chemical isolation provided by organelles increases the efficiency of
many reactions (Lane and Martin, 2010). The third layer of cellular
organization is how organelles are organized within the cell. Mem-
brane contact sites between organelles and other membranes
throughout the cell generate an interorganelle network that modu-
lates organelle distribution and morphology (Manford et al., 2012;
Helle et al., 2013).
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Thin-section electron microscopy allowed researchers to ob-
serve and characterize membrane contact sites. The first mem-
brane contact site to be described was between the endoplasmic
reticulum (ER) and plasma membrane (PM), described by Porter
and Palade in the 1950s (Porter and Palade, 1957). This was only 4
years after the term “endoplasmic reticulum” was first used in a
scientific article (Porter and Kallman, 1952). The irony of the term
“endoplasmic” was not lost on Palade as he suggested that it
would be a “temporary label” and that researchers who wanted a
term more descriptive of its morphology “may not have long to
wait” (Palade, 1956). Since the 1950s, many contact sites have
been described, including nuclear-vacuole (Severs et al., 1976),
ER-mitochondria (Copeland and Dalton, 1959), mitochondria-vac-
uole (Elbaz-Alon et al., 2014), and more (Staehelin, 1997; Raiborg
etal., 2015). Membrane contact sites are thought to play important
roles in Ca2* signaling, nonvesicular lipid and metabolite transport,
mitochondrial dynamics, and interorganelle communication
(Friedman et al., 2011; Helle et al., 2013; Omnus et al., 2016). While
many of these processes occur at membrane contact sites, study-
ing the role or the essentiality of the proximity of membranes facili-
tated by membrane contact sites has been challenging; in part, due
to the redundancy of tethering proteins (Manford et al., 2012;
Quon et al., 2018).
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In yeast, ER-PM contact sites are prolific; nearly 40% of the PM is
covered by ER (Manford et al., 2012). At least six protein tethers
contribute to ER-PM contact sites: two VAMP-associated proteins
(Ssc2/22), three extended synaptotagmins (Tcb1/2/3), and the puta-
tive ion channel Ist2 (Manford et al., 2012). Recently, a seventh
tether, Ice2, has also been identified (Quon et al., 2018). Deleting six
of the ER-PM tethers (generating the Atether strain, which retains
Ice2) dramatically alters ER morphology, induces the unfolded pro-
tein response, and changes the distribution and abundance of cer-
tain phosphoinositide phosphates (Manford et al., 2012). The loss of
ER-PM contact sites, however, only mildly reduced the rate of
ergosterol flux between the ER and PM and had little effect on its
distribution in cellular membranes (Quon et al., 2018). Surprisingly,
the Atether strain grows well under normal laboratory conditions
(Manford et al., 2012). We hypothesized that Atether cells utilize
alternative pathways to adapt to the loss of ER-PM contact sites,
which could mask important physiological functions of ER-PM con-
tact sites. The identification and removal of any compensatory path-
ways could uncover new phenotypes and help our understanding of
the function of ER-PM contact sites.

We designed a synthetic lethal (SL) screen to identify compensa-
tory pathways in the Atether strain. The strain’s six deletions made
traditional synthetic genetic array analysis too difficult, so we used
the saturated transposon analysis in yeast (SATAY) assay (Michel
etal.,, 2017, 2019). The SATAY approach utilizes massive libraries of
transposon mutagenized strains. To identify SL genes, we looked for
open reading frames (ORFs) that tolerated transposon insertion in
the wild-type (WT) strain, but not in the Atether strain.

The best SL candidates were components of the endosomal
sorting complex required for transport (ESCRT) complexes, which
are best known for their role in the formation of multivesicular bod-
ies (MVBs). In this pathway, the ESCRTs function sequentially on en-
dosomes; recognizing and sorting cargo (ESCRT-0,1,1), nucleating
filament formation (ESCRT-II/IIl), deforming the membrane to gen-
erate vesicles that bud into the endosomal lumen (ESCRT-III), and
finally vesicle scission and disassembly of the polymerized com-
plexes (Vps4, an AAA-ATPase; Henne et al., 2011).

The ESCRTs function in many other pathways within the cell.
Subsets of ESCRT components function in human immunodefi-
ciency virus budding (Stuchell et al., 2004), cytokinesis (Morita et al.,
2007), peroxisomal vesicle budding (Mast et al., 2018), membrane
repair (Jimenez et al., 2014), and more (Vietri et al., 2020).

We found that Atether~ESCRT-ll mutants have altered lipid
pools; lower levels of phosphatidylserine (PS) and phosphatidyleth-
anolamine (PE), and higher levels of neutral lipids. The Atether-ES-
CRT-lIl mutant growth phenotype can be rescued by shifting the flux
of lipid synthesis toward phospholipids and away from neutral lipids.
These data indicate that both ER-PM contact sites and ESCRT-IlI
subunits play important roles in maintaining balanced lipid synthesis
through distinct pathways.

RESULTS

Identification of genes SL with ER-PM tethers

We used the SATAY screening method to identify SL genes in the
Atether background (Michel et al., 2017, 2019). The SATAY ap-
proach utilizes an Ade* selection to generate massive transposon
mutagenized libraries. The density of transposon insertion allowed
us to probe whether cells can tolerate a disruption at almost any
particular location in the yeast genome. The Ade* selection is based
on a plasmid carrying an inducible transposase and an ade2 ORF
that is disrupted by a transposon. Induction of the transposase re-
moves the transposon from the ade2 ORF and inserts it randomly
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into the genome. The cell can then repair the ade2 ORF, allowing
the transposed cells to grow on —ade media. Two SATAY libraries
were generated: one in the WT strain background, and one in the
Atether strain background, which has six ER-PM tethers deleted
(tcb1A, tcb2A, tcb3A, ist2A, scs2A, and scs22A). Each library con-
tained roughly 2 million Ade* clones (of which ~60% are transposed),
although the transposition efficiency of the Atether strain was much
lower than the WT strain and required harvesting over four times as
many plates. The libraries were harvested by scraping all of the cells
from transposition plates. The harvested cells were then pooled and
outgrown in —ade media to enrich for Ade* cells.

The transposon insertion sites in both libraries were identified
using a next-generation sequencing approach and mapped to the
yeast genome using Bowtie2 (Langmead and Salzberg, 2012). The
precise site of transposon insertion was determined for each aligned
read using a MATLAB script (Michel et al., 2017). In our WT library,
we identified 241,160 unique transposon insertions, 84,234 of which
fell in ORFs (Figure 1A). Our Atether library contained 105,351
unique insertions, with 39,958 in ORFs (Figure 1A). Even though
each library was generated using a similar number of colonies, the
Atether library contained significantly fewer unique insertions. This
was probably due to the disparate colony size in the Atether library
(Supplemental Figure STA), which could cause small colonies/slower
growing cells to be diluted and lost. The disparate colony size may
have been due to the strain’s low transposition efficency (Atether
transposition plates had ~1/4 the Ade* colonies per plate compared
with WT transposition plates); early transposing cells formed very
large colonies that crowded out the later transposing cells.

To identify SL genes, we looked for ORFs that contained rela-
tively fewer transposon insertions in the Atether library than in the
WT library. We plotted each ORF based on the number of transpo-
son insertions in the WT and Atether libraries (Figure 1B and Supple-
mental data file 1). ORFs SL with Atether should appear as outliers
below the trendline in the plot in Figure 1B. We initially tested ORFs
that had many insertions in the WT library, but none or very few in
the Atether library. To validate outliers as SL with Atether, we de-
leted these ORFs in the WT and Atether backgrounds and tested for
synthetic growth phenotypes on rich or synthetic media. None of
the initial mutants tested had a growth phenotype. We think this is
because our Atether library was relatively small, and those outliers
were either noise or the result of a synthetic lifespan defect without
a synthetic growth phenotype. To increase our confidence in SL hits,
we looked for groups of genes whose protein products are in the
same pathway. This led us to identify the ESCRT complexes as a top
hit (Figure 1C). This was unexpected, as the ESCRT complexes pri-
marily function at endosomes to generate MVBs instead of function-
ing at the ER or PM. Because the ESCRTs are a set of protein com-
plexes (Henne et al., 2011), we decided to delete a core component
of each complex in both the WT and the Atether strain backgrounds
to validate the SL phenotype (Figure 1D).

On synthetic media, the ESCRT-lIIl mutant snf7A had a strong
synthetic growth defect in the Atether strain background (Figure 1D
and Supplemental Figure S1, B and C). Other ESCRT-IIl components
also had a growth defect, although it was less severe than the
Atether snf/A growth defect (Supplemental Figure S1B). It was very
surprising that only components of the ESCRT-IIl complex were SL in
the Atether strain background, because all known pathways that uti-
lize the ESCRT machinery require more than one complex for func-
tion. Additionally, other ESCRT genes like VPS27 (an ESCRT-0 com-
ponent), were higher confidence hits having many more insertions
in the WT library (33 in VPS27 vs. 3 in SNF7) and none in the Atether
library.
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FIGURE 1: The SATAY assay identifies synthetic lethal ORFs. (A) Table showing the number of colonies harvested and
transposon insertion sites sequenced in WT and Atether SATAY libraries. (B) Plot showing each yeast ORF. Each dot
represents a different ORF; the position of each ORF was determined by the number of transposon insertions in the WT
strain (x-axis) and the number of transposon insertions in the Atether strain (y-axis). (C) Close-up view of the plot in
Figure 1A. The triangle encompasses ORFs with fewer transposon insertions in the Atether library compared with the
WT library. ORFs encoding ESCRT proteins have been highlighted. (D) Growth assay to validate SATAY hits. Tenfold
serial dilutions of WT, Atether, ESCRT, and Atether ESCRT mutants were spotted onto YPD and SCD plates. (E) Survival
assay to test for reduced chronological lifespan. Cultures were continuously grown in synthetic media for 4 days. Tenfold
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The transposition step used for library generation is a 14-18-
day incubation on plates, so we reasoned that mutants causing
decreased chronological lifespan would also be SATAY hits. To
test whether ESCRT mutants caused a chronological lifespan de-
fect in the Atether strain background, we grew cultures continu-
ously and tested the cells’ viability daily. After 4 d of incubation,
cells from WT, Atether, and ESCRT mutant cultures were viable,
but ESCRT mutants in the Atether background were not (Figure
1E). We also stained continuously grown cultures with the mem-
brane impermeant dye propidium iodide (PI), which labels dead
cells (Kwolek-Mirek and Zadrag-Tecza, 2014). Atether and ESCRT
mutants died at similar rates, and much faster than WT cells
(Figure 1F). ESCRT mutants in the Atether strain died faster than
either ESCRT or Atether mutants, indicating these mutants are
affecting chronological lifespan through different pathways. Mu-
tants from different ESCRT complexes caused similar reductions
in chronological lifespan in the Atether background, unlike the SL
growth phenotype, which was only seen in ESCRT-IIl mutants
(Figure 1, D-F). Because both the Atether strain and ESCRT mu-
tants had relatively short chronological lifespans (Figure 1F), but
did not have strong growth defects (Figure 1D), we focused on
the synergistic Atether snf7A SL growth phenotype, instead of the
more additive Atether ESCRT mutant chronological lifespan
phenotype.

Atether snf7A synthetic lethality is not due to defects in the
RIM or MVB pathways

The ESCRT's best characterized function is MVB biogenesis. While
all of the ESCRT complexes are required to form MVBs, mutations
in different ESCRT complexes can result in intermediate sorting de-
fects on endosomes, which can cause different physiological phe-
notypes. This is nicely illustrated by the different canavanine sensi-
tivities of early versus late ESCRT mutants (Teis et al., 2010). Early
ESCRT mutants allow the canavanine transporter, Can1, to be re-
cycled from endosomes to the PM, while later ESCRT mutants (after
SNF7) trap and accumulate Can1 on endosomes. To test whether
an intermediate sorting defect was responsible for the Atether
snf7A SL phenotype, we deleted the ESCRT-0 component VPS27.
Vps27 is required for recruiting all downstream ESCRTs to the endo-
some (Katzmann et al., 2003). The growth of the Atether snf7A
vps27A strain was identical to that of the Atether snf/A strain (Sup-
plemental Figure S1D). These data indicate that the Atether snf7A
SL phenotype is not due to an intermediate defect in MVB
formation.

To identify the Snf7-dependent pathway that is responsible for
the Atether snf/7A SL phenotype, we looked for ESCRT-dependent
pathways that did not require the AAA-ATPase Vps4 or the early
ESCRT complexes. The RIM pathway is an alkali response pathway
that does not require ESCRT-0 or the ATPase Vps4. The loss of ER-
PM tethering has also been shown to activate the RIM pathway and
Atether-RIM mutants have a synthetic phenotype on alkali media
(Obara and Kihara, 2017). To test whether defects in the RIM path-
way are responsible for the Atether snf7A SL phenotype, we com-
pared the growth phenotypes of Atether vps27A (Vps27 is not re-
quired for the RIM pathway, but is for MVB formation), Atether
rim20A, and Atether snf/A (Supplemental Figure S1E). Atether

rim20A did not phenocopy the Atether snf7A growth defect on syn-
thetic media, indicating that the RIM pathway is not responsible for
the Atether snf7A SL growth phenotype. Because all other known
ESCRT-mediated pathways require Vps4, these data suggest that
Snf7 is acting in a novel pathway that is required for growth in the
Atether strain.

Atether snf7A synthetic lethality is due to a defect in lipid
homeostasis

Each of the six ER-PM tethers are implicated in nonvesicular lipid
trafficking or ion transport (Loewen and Levine, 2005; Schroeder
et al., 2008; Reinisch and De Camilli, 2016). We wanted to test
whether the snf7A SL phenotype was due to the loss of ER-PM
membrane proximity, or the loss of the protein tethers and their
specific functions. To test this, we used artificial tethers (Omnus
et al., 2016; Quon et al., 2018) that restore ER-PM contact but do
not have lipid or ion transport activity. While the expression of the
ER-PM tethers restored cortical ER (Supplemental Figure S2A), it
only minimally rescued the SL growth defect (Figure 2A), indicating
that the functions of the tethering proteins are responsible for the SL
phenotype and not simply ER-PM membrane proximity.

There are two gene families that make up five of the six ER-PM
tethers (§CS2/22 and TCB1/2/3), and the proteins from both fami-
lies are thought to have lipid transport activity as well as tethering
activity (Loewen and Levine, 2005; Reinisch and De Camilli, 2016).
To determine whether the nontether function of these protein fami-
lies is responsible for the snf/A SL phenotype, we made snf7A
scs2/22A and snf7A tcb1/2/3A strains and compared their growth
phenotypes on synthetic media. Both the snf/A scs2/22A and the
snf7A tcb1/2/3A strains had intermediate SL phenotypes, with the
snf7A scs2/22A phenotype being slightly stronger than the snf7A
tcb1/2/3A phenotype (Figure 2B). These data suggest that the snf7A
SL phenotype is likely due to general defects in lipid transfer be-
tween the ER and PM in the Atether background, but the pathway
in which Snf7 is acting is unknown.

Because rich media suppresses the Atether snf7A growth defect,
we thought that identifying the nutrient(s) responsible for suppres-
sion could help determine the pathway(s) in which Snf7 is function-
ing. Because lipid transport activity appears to be critical to the
Atether snf/7A SL phenotype, we tested the effect of supplementing
nutrients that are used for lipid synthesis: serine, choline, and etha-
nolamine (Figure 2C).

We found that choline and ethanolamine strongly rescue the SL
phenotype of Atether snf/A mutants, but serine does not (Figure
2D and Supplemental Figure S2B). Both choline and ethanolamine
are substrates of the Kennedy pathway, producing phosphatidyl-
choline (PC) and PE, respectively (Kennedy and Weiss, 1956). In
yeast, PE and PC are primarily made through the CDP-DAG (diacyl-
glycerol) pathway, especially when cells are grown in the absence of
exogenous choline or ethanolamine, as is the case in our synthetic
media). This indicated that Atether snf7A cells may be accumulating
toxic lipid metabolic intermediates or have a defect in PE or PC
synthesis.

To examine lipid pools in the Atether snf/A mutant, we pre-
formed lipid extractions on cells grown in synthetic media, and
separated the lipids using thin-layer chromatography (Figure 3A).

serial dilutions of equal ODs of cells were spotted on YPD plates after the first and fourth day of culture. (F) Culture
viability plot. Samples from continuously grown cultures were stained with propidium iodide (Pl) each day for 5 d. The
percent of Pl-positive cells was determined using flow cytometry. Each spot represents the average of three biological

replicates. The error bars represent the SD between the replicates.
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We observed several changes in the lipid profiles of Atether snf7A,
Atether, snf7A, and WT cells. The Atether strain had lower PS levels,
and increased DAG and triacylglycerol (TAG) levels, compared with
WT; the snf7A lipid profile was similar to WT (Figure 3, A and B).

Atether snf7A lipid pools were strikingly altered. PE levels were
significantly lower than WT, snf7A, or Atether strains. PS levels were
also significantly lower than in WT and snf7A cells, and although not
significantly so, PS levels were slightly lower than in Atether cells.
The Atether snf7A lipid samples also contained a strong band that
was hardly detectable in WT or the other mutants. This lipid species
was identified using mass spectrometry as a mixture of free fatty
acids (FFAs), primarily oleic acid. Atether snf7A cells also had in-
creased levels of neutral lipids. Atether snf7A cells had significantly
more DAG than control strains as well as increased TAG levels. We
found it interesting that PC levels were not significantly altered in
the Atether snf7A strain, especially because choline supplementa-
tion strongly rescues the SL growth phenotype. As a control, we
complemented snf7A and Atether snf7A strains with SNF7 and
found that the complemented Atether snf7/A SNF7 lipid profile re-
flected the Atether lipid profile (Figure 3A).

Choline’s effect on lipid species in the Atether snf7A strain

To help make a connection between lipid imbalance and the syn-
thetic growth phenotype of the Atether snf7A strain, we examined
the effect of choline supplementation on lipid pools in the Atether
snf7A strain. Because choline supplementation rescued the growth
defect, choline-induced changes in the lipid profile of the Atether
snf7A strain may help to identify potentially toxic or limiting lipids.
Choline supplementation influenced the lipid pools of all strains

Volume 31 June 1, 2020

tested. Cells grown with choline had higher levels of PC and slightly
lower levels of PE (Supplemental Figure S3A). This indicates that the
low PE levels seen in the Atether snf7A strain are not entirely to
blame for the SL phenotype. Choline supplementation increased
the PS levels in both the Atether and Atether snf7A strains, but not
to WT levels. Choline and ethanolamine supplementation pre-
vented the accumulation of FFAs seen in Atether snf7A cells grown
in synthetic media (Figure 3C). Choline supplementation also re-
duced TAG accumulation in the Atether snf7A strain to similar levels
as the Atether strain. DAG levels were not reduced by choline sup-
plementation; in fact, they were slightly increased. This may indi-
cate that increased DAG levels do not contribute to the SL pheno-
type; however, we could not tell where in the cell DAG was
accumulating, or whether its localization changed after choline
supplementation. Because the cells harvested for these experi-
ments were grown in synthetic media (with no exogenous FFAs), the
accumulated FFAs are likely the result of lipolysis of neutral lipids,
and not from de novo synthesis, as these products should be CoA
conjugates. This intimately connects the increased FFA accumula-
tion with increased neutral lipids seen in the Atether snf7A strain
and suggests that this strain is overproducing neutral lipids at the
expense of phospholipids. The cell may address the lack of phos-
pholipids and accumulated neutral lipids by digesting TAG, gener-
ating FFAs, at a rate that the FA-activating enzymes cannot keep up
with.

Due to the tight correlation between the growth phenotype and
neutral lipid accumulation in the Atether snf/7A strain, we examined
lipid droplets in cells during midlog growth phase using the fluores-
cent dye BODIPY 493/503 (Figure 4A). Atether cells contained
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more, and brighter, lipid droplets compared with WT and snf7A
cells. Atether snf/A cells contained even more, and potentially
larger, lipid droplets compared with Atether cells, resulting in a
much brighter BODIPY 493/503 signal. We then used flow cytome-
try to quantify the BODIPY 493/503 fluorescence per cell and found
that Atether snf/7A cells contained roughly four times the BODIPY
493/503 signal seen in WT cells (Figure 4B). Interestingly, choline
supplementation did not affect BODIPY 493/503 fluorescence in
Atether cells, but reduced Atether snf7A lipid droplet fluorescence
to that of Atether cells, negating the snf7A synthetic effect. Like the
mild growth phenotype seen in other ESCRT-IIl mutants compared
with snf7A in the Atether background (Supplemental Figure S1B),
vpsZ2A or vps24A mutations caused a mild increase in BODIPY
493/503 fluorescence in the Atether background (Supplemental
Figure S4).

We used thin-section electron microscopy to determine whether
the increased brightness seen after BODIPY 493/503 staining was
the result of larger and/or more numerous lipid droplets in the
Atether snf7A strain (Figure 4C). The micrographs clearly show that
Atether snf7A cells have more and larger lipid droplets than Atether,
snf7A, or WT cells. Surprisingly, the lipid droplets in these cells often
appear concatenated. Even in thin sections we were able to see
chains of up to four lipid droplets, each connected by a narrow neck.

Atether snf7A cells have dysregulated neutral lipid-
phospholipid synthesis

In yeast, phosphatidic acid (PA) is the major precursor for phospho-
lipid synthesis, and the lipin Pah1, a PA hydrolase, regulates whether
PA goes on to make phospholipids or neutral lipids (Figure 4D; Car-
man and Han, 2011). It does this by dephosphorylating PA to gen-
erate DAG, which is then converted to TAG for storage. Pah1 activ-
ity is regulated by phosphorylation; several kinases reduce its
phosphatase activity, and one phosphatase complex, Nem1-Spo?,
activates it (Carman and Han, 2018). Concatenated lipid droplets
have been seen in flies with dysregulated lipin caused by loss of
torsin, a lipin activator (Grillet et al., 2016). In yeast, overexpression
of Nem1-Spo7 induces a proliferation of lipid droplets that are clus-
tered and potentially concatenated (Karanasios et al., 2013). These
phenotypes suggest that the Atether snf7A SL phenotype may be
caused by an imbalance in lipid synthesis; specifically, a dysregula-
tion of enzymes that determine PA and DAG availability. To test this,
we overexpressed the DAG kinase DGK1. DGKT overexpression
increases phospholipid synthesis by converting DAG into PA (Han
et al., 2008). PA is then used as a substrate by the CDP-DAG path-
way to generate glycerophospholipids. We overexpressed DGK1
using two different promoters, the ADH1 promoter or the TDH3
promoter, with TDH3 being the stronger promoter of the two. We
found that DGK1 overexpression rescued the Atether snf7A SL phe-
notype (Figure 4E). These data indicate that the SL phenotype in
Atether snf/A cells is due to excessive neutral lipid synthesis at the
expense of phospholipids. The suppression of the SL phenotype by
DGKT overexpression also indicates that the imbalance in lipid syn-
thesis is occurring at the PA-DAG step and is likely due to hyperac-
tive Pah1 or down-regulated Dgk1.

DISCUSSION

Many important functions have been ascribed to ER-PM contact
sites, including ion transport, lipid trafficking, and signaling. In
strains that lack ER-PM contact sites, these functions are less dimin-
ished than would be expected, and have a negligible impact on
growth under normal conditions. We hypothesized that cells lacking
ER-PM contact sites could adapt by utilizing alternative pathways to
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compensate for the loss of ER-PM contact, and that identifying
these pathways could help us better understand the function of
membrane contact sites. To identify these pathways, we used the
SATAY mutagenesis approach, to find genes that are synthetic lethal
with Atether.

Components of the ESCRT complexes were among our top SA-
TAY hits. We initially thought that a defect in MVB formation, and
the recycling of lipids in the vacuole, could be responsible for a
Atether ESCRT SL phenotype. After testing components from each
of the ESCRT complexes for SL phenotypes, only components of
the ESCRT-lIl complex gave a growth defect in the Atether back-
ground. Because mutations in any of the ESCRT complexes prevent
the formation of MVBs, we ruled out vacuolar lipid recycling as the
SL pathway.

A subset of ESCRT components function in other pathways in-
side the cell. These include lipid droplet consumption (Ouahoud
et al., 2018), peroxisome scission (Mast et al., 2018), autophago-
some sealing (Takahashi et al., 2018), the RIM pathway (Xu et al.,
2004), CUPS maturation (Curwin et al., 2016), nuclear pore complex
quality control (Webster et al., 2014), and more (Vietri et al., 2020).
Most of these pathways require the ESCRT-IIl components and the
AAA-ATPase Vps4. Because Atether vps4A cells do not have a SL
growth phenotype, we ruled out all of these pathways, except the
RIM pathway. The RIM pathway is an alkali response pathway, but
has also been shown to be activated by lipid imbalance in the PM.
The Atether strain induces constitutive activation of the RIM path-
way, presumably due to changes in the PM lipid content, and
Atether RIM mutants have a synthetic growth defect on alkali media
(Ikeda et al., 2008; Obara and Kihara, 2017). We showed that
Atether rim21A mutants do not have a growth defect on synthetic
media, indicating that the RIM pathway is not the SL pathway lost in
Atether snf7A mutants (Supplemental Figure STE). Because Snf7 is
required for both the RIM and MVB pathways, we entertained the
idea that the Atether snf7A SL phenotype was due to loss of both
the RIM and MVB pathways, but ESCRT-I and ESCRT-Il mutants,
which are required for both pathways, do not have a SL growth phe-
notype (Figure 1D; Xu et al., 2004).

Our genetic evidence indicates that the snf/A SL pathway is in-
dependent of known pathways that use ESCRT components. Snf7
and other ESCRT-lIl components are filament-forming proteins.
Their best characterized function is in membrane deformation, but
they are also thought to function as a scaffold in the RIM pathway.
ESCRT-lII's membrane deformation activity seems to be intimately
linked to the AAA-ATPase Vps4, which provides force for scission
and/or filament disassembly. This suggests that the snf7A SL path-
way does not utilize Snf7's membrane deforming capacity but in-
stead may be acting as a scaffold that affects regulation or transcrip-
tional control of lipid synthesis pathways.

While several ESCRT-IIl proteins gave a synthetic growth pheno-
type in the Atether strain background, snf7A was by far the most
severe. Although we do not understand the mechanism of Snf7 in
lipid homeostasis, we developed two models to describe why dif-
ferent ESCRT-Ill proteins cause different growth defects in the
Atether background. In the first model, Snf7 is the only protein
relevant to lipid homeostasis. Mutations in other ESCRT-IIl genes
cause Snf7 to accumulate on endosomes, reducing the cytoplas-
mic pool of Snf7 (Teis et al., 2008). In this model, cytoplasmic (or
nonendosomal) Snf7 regulates lipid synthesis, and the growth de-
fect caused by other ESCRT-lIl mutants is the result of reduced
available Snf7. The major problem with this model is that vps4A
also causes Snf7 to accumulate on endosomes. However, Atether
vps4A cells do not have a growth defect like Atether vps2/24A cells
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do. In the second model, most ESCRT-IIl proteins play a role in lipid
homeostasis. In this model, snf7A is more severe than loss of other
ESCRT-IIl proteins because it is the most abundant ESCRT-III pro-
tein (Teis et al., 2008).

Atether snf7A mutants produced high levels of neutral lipids, and
lower levels of phospholipids. In yeast, the CDP-DAG pathway is the
major phospholipid synthesis pathway in the absence of Kennedy
pathway substrates. Cells modulate the activity of the CDP-DAG
pathway by controlling the availability of its substrate, PA. The PA
phosphatase Pah1 dephosphorylates PA, and generates DAG, while
the DAG kinase Dgk1 phosphorylates DAG to make PA (Han et al.,
2008; Carman and Han, 2018). We found that reducing neutral lipid
synthesis by reducing DAG pools suppressed the growth defect in
Atether snf/A cells. We did this in two ways; overexpressing DGKT,
and by stimulating the Kennedy pathway with choline or ethanol-
amine. The Kennedy pathway consumes DAG by conjugating it to
CDP-choline or CDP-ethanolamine (Kennedy and Weiss, 1956).

It is not clear which lipid imbalance is responsible for the Atether
snf7A SL phenotype. Choline rescue experiments showed strong re-
ductions in TAG and FAA levels, but did not rescue (and, in fact, exac-
erbated) the low PE levels. FFAs are cytotoxic, so they could be re-
sponsible for the growth defect (Listenberger et al., 2003). The FFAs
in Atether snf7A cells are most likely coming from lipolysis because
they are grown without exogenous FFAs. We think that the increased
neutral lipid synthesis in Atether snf7A cells is resulting in limiting
pools of precursors. This in turn leads to high levels of lipolysis of
stored neutral lipids, generating FFAs. This may be occurring at a rate
that FA-activating enzymes cannot sustain, but it is also possible that
the loss of SNF7 is somehow inhibiting the ability to activate FFAs.

The Atether snf7A SL phenotype is not merely due to the loss of
membrane proximity, but instead from the loss of the contact site
proteins’ function. We found that retethering the ER to the PM in the
Atether snf7A strain did little to rescue the growth defect. This brings
up an interesting aspect of contact site biology: contact sites are use-
less without proteins that facilitate some sort of transfer, sensing, or
communication between the membranes; and some tethering func-
tion is likely inherent in the biology of many of these facilitators.
When it comes to the ER-PM contact site, all the tethers are also
implicated in functions such as ion transport or lipid transport and are
not likely to function solely as tethers. Further, deleting one family of
ER-PM tethers (SCS or TCB) had a modest effect on ER-PM tether-
ing, but did have a snf7A SL growth defect. Because the Scs and Tcb
tethers contain domains implicated in lipid transport, these results
suggest that the role of ER-PM contact sites that is important for the
snf7A SL phenotype is lipid transport between the ER and PM.

Our data suggest the following model, which is highly specula-
tive and needs more experimental evidence to be validated, but
adequately links the function of ER-PM tethers and Snf7: the Scs
and Tcb proteins facilitate transport, or mediate feedback, between
the ER and PM. Loss of this transport or feedback results in a defect
in the regulation of lipid synthesis. This causes accumulation of neu-
tral lipids, and reduced PS levels in the Atether strain. Loss of SNF7
further dysregulates lipid synthesis in the Atether strain, indicating
that Snf7 functions in a backup pathway that can sense lipid pools
and regulate lipid synthesis but is distinct from the function of ER-
PM contact sites. Our data also suggests that lipid transport at ER—
PM contact sites serves to transport specific lipids between the ER
and PM to regulate lipid composition, rather than a mechanism to
transport lipids in bulk resulting in a large net delivery of lipids to the
PM. Because the putative lipid transfer proteins at ER-PM contact
sites are not thought to be active transporters, the cell may use
them to sense PM lipid pools and regulate lipid synthesis. For ex-
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ample, if the PM concentration of a specific lipid is relatively high,
that lipid should not be delivered from the ER to the PM by passive
transport. This would result in the accumulation of this lipid in the
ER, which can result in activation or repression of ER lipid synthesis
enzymes. In cells lacking ER-PM contact sites this feedback would
be lost. This is supported by the shift in lipid synthesis toward neu-
tral lipids in the Atether strain, as well as the ability to suppress the
Atether snf7A growth phenotype by manipulating lipid synthesis.

MATERIALS AND METHODS
Media
Standard recipes were used to make yeast extract/peptone/dex-
trose (YPD) media (Sherman, 2002). Yeast nitrogen base dextrose
plates were made using standard recipes (Sherman, 2002), and con-
tained additional nutrients for “complete” plates: adenine (21 mg/
ml), histidine (84 mg/ml), leucine (168 mg/ml), lysine (84 mg/ml),
methionine (84 mg/ml), tryptofan (84 mg/ml), tyrosine (84 mg/ml),
and uracil (84 mg/ml). Dropout plates contained the same addi-
tional nutrients as complete plates, except for the dropout nutrient.

The recipe for transposition media was described by the
Kornmann lab (https://sites.google.com/site/satayusers/complete
-protocol). Transposition media contained 2% galactose (added af-
ter autoclaving), yeast nitrogen base, and nutrients (added after au-
toclaving) at a final concentration of isoleucine (30 mg/ml), valine
(150 mg/ml), arginine (20 mg/ml), histidine (20 mg/ml), leucine
(100 mg/ml), lysine (30 mg/ml), methionine (20 mg/ml), phenylala-
nine (50 mg/ml), threonine (200 mg/ml), tryptophan (40 mg/ml),
tyrosine (30 mg/ml), uracil (20 mg/ml), glutamic acid (100 mg/ml),
and aspartic acid (100 mg/ml).

Choline or ethanolamine was added to plates after autoclaving
to a final concentration of 2 mM.

Library generation

Library generation protocol was adapted from the Kornmann
lab protocol published online at https://sites.google.com/site/
satayusers/complete-protocol. Transposition strains were trans-
formed with pBK549. The transformants were then prescreened af-
ter 3-4 d of growth; single colonies were picked and suspended in
200 pl of water and 60 pl was patched onto -ura, -ade, and -ade
galactose plates. Patches that gave rise to many colonies on -ade
Gal plates, but few on -ade dextrose plates, were chosen to precul-
ture for transposition. Prescreened patches from -ura plates were
used to inoculate 250-ml precultures of -ura glucose media to
OD600: 0.1. The next day the entire culture was harvested by cen-
trifugation, rinsed with 30 ml -Ade, 2% Gal media, then resuspended
at ODggo: 35-39. The concentrated cell suspension (200 ul) was
spread onto transposition plates using glass beads. The plates were
then put into unclosed plastic bags and incubated at 30°C for 15—
19 d. During the incubation period, 1-cm squares were drawn on
10% of plates. Periodically the number of colonies within these
squares was counted to determine the number of Ade* colonies,
and the transposition rate. Just before harvesting, the number of
Ade" colonies was calculated, and roughly 2 million were harvested
by adding 2 ml water to each plate and gently scraping the cells
from the agar. The harvested cells were inoculated into 2 | -ade glu-
cose media at ODggo: 0.2 and grown overnight at 30°C. The next
day, the saturated cultures were spun down, rinsed with water, and
several 0.5-g pellets were saved in microfuge tubes.

Library DNA extraction

DNA extraction was performed as described here: https://sites
.google.com/site/satayusers/complete-protocol/dna-prep.
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One 0.5-g cell pellet is resuspended in 500 pl cell breaking buffer
(2% Triton X-100, 1% SDS, 100 mM NaCl, 100 mM Tris-HCI, pH 8.0,
1 mM EDTA) and 280 pl was distributed into three microfuge tubes,
each containing 300 pl 0.5-mm glass beads. Phenol-chloroform-
isoamyl alcohol (PCI; 200 ul; 25:24:1; Invitrogen; 15593031) was
added to each tube, and tubes were vortexed for 10 min at 4°C on a
vortexer equipped with a foam tube holder (BioExpress;
S-7351-24H). TE buffer (200 pl) was then added to each tube, tubes
were briefly vortexed, then centrifuged for 5 min at 18,000 x g. The
upper layer of each tube was transferred to new tubes, 400 pl PCI
was added to each tube, and tubes were vortexed for 5 min. Tubes
were centrifuged at 18,000 x g for 5 min, and the upper layer trans-
ferred to new tubes. Chloroform (300 pl) was added to each tube,
tubes were vortexed 5 min, and centrifuged at 18,000 x g for 5 min.
The upper layers were transferred to new tubes. Ethanol (750 pl) was
added to each tube, tubes were mixed, then centrifuged 5 min at
18,000 x g for 5 min. The supernatant was removed, and pellets
were dried. Pellets were resuspended in 200 pl 250 pg/ml RNase A
and incubated for 15 min at 55°C while shaking at 1000 rom on a
shaking heat block (Benchmark Multi-Therm Heat-Shake). Each set
of three tubes was combined to two tubes (300 pl each). NaOAc, pH
5.2 (30 pl of 3 M) was added to each tube, then mixed. Absolute
ethanol (825 pl) was added to each tube to precipitate DNA. Tubes
were spun at 18,000 x g for 5 min, then the supernatant was re-
moved. DNA pellets were washed with 70% ethanol, and mixed
using a TOMY microtube mixer (MT-360) on speed setting 9 for
5 min. The tubes were then centrifuged at 18,000 x g for 5 min. The
supernatant was aspirated, and the pellets were dried. Each pellet
was resuspended in 50 pl water using a shaking heat block at 55°C
shaking at 700 rpm. Finally, the DNA from each original pellet was
combined.

Digesting library DNA

The DNA concentration was measured by comparing the in-gel flu-
orescence to a DNA standard curve of DNA ladder (Thermo Scien-
tific GeneRuler DNA ladder). Extracted DNA was diluted 10-fold,
and 5 pl of the dilution was loaded on a 1% agarose gel. A standard
curve was made by adding 1 pg, 0.8 g, 0.4 pg, and 0.1 ug of DNA
ladder to the same gel. The gel was stained with ethidium bromide
after running. The gel was imaged using a Bio-Rad Chemi-doc sys-
tem, and ImageJ was used to quantify the fluorescence intensity of
each lane. The lanes containing extracted library DNA were com-
pared with a standard curve generated by quantifying the fluores-
cence of the DNA ladder lanes run on the same gel to determine
the DNA concentration of the library DNA extractions.

DNA prep for sequencing

The library DNA was digested in two parallel 50-pl reactions; 2 ug of
DNA was digested with 50 units of Dpnll (NEB R0543S), and 2 pg of
DNA was digested with 50 units of Nlalll (NEB R0125S). Both reac-
tions were incubated for 16 h at 37°C. After incubation, the reac-
tions were heat inactivated for 20 min at 65°C. Each digestion (2 pl)
was run on a gel to verify digestion.

Each digest was then ligated in 400-pl reactions using 1665 co-
hesive end ligation units of T4 DNA ligase (NEB M0202L) for é h at
room temperature.

Ligated DNA was precipitated by adding 40 pl, 3M NaOAc, and
5 pg linear acrylamide (Thermo Fisher; AM9520). After mixing, 1 ml
ethanol was added to each tube, and DNA was precipitated at
—20°C overnight. DNA was pelleted by centrifuging at 18,000 x g at
4°C for 20 min. Pellets were rinsed with 1 ml 70% ethanol, pelleted
again by centrifuging at 18,000 x g at 4°C for 5 min, and dried. Each
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pellet was resuspended in 200 pl water on a shaking heat block for
10 min at 55°C and 700 rpm.

Growth assays

Cells were grown to saturation, overnight in YPD (or selective media
when plasmids were used). One optical density was collected by
centrifugation, rinsed once with water, then resuspended in 1 ml
water. This suspension was then serially diluted 10-fold for five dilu-
tions. When cells were carrying a plasmid, cells were grown over-
night in selective media with 2 mM choline, then treated as de-
scribed above. Serial dilutions were applied to plates using a 48-pin
replicator. Plates were grown at 30°C for 2-3 d before imaging using
an Epson Perfection V600 photo scanner.

Chronological lifespan assay

Cultures were continuously grown in SCD at 30°C. Each day, 1 OD
of cells was collected by centrifugation and resuspended in 1 ml
water. The suspensions were serially diluted 10-fold for five dilutions
and applied to YPD plates using a 48-pin replicator. Plates were
grown at 30°C for 2 d.

Pl staining and quantification

Cultures were continuously grown in SCD supplemented with 2 mM
choline at 30°C. Each day 400 pl of each culture was removed and
stained with 1 pg/ml Pl for 10 min (in growth media). Samples were
centrifuged, and media was aspirated. Each sample was washed
with 1 ml fresh media, then resuspended in 250 pl fresh media. A
Pl-positive control sample was generated by treating cells with 70%
EtOH for 5 min before staining.

From each sample, 200 pl was added to 96-well u-bottom plates
before being analyzed using an Accuri Cé flow cytometer. Cells
(70,000) were measured per sample using the slow setting. Ethanol-
treated cells were used to generate a fluorescence threshold to call
Pl-positive cells. The threshold was set to the FL-2 fluorescence at
which >99% but <100% of ethanol-treated cells were at least that
fluorescent.

Lipid harvesting

ODs (40-70) of cells growing in midlog growth phase (<OD 1.0)
were collected by centrifugation. The pellet was resuspended in
1 ml cold water and transferred to a microcentrifuge tube and cen-
trifuged at 20,000 x g for 3 min. The supernatant was aspirated, and
the pellet snap-frozen in liquid N,. Pellets were then stored at —80°C
until use.

Lipid extraction

Frozen pellets were resuspended in 1 ml 2:1 (chloroform: methanol)
and transferred to a 5-ml glass vial with 400 pl of 0.5-mm zirconia
beads. Cells were beat for 10 min on a vortexer equipped with a
foam microtube adaptor (BioExpress; S-7351-24H; vials were taped
to the foam microtube adaptor). After bead beating, 200 pl 0.034%
MgCl, was added to each vial. Vials were vortexed again for 10 min.
Vials were put into 50-ml conical tubes (up to two vials per tube) and
centrifuged at 3000 rpm. After centrifugation, the aqueous phase
was discarded (~400 pl), and 400 pl pseudo aqueous phase 48:47:3
(methanol: water: chloroform) was added to each vial. Vials were
vortexed for 5 min, and centrifuged as described above. The aque-
ous phase was again discarded, and the organic phase collected in
a new vial. The cell lysate was then extracted a second time by add-
ing 400 pl 2:1 (chloroform: methanol) and 200 pl 48:47:3 (methanol:
water: chloroform) to each vial. The vials were then vortexed for
10 min. After centrifugation, the aqueous phase was discarded and
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the organic phase added to the first extract. The collected organic
phase extracts were washed one additional time. Methanol: water:
chloroform (48:47:3; 400 pl) was added and vials were vortexed for
5 min. The extracts were transferred to microfuge tubes and centri-
fuged at 18,000 x g for 5 min. The aqueous phase was discarded,
and the organic phase collected in a new vial. Finally, the vials were
evaporated in a speed vac at 45°C until dry.

Lipid separation/visualization

The lipid extracts were resuspended in 2:1 (chloroform:methanol) at
1.5 ODE/pl. 10.5 ODE (7 pL) of sample was loaded per lane of a TLC
plate (Whatman; cat. no. 4865-821). The plate was then placed in a
preequilibrated TLC chamber containing solvent | (35:35:40:9; chlor
oform:trimethylamine:ethanol:water). This solvent was allowed to
run 12-14 cm from the origin. The plate was then allowed to dry.
Then the plate was placed in a preequilibrated TLC chamber con-
taining solvent Il (5:1; isohexane:ethyl-acetate). This solvent was al-
lowed to run to the top of the plate. After drying, the lipids were
visualized by spraying the plate with 2.5 mg/ml 8-anilino-1-naphtha-
lenesulfonic acid (Sigma A1028) in 50 mM NaOH. The plate was
then imaged using the “stain free gels” program on a Bio-Rad
Chemi-Doc MP imaging system.

Quantification of lipid signal

Images of TLC plates were inverted using ImageJ and the band in-
tensity of each lipid species was measured using an ImageJ mea-
sure tool. The plate’s background fluorescence was determined by
measuring the intensity of a lane that had not been loaded with a
sample. Samples from three biological replicates were used to gen-
erate the quantification. We used the total lipid signal to normalize
input between experiments.

BODIPY 493/503 staining and quantification

Midlog growth phase culture (1 ml) was stained with 1.25 pug/ml
BODIPY 493/503 for 10 min at room temperature. Cells were spun
down and washed once with water and resuspended in 200 pl water.
BODIPY fluorescence was quantified using the FL-1 fluorescence on
an Accuri C6 flow cytometer. Cells (100,000) from each sample were
analyzed using the slow setting.

Electron microscopy

Cells (40 ODs) grown in SCD or SCD + 2 mM choline were harvested
form midlog cultures. Cells were fixed in 3% glutaraldehyde, 0.1 M
NaCacod, pH 7.4, 5 mM CaCl,, 5 mM MgCly, 2.5% sucrose for 1 h
at room temperature. Cells were washed twice with 0.1 M NaCacod,
pH 7.4, and then rinsed with 100 mM Tris, pH 7.6, 25 mM dithioth-
reitol (DDT), 5 mM EDTA, 1.2 M sorbitol, 25 mM dithiothreitol (DTT).
The cell wall was softened by incubating with 100 mM Tris, pH 7.6,
25 mM DDT, 5 mM EDTA, 1.2 M sorbitol, 25 mM DTT for 10 min at
room temperature. Cells were then rinsed with spheroplast buffer
(0.1 M phosphocitrate, 1 M sorbitol). To spheroplast, cells were re-
suspended in 0.5 ml spheroplast buffer with 0.25 mg zymolyase and
incubated for 30 min. Cells were washed twice with 0.1 M NaCacod,
pH 6.8, 5 mM CaCl,. Cells were embedded in 2% ultra-low-melt
agarose (50-100 pl), then cut into ~2-mm?3 blocks. Cells were post-
fixed/stained in 1% OsOy4, 1% potassium ferrocyanide, 0.1 M
NaCacod, pH 6.8, 5 mM CaCly 10% formamide for 60 min at room
temperature. Blocks were washed four times with water, and then
stained with 1% uranyl acetate overnight. Blocks were washed four
times with water, and then dehydrated through a graded series of
ethanol: 50%, 75%, 95%, 2 x 100% for 10 min each. Blocks were
transitioned to propylene oxide incubating blocks in 1:1 propylene
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oxide:ethanol for 10 min, twice. Blocks were then incubated in 100%
propylene oxide for 5 min. The blocks were embedded in 1:1 pro-
pylene oxide:epon resin (hard formulation) and left on a rotator
overnight to allow the propylene oxide to evaporate. The blocks
were transferred to fresh epon resin and polymerized in a 60°C oven
for 24 h.

Prepared samples were sectioned at ~70 nM. Sections were
poststained with 4% uranyl acetate for 10 min, then Reynold's lead
citrate for 2 min (Reynolds, 1963). Images were taken using a Mor-
gagni 268 electron microscope.
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