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Lipid droplet biogenesis is spatially coordinated at
ER—vacuole contacts under nutritional stress

Hanaa Hariri, Sean Rogers, Rupali Ugrankar, Yang Lydia Liu, | Ryan Feathers

Abstract

Eukaryotic cells store lipids in cytosolic organelles known as lipid
droplets (LDs). Lipid droplet bud from the endoplasmic reticulum
(ER), and may be harvested by the vacuole for energy during
prolonged periods of starvation. How cells spatially coordinate LD
production is poorly understood. Here, we demonstrate that yeast
ER-vacuole contact sites (NVJs) physically expand in response to
metabolic stress, and serve as sites for LD production. NV tether
Mdm31 demarcates sites of LD budding, and interacts with fatty
acyl-CoA synthases at the NV) periphery. Artificially expanding the
NV] through over-expressing Mdm1l is sufficient to drive NVJ-
associated LD production, whereas ablating the NVJ induces defects
in fatty acid-to-triglyceride production. Collectively, our data
suggest a tight metabolic link between nutritional stress and LD
biogenesis that is spatially coordinated at ER-vacuole contact sites.
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Introduction

Upon sensing a decline in nutrients such as sugar, yeast undergo
metabolic remodeling characterized by the formation of lipid storage
organelles termed lipid droplets (LDs) [1]. Lipid droplets originate
from the surface of the endoplasmic reticulum (ER), and key
enzymes required for LD biogenesis have been identified and char-
acterized [2]. However, what defines the sites from which LDs bud
and the mechanisms that trigger LD biogenesis remain unclear.
Defects in LD biogenesis or pathological lipid accumulation are hall-
marks of prominent metabolic diseases including obesity, type 2
diabetes, fatty liver disease, and cardiovascular disease [3]. Thus,
understanding the mechanisms governing cellular LD dynamics will
have a significant impact on human health and the treatment of
metabolic diseases.

Lipid droplets are composed of an outer lipid monolayer that
surrounds an interior of fatty acids and sterols donated by the ER,
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the major anabolic organelle of eukaryotes [4]. These fatty acids are
either derived from the extracellular environment or synthesized de
novo, and are incorporated into LDs after being converted into tria-
cylglyceride (TAG) and sterol ester (SE). The synthesis of both TAG
and SE requires the coordinated effort of an ensemble of cytoplas-
mic and ER-associated enzymes, which chemically modify sterol
and free fatty acid (FFA) in a stepwise manner [2]. Despite identify-
ing the enzymes required for TAG and SE synthesis, how these
enzymes are spatially coordinated to drive LD biogenesis and what
determines where LDs bud within the ER network remain major
questions in the field of lipid metabolism.

Recent studies indicate that inter-organelle membrane contact
sites (MCSs) are important centers for spatially compartmentalizing
lipid metabolic reactions [5]. Indeed, MCSs formed between the ER
and the plasma membrane (PM) coordinate phospholipid trafficking
to maintain organelle identity and homeostasis [6]. Similarly, ER-
mitochondrial contact sites are hot spots for phospholipid exchange
between these organelles, and are required for growth in nutrition-
ally challenging non-fermentable media, suggesting an essential role
for ER-mitochondria crosstalk in the maintenance of cellular health
under metabolic stress [7]. In yeast, LDs maintain close contact with
the ER from which they bud [8]. Though poorly understood, these
ER-LD contact sites are thought to regulate LD biogenesis as well as
LD composition, size, and dynamics.

The yeast ER network also maintains a clear MCS with the
vacuole, which is equivalent to the mammalian lysosome. This site
is termed the nuclear ER (nER)-vacuole junction, or the NVJ [9].
The role of the NVJ in cellular homeostasis is unclear. However, it
represents a physical contact between the principal anabolic and
catabolic organelles of yeast (the ER and vacuole, respectively),
implying an important role for the NVJ in cellular metabolic cross-
talk [10]. Consistent with this, proteins have been observed to
dynamically relocate to the NVJ during times of nutritional stress.
One example is Nvj2, which accumulates at the NVJ as yeast enter
stationary growth [11]. Similarly, Vps13, which resides at vacuole—
mitochondrial contacts in yeast grown in dextrose, relocates to the
NVJ when cultured in glycerol [12]. Thus, the NVJ functions as a
docking site for numerous proteins involved in cellular metabolism,
but its role in cellular homeostasis and stress response remains
unclear.

Here, we investigate the role of NVJ contact sites in LD produc-
tion during nutritional stress. Our results provide evidence for a
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tight coupling of the NVJ with lipid metabolism and LD production
and suggest that NVJs may serve to spatially organize and compart-
mentalize lipid metabolism during times of nutritional stress.

Results

NVJs are dynamic contact sites regulated by the metabolic state
of the cell

Nuclear ER-vacuole junctions are defined as inter-organelle junc-
tions formed between the nuclear ER and vacuole through a tight
interaction between the vacuolar protein Vac8 and Nvjl, an integral
membrane protein anchored on the perinuclear ER [9]. Previous
studies showed that NVJI mRNA transcripts are upregulated as
cultured yeast transition from exponential phase growth into nutri-
ent-poor stationary phase [13,14]. Consistent with gene array analy-
sis, the size of Nvjl-GFP “patches” were found to be larger in
stationary phase cells [9]. Therefore, in response to nutrient deple-
tion, NVJs may physically expand proportionally to Nvjl expression
levels. To test this hypothesis, we examined the size of the NVJ in
living yeast under a series of growth conditions.

Nuclear ER-vacuole junction size can be accurately estimated
using light microscopy by examining chromosomally tagged Nvjl-
GFP, which forms an elongated patch along the ER-vacuole inter-
face. Yeast grown in the presence of abundant dextrose (exponential
growth phase) maintained small NVJs averaging less than 1 pm in
length (Fig 1A and B). In contrast, yeast displayed a marked
increase in average NVJ length to ~1.4 pym when grown for 2 days
into stationary phase when dextrose is largely exhausted (Fig 1A
and B). Stationary phase yeast may also experience a reduction in
amino acid levels; therefore, NVJ size was monitored in yeast
cultured in media lacking the amino acid leucine, or in the presence
of TORC1 inhibitor rapamycin that mimics starvation. These condi-
tions also induced a significant increase in NVJ length to an average
of ~2.5 and 3.2 pm, respectively (Fig EV1A and B).

As yeast deplete dextrose in their media, they switch their meta-
bolism to rely largely on ethanol as a non-fermentable carbon
source [14]. Therefore, to determine whether non-fermentable
carbon sources could also affect NVJ size, yeast were inoculated
into media containing either glycerol or acetate. Under these condi-
tions, the levels of NVJI mRNA were significantly upregulated, and
the size of the NVJ dramatically increased to an average of ~2.2 um
(Fig 1B and C). Collectively, our results confirm previous observa-
tions that the NVJ expands in stationary phase [9], and further show
that metabolic changes associated with the transition out of expo-
nential growth also induce NVJ expansion.

To determine whether other cellular stresses could similarly
induce NVJ expansion, NVJ size was examined in cells cultured
under different growth conditions that are known to induce stress
response in yeast. Whereas induction of the ER unfolded protein
response (UPR) triggered a significant increase in NVJ size, stresses
that affect general protein and membrane homeostasis, such as
temperature and cytoplasmic pH, failed to alter NVJ size (Fig EVIC-E).
Similarly, the addition of toxic chemicals and drugs affecting various
metabolic pathways did not affect the size of the NVJ (Fig EV1E).
Therefore, our observations suggest that NVJ expansion is largely a
form of cellular adaptation to nutritional stress.
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NV] expansion and lipid droplet formation are
functionally coupled

To visualize the consequences of NVJ expansion on organelle
morphology and cellular homeostasis, thin-section transmission
electron microscopy (TEM) was conducted. As expected, enhanced
contacts were observed between the perinuclear ER and the vacuole
in yeast growing in stationary phase and non-fermentable carbon
sources (glycerol and acetate; Fig 1D). Remarkably, yeast cultured
in these conditions also exhibited many lipid droplets (LDs), and
these were often located in the immediate proximity of the NVJ
(Figs 1D and EV2A).

Lipid droplets are known to bud from the ER network, and have
been observed in the proximity of the NVJ in yeast growing in
stationary phase [15,16]. However, the relationship between NVJ
expansion and LD budding has not been thoroughly examined. To
dissect this relationship, yeast were cultured in dextrose-rich media
and harvested at different growth phases in the transition from
exponential growth to stationary phase (Fig 2A). The chief compo-
nents of LDs, triglyceride (TAG) and sterol ester (SE), were moni-
tored using thin-layer chromatography (TLC) in each of these
growth phases.

In agreement with our microscopy data, yeast growing in the
exponential phase contained low levels of TAG and SE (Fig 2B and
C). As yeast exit exponential growth and enter diauxic shift (DS),
they convert free fatty acids (FFAs) into TAG and SE (Fig 2B and
D). Both TAG and SE levels continued to increase in post-diauxic
shift growth phase (~24 h in culture) and peaked in stationary phase
(more than 48 h in culture; Fig 2C). Once in stationary phase, yeast
began to exhibit increased FFAs, implying an increase in LD turn-
over (Fig 2D).

Yeast cultured in non-fermentable glycerol and acetate also
exhibited enlarged NVJs; therefore, we also examined their neutral
lipid level by TLC. Similar to yeast grown in stationary phase
dextrose, yeast grown in non-fermentable media had elevated TAG
and SE (Fig 2E and F), as well as abundant cytoplasmic lipid
droplets (Fig EV1F). Collectively, these data suggest that yeast
cultured in metabolically challenging conditions tend to exhibit both
expanded NVJs and elevated LDs and neutral lipid levels.

To further investigate the relationship between NVJ expansion
and LD biogenesis, we examined the size of the NVJ in LD-
deficient yeast. We utilized a yeast strain unable to synthesize
TAG and SE due to the genetic ablation of sterol esterases Arel
and Are2, as well as the TAG synthase Lrol [17,18]. The only
remaining TAG synthase, Dgal, was placed under a GAL
promoter (pGAL), allowing LD biogenesis to be induced when
yeast are grown in galactose but not dextrose. We tested whether
this LD-deficient strain could expand its NVJ in response to nutri-
ent starvation by visually monitoring Nvjl1-GFP in different
growth conditions. Strikingly, LD-deficient yeast failed to expand
their NVJ following 48-h growth into stationary phase (Fig 2G
and H). Despite this, LD-deficient yeast exhibited elevated levels
of NVJI mRNA transcripts in stationary phase similar to wild-type
yeast, suggesting that the inability to expand the NVJ was not
due to a block in NVJI upregulation (Fig 2I). Therefore, our data
indicate that Nvjl upregulation is not sufficient to expand the
NVJ, and other factors requiring some aspect of LD budding may
be important for NVJ expansion.

© 2017 The Authors
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Figure 1. Nutritional stress induces NVJ expansion and transcriptional upregulation of Nvj1.

A Light microscopy for yeast expressing chromosomally tagged Nvj1-GFP (arrows), ER marker DsRed-HDEL, and vacuole stained by CMAC. Scale bar, 2 um. N, nucleus; V,
vacuole.

B Quantification of the NVJ length (um) in (A) (box plots of median and range, n > 50 cells, **P < 0.005, Student’s t-test).
gqRT-PCR showing NVJ1 expression levels in different growth conditions. Dex, dextrose; Gly, glycerol; Ace, acetate; EP, exponential phase; SP, stationary phase
(mean + SEM, n = 3 independent cultures per condition, **P < 0.005 and *P < 0.05, Student’s t-test).

D Electron micrographs of yeast grown in different conditions. Arrows indicate lipid droplets. Scale bar, 0.5 pm. N, nucleus; V, vacuole.
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Figure 2. NV]J is the site for starvation-induced LD accumulation.
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A Growth curve representing the number of cells (ODgg0) Versus time (in hours) of WT yeast grown in dextrose.
B TLC of neutral lipids from WT yeast grown in dextrose and collected at different growth stages. EP, exponential phase; DS, diauxic shift; PD, post-diauxic shift; SP,
stationary phase; SE, sterol esters; TAG, triacylglycerides; FFA, free fatty acids; S, sterols.

Quantification of TAG and SE (ug; normalized to cell pellet weight) of TLC from (B).

Quantification of free fatty acids (FFA) (normalized to cell pellet weight) of TLC from (B).
TLC of neutral lipids from yeast grown in Dex, Gly, and Ace collected at DS. SE, sterol esters; TAG, triacylglycerides; FFA, free fatty acids; S, sterols.

Light microscopy of Nvj1-GFP in WT and mutant yeast (LD-deficient) lacking enzymes needed to make LDs. Arrows indicate unextended NVJ. Scale bar, 2 pm.
Quantification of images in (G) (box plots of median and range, n > 50 cells, **P < 0.005, Student’s t-test).

qRT-PCR showing NVJ1 expression levels in WT and LD-deficient yeast (mean £ SEM, n = 3 independent cultures per condition, ***P < 0.001, Student’s t-test).

Light microscopy of LDs stained with AutoDOT in cells expressing chromosomally tagged Nvj1-GFP at DS with illustration of the spatial distribution of LDs around the

C
D
E
F Quantification of TAG and SE (ug; normalized to cell pellet weight) of TLC from (E).
G
H
|
J

NVJ. Scale bar, 2 um.

K Quantification of LD clustering around the NVJ from cells imaged in (J) (percentage of cells with clustered LDs around the NVJ over total number of cells counted,

mean + SD, n > 50 cells, **P < 0.005, Student’s t-test).

Starvation-induced LDs decorate the edges of the NV]

Nuclear ER-vacuole junction expansion and LD production
appeared to be directly correlated; therefore, we next investigated
whether the NVJ may be a specific site for LD biogenesis. Recent
studies examining early stages of LD biogenesis reveal that LDs
normally bud from the ER network and can occasionally concentrate
along the nuclear ER surface during starvation [16,18]. Thus, we
imaged Nvj1-GFP yeast undergoing diauxic shift, where FFA-to-TAG
conversion was maximal. Strikingly, imaging revealed a dramatic
arrangement of LDs surrounding the NVJ (defined here as within
~0.5 um of the Nvjl1-GFP signal), with many LDs accumulating
along the NVJ periphery (Fig 2J). LD clustering around the NVJ was
dependent on the growth status of the yeast, with ~76% of yeast
exhibiting LD clustering shortly after diauxic shift as opposed to
only ~10% in exponential growth (Fig 2K).

To confirm that these LDs were generated at the region surround-
ing the NVJ, and not transported there following their formation, LD
budding was directly monitored in Nvj1-GFP yeast. To do this, yeast
were cultured in the presence of cerulenin, an inhibitor of de novo
fatty acid synthesis, which clears yeast of pre-existing LDs as they
become a sole source of fatty acids. Following 3 h of cerulenin treat-
ment, yeast exhibited a nearly complete loss of LDs exemplified by
dim LD staining with AutoDOT dye, and the redistribution of the LD
resident protein Erg6-GFP into the ER network (Fig 3A). Cerulenin
washout with fresh medium initiates new LD biogenesis, which can
be directly monitored. Indeed, within one hour following inoculation
into fresh medium, small LDs appeared around the NVJ (Fig 3B).

Time-lapse microscopy indicates the NVJ is a site of LD budding

To further distinguish whether these NVJ-associated LDs are gener-
ated at the NVJ itself, or are trafficked there following their formation

Figure 3. Time-lapse imaging of LD budding at the NVJ.

in other regions of the cell, we conducted time-lapse imaging of yeast
every 10 min following initial cerulenin washout (¢;). Indeed, time-
lapse imaging revealed a significant increase in LDs associated with
NVIJs over time following cerulenin washout, going from only ~12%
of cells exhibiting NVJ-associated LDs at the initial time period, to
~77% of yeast exhibiting NVJ-associated LDs after 1 h (Fig 3C and
D). Furthermore, we observed the appearance of unambiguous small
LDs at the NVJ (co-localized with Nvj1-GFP) of the same cell within
10 min of cerulenin washout, a time period previously observed to
allow LDs to be clearly visible by dye-based staining [4] (Fig 3E,
arrows). Monitoring other individual cells following cerulenin
washout revealed several examples of NVJs with gradually accumu-
lating small LDs, often with brighter LDs accumulating at their NVJ
peripheries over time (Fig EV2B). This is consistent with previous
studies which observed Pah1-GFP at a subdomain on the nuclear
surface from which LDs were budding [16]. Altogether, these data
suggest that the NVJ itself can serve as a site for LD budding.

NVJ tether Mdm1 co-localizes with lipid droplets at the
NV] periphery

To better understand the functional coupling between LD budding
and NVJ expansion, we next investigated the spatial organization of
the NVIJ itself by examining the two major tethering proteins that
mediate ER-vacuole contact: Nvjl and Mdm1 [9,19]. Yeast with
chromosomally tagged Nvjl-mCherry (mCh) and Mdm1-GFP were
imaged using 3D structured illumination microscopy (SIM). As
expected, imaging revealed that Nvjl1-mCh formed a patch extend-
ing along the entire NVJ contact site (Fig 4A). In contrast, Mdm1-
GFP appeared to be largely enriched as distinct foci at the NVJ
periphery (Fig 4A). Indeed, serial Z-stacking of sequential yeast
sections revealed clear enrichment of Mdm1-GFP foci at the NVJ
periphery, in contrast to Nvjl-mCh (Figs 4B and C, and EV3A and

A Top: Graph depiction of changes in lipid droplet content per cell in the presence of cerulenin. Bottom: Light microscopy for LDs visualized by AutoDOT staining and

Erg6-GFP before and during cerulenin treatment. Scale bar, 2 pm.

B Light microscopy performed 1 h post-cerulenin washout. LDs (arrows) visualized by AutoDOT staining, NVJ visualized by Nvj1-GFP, and vacuole stained using CMAC.

Scale bar, 2 pm.

C Light microscopy of Nvj1-GFP-tagged yeast performed at 10-min increments following initial cerulenin washout (t;). LDs (arrows) visualized by AutoDOT staining.

Scale bar, 2 pm.

D Quantification of LD-NVJ association from images obtained in (C) (percentage of cells with LD-NVJ association over total number of cells counted, box plots of median

and range, n > 50 cells per time point, *P < 0.05, Student’s t-test).

E Single cell imaged at initial and 10 min following cerulenin washout. LDs (arrows) visualized by AutoDOT staining and NVJ visualized by Nvj1-GFP. Scale bar, 2 um.

© 2017 The Authors
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Figure 4. Mdm1 co-localizes with LDs at the NVJ periphery.

Spatial regulation of lipid droplet biogenesis ~ Hanaa Hariri et al

A Single optical sections of chromosomally tagged Mdm1-GFP (green) and Nvj1-mCherry (magenta) imaged using 3D-SIM. Arrows indicate Mdm1-GFP enrichment sites.

Scale bar, 2 pm.

B Sequential optical sections of yeast with Mdm1-GFP and Nvj1-mCherry. Arrows indicate Mdm1-GFP enrichment sites. Scale bar, 2 pm.

(@}

3D stacking of optical sections with line traces. Arrows indicate Mdm1-GFP enrichment sites.

D TEM of WT and mdmIA yeast in exponential growth. Arrows depict lipid droplets. Scale bar, 2 um. Top right: Quantification using Image) of LD intensity per cell from

light microscopy imaging (mean =+ SD, n > 50 cells, *P < 0.05, Student’s t-test).

E Quantification of TAG and SE (ug; normalized to cell pellet weight) from TLC in Fig EV3D.

B, Movie EV1). Time-lapse imaging further revealed that Mdm1-GFP
foci were dynamic, but generally concentrated along the NVJ
periphery (Movie EV2). These observations imply that NVJ tethers
may be spatially organized into two sub-regions: the NVJ core which
is demarcated by Nvj1, and the NVJ periphery where Mdm1 appears
preferentially enriched.

Mdm1 appeared to enrich at the NVJ periphery where we
observed LD accumulations (Fig 4A). Imaging of cells expressing
low levels of Mdm1 confirmed that Mdm1 co-localized with NVJ-
associated LDs (Fig EV3C). Therefore, we investigated whether
Mdm1 played any role in LD homeostasis. Deleting MDM1 led to an
increase in cytoplasmic LDs as observed by both thin-sectioning
TEM and light microscopy (Fig 4D). Consistent with this, mdmIA
yeast exhibited a ~2-fold increase in TAG and SE compared to wild-
type (WT) controls even in cells growing at exponential phase
(Figs 4E and EV3D). In contrast, deleting NVJI did not have a signif-
icant effect on cellular SE and a minor increase in TAG levels
(Figs 4E and EV3D). This suggests that Mdm1 may play a role in
NVJ-associated LD dynamics.

Mdm1 interacts with fatty acid-activating enzymes

To better understand how Mdm1 may contribute to LD dynamics at
the NVJ, we next conducted mass spectrometry-based proteomic
analysis to reveal the interactome of Mdm1. We found that Mdm1-
GFP immuno-precipitated with enzymes involved in fatty acid
synthesis, including Faal, Fasl, and Fas2 (Fig 5A). Consistent with
this, multi-channel imaging revealed that Faal-GFP localized to the
NVJ, and co-localized with LDs and Mdml in yeast undergoing
diauxic shift (quantification revealed ~32% of yeast in DS exhibited
NVJ-associated Faal-GFP; Figs 5B and C, and EV3E). Indeed, this
Faal-GFP NVJ association was dependent on the metabolic status of
the yeast, as Faal-GFP localized throughout the cytoplasm and ER
network in yeast undergoing exponential growth (only ~9% of yeast
with Faal-GFP enriched at NVJs; Figs 5B and EV3F and G). Collec-
tively, our data suggest that fatty acyl-CoA syntheses including Faal
may dynamically associate with Mdm1-positive NVJs during times
of nutritional transition and LD production.

Figure 5. Mdm1 interacts with FA-CoA synthases.

Mdm1/Nvj3 complex functions downstream of fatty acid
activation

In addition to fatty acid-processing enzymes, one of the top
proteins detected in our Mdml interactome analysis was Nvj3,
the soluble paralog of Mdml and the only other PXA domain-
containing protein in Saccharomyces cerevisiae (Fig 5A). Indeed,
we previously demonstrated that Nvj3 co-localized with Mdm1 at
the NVJ, and required Mdm1 for its NVJ localization, suggesting
these proteins may function together at this contact site [19].
Furthermore, both MDM1I1 and NVJ3 expression levels were upreg-
ulated in nvjIA yeast, implying that both may function indepen-
dently of Nvjl to perhaps compensate for the loss of Nvjl ER-
vacuole tether (Fig EV4A).

To determine whether, similar to MDM1, loss of NVJ3 would also
affect yeast neutral lipid levels, TLC was used to compare the effect
of deleting MDM1 and/or NVJ3 on neutral lipids. Indeed, yeast lack-
ing MDM1, NVJ3, or both displayed similar ~1.5-fold increases in
TAG, as well as significant increases in SE (Fig 5D and E).

To investigate the stage of neutral lipid production that was
altered due to loss of MDM1 and NVJ3, we generated FAAI-deficient
yeast, and a triple knockout strain lacking MDM1, NVJ3, and FAAI.
As expected, faalA yeast displayed increased FFAs compared to
WT, consistent with a defect in converting FFAs to fatty acyl-CoA
(Fig SE). Interestingly, the triple knockout faalAmdmIAnvj3A also
retained high FFA levels, and suppressed the increased TAGs that
were previously observed in the mdmlIAnvj3A double knockout,
indicating that the TAG increases observed in mdmlAnvj3A yeast
require Faal function (Fig SE).

These genetic observations indicated that Mdm1 and Nvj3 may
potentially function in neutral lipid metabolism downstream of
fatty acid activation into fatty acyl-CoA. To test this, we plated the
knockout yeast on media containing cerulenin, which inhibits the
production de novo synthesized fatty acids. As a result, yeast are
dependent on Faal for the activation of dietary-derived FFAs, and
thus, faalA failed to grow on cerulenin-containing media
(Fig EV4B). In contrast, mdmIA, nvj3A, and mdmlAnvj3A yeast
grow similarly to wild-type yeast on cerulenin, suggesting that

A Major protein interactions with Mdm1-GFP detected by mass spectrometry proteomics.

B Quantification of cells with Faal localized to the NVJ in different growth stages from light microscopy (percentage of cells with Faal-GFP at the NVJ over total
number of cells counted, mean + SD, n > 50 cells, ***P < 0.001, Student’s t-test). EP, exponential phase; DS, diauxic shift.

C Light microscopy of Faal-GFP showing co-localization with LDs. Vacuole is labeled with FM4-64 dye. Dashed lines indicate the NVJ. Arrows indicate LDs. Scale bar,

2 pum. N, nucleus; V, vacuole.

D Neutral lipids TLC. SE, sterol esters; TAG, triacylglycerides; FFA, free fatty acids; S, sterols; DAG, diacylglycerides.
E Quantification of TAG, SE, and FFA in (D) (ug; normalized to cell pellet weight) in WT, mdmIA, nvj3A, mdm1Anuj3A, faalA, and faalAmdm1Anuj3A. Scatter plot

legend on the right.

F  Light microscopy of mdm1A yeast showing recruitment of Faal-GFP to the NVJ. Dashed lines indicate the NVJ. Scale bar, 2 um. N, nucleus; V, vacuole.
Light microscopy of Nvj1-GFP yeast with LDs labeled using AutoDOT staining in diauxic shift. Arrows indicate LDs. Scale bar, 2 um. N, nucleus; V, vacuole.
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Mdm1 and Nvj3 function downstream of fatty acyl-CoA production.
Consistent with this, Faal-GFP can still localize to the NVJ where
LDs accumulate even in the absence of MDM1 (Fig SF and G). Alto-
gether, these observations suggest Mdm1 and Nvj3 function in some
aspect of lipid metabolism at the NVJ following fatty acyl-CoA
production.

Mdm1 over-expression expands the NV) and increases NVJ-
associated LDs

Thus far, our data indicate a functional coupling of NVJ expansion
and LD production. Since Mdm1 appeared associated with NVJ-
associated LDs, we next asked whether NVJ-associated LD produc-
tion could be artificially induced by ectopically expanding the NVJ
in the absence of nutritional stress.

To do this, we ectopically over-expressed Mdm1-GFP, a condition
previously shown to significantly enlarge the NVJ, and monitored LDs
in yeast growing in exponential phase with abundant dextrose and
other nutrients [19]. We found that Mdm1-GFP over-expression
caused a ~5-fold increase in the number of LDs per cell, and the
majority of LDs (~80%) were enriched along the ER-vacuole inter-
face even during this nutrient-rich growth (Fig 6A-C). This
increase in LDs was not due to general ER stress from Mdm1 over-
expression, as we observed no increased sensitivity to DTT, nor
any growth sensitivity when we over-expressed Mdml in yeast
lacking the UPR protein Irel (Fig EV4C). Over-expression of
untagged Mdm1 also phenocopied the LD increase along the ER—
vacuole interface (Fig EV4D).

We next examined how over-expression of Mdml, which is
normally enriched at the NVJ periphery, would alter the overall
architecture of the NVJ. We generated a dual-tagged yeast express-
ing Nvj1-GFP on its native promoter while over-expressing Mdm1-
mCherry (mCh). Strikingly, over-expressed Mdm1-mCh was present
throughout the Nvj1-GFP-positive NVJ region, and indeed extended
beyond Nvj1-GFP to form an elongated peripheral region in which
Nvjl-GFP was absent (Fig 6D and E). Interestingly, Nvjl-GFP-
positive NVJ regions appeared to maintain their normal size and
shape independent of the Mdml1-mCh expression level, further
suggesting that Nvjl and Mdm1 may demarcate independent zones
at the NVJ (Fig 6D and E). Numerous LDs accumulated at these
Mdm1-mCh-positive (but Nvj1-GFP negative) peripheral NVJ zones,
reinforcing our previous observations that Mdm1 can regulate LD
formation at the NVJ periphery (Fig 6D and E).

To observe this Mdm1-induced extended NVJ periphery at higher
resolution, we conducted thin-sectioning TEM of yeast over-expres-
sing Mdm1. Imaging revealed that Mdml-over-expressing yeast
contained more LDs (Fig 6F and G). We observed aberrant struc-
tures resembling LDs at the interface between the nuclear ER and
the vacuole (Fig 6G). ER tubules were often observed wrapping
around LDs, further suggesting these LDs were budding from
Mdm1-associated ER tubules (Figs 6F and G, and EV4E and F;
arrows). Notably, Mdm1-GFP-over-expressing yeast often contained
Mdm1-GFP foci in non-NVJ regions of the cell, and these foci co-
localized with LD markers (Fig 6H, inset). These Mdm1-GFP foci
appeared similar to previously observed Mdml-mediated ER-
vacuole contacts that occur in the absence of NVJI, and suggest that
Mdm1 is able to enrich at sites of LD budding throughout the ER
network independent of Nvj1 [19].
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NVJ-deficient yeast display defects in fatty acid metabolism

The functional association of NVJs and Mdm1 with LDs suggested
that total loss of ER-vacuole tethering may perturb aspects of LD
production. To test this, we generated a quadruple knockout yeast
strain lacking known NVJ tethering proteins Nvjl and Mdml, as
well as Nvj2 and Nvj3 that may provide residual ER-vacuole tether-
ing (Fig 7A). This yeast strain, which we refer to as “ANVJ”, did not
display any growth defects under ambient conditions (Fig EV4G).
Using thin-sectioning TEM, we verified that ANVJ yeast display a
significant increase in nER-vacuole inter-organelle distance (average
nER-vacuole distance ~189 nm versus ~17 nm in WT, N = 34;
Fig 7B).

To determine whether loss of the NVJ impacted yeast neutral
lipid metabolism and/or LD production, we cultured yeast with
exogenous fatty acids (0.5% oleic acid) and conducted TLC analysis.
Notably, ANVJ yeast displayed altered FFA-to-TAG ratios, showing
elevated FFAs, and a reduction in TAG levels following incubation
with oleic acid (Figs 7C and EV5A and B). This effect was not
present in yeast deficient in either NVJI or MDM1 alone (Fig 7C).

Next, we investigated whether re-introduction of Mdm1 alone
into this ANVJ strain was sufficient to create an ER-vacuole contact
site in which LDs would associate. Strikingly, ANVJ yeast over-
expressing Mdm1-GFP displayed Mdm1-GFP foci along the vacuole
surface that appeared to “cup” LDs (Figs 7D and EV5C). Using thin-
sectioning TEM, we confirmed an accumulation of LDs between the
vacuole and ER tubular network, with many LDs appearing tightly
associated with ER tubules (Figs 7E and F, and EV5D). Collectively,
these data indicate that Mdml is sufficient to generate a LD-
associated ER—vacuole contact site, and imply that Mdm1-mediated
ER-vacuole contacts may serve as sites of LD biogenesis.

Discussion

How cells respond and adapt to changes in nutrient availability
remains a largely unresolved question, yet critical to our under-
standing of cellular homeostasis and the onset of diseases including
cancer and metabolic syndromes. Lipid droplets (LDs) serve as a
major nutrient reserve that promotes cell survival in nutritionally
challenging conditions, but what determines where LDs bud within
the ER network is poorly characterized. Here, we show that yeast
ER-vacuole contact sites (NVJs) serve as sites for generating LDs in
response to nutritional stress, and identify the ER—vacuole tether
Mdm1 as a protein that demarcates sites of NVJ-associated LD
budding. Furthermore, we demonstrate that NVJs expand in
response to nutritional stress and show that this expansion is closely
coupled with LD production.

Previous genome-wide microarray studies reported that NVJI,
which encodes the major tethering protein found at the NVJ, is tran-
scriptionally induced in response to nutrient depletion, the physio-
logical significance of which remained unexplored [13,14]. We
show that in wild-type yeast, transcriptional upregulation of NVJI is
indeed proportional to the physical expansion of the NVJ contact
site (Fig 1A-C); however, the increase in NVJI mRNA levels alone
is not sufficient to expand the NVJ. We found that NVJ expansion is
also largely dependent on the ability of yeast to generate LDs, since
LD-deficient yeast exhibit severe defects in NVJ expansion despite

© 2017 The Authors
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mean + SD, n > 50 cells, *P < 0.05, Student’s t-test).

Light microscopy for AutoDOT-labeled LDs in WT yeast and yeast over-expressing Mdm1. Scale bar, 2 pm.
Quantification using Image] of LD intensity per cell from light microscopy imaging in (A) (mean £ SD, n > 50 cells, *P < 0.05, Student’s t-test).
Quantification of LD-NV] clustering in WT yeast and yeast over-expressing Mdm1 (percentage of cells with LD-NVJ clustering over total number of cells counted,

Light microscopy for yeast with dual over-expression of Mdm1-mCherry and Nvj1-GFP showing localization of Mdm1-mCH and Nvj1-GFP at the edge and core,

respectively. White rectangle indicates the NVJ core and edge regions corresponding to line tracing in (E). Scale bar, 2 um.

Line tracing showing the spatial distribution of Mdm1-mCH, Nvj1-GFP, and LDs.

F, G TEM of yeast over-expressing untagged Mdm1. Arrows in (F) indicate aberrant structures. Arrows in (G) indicate LDs wrapped in ER tubules. Scale bar, 0.5 um.

N, nucleus; V, vacuole.
H
bar, 2 pm.

the increase in NVJI mRNA levels (Fig 2H and I). This underscores
a strong functional link between LD biogenesis and NVJ expansion.
In yeast, LDs bud from the ER network, and are thought to remain
functionally connected to ER network from which they bud [8]. Here,
we show substantial accumulation of LDs at the NVJ in yeast under-

going diauxic shift (Fig 2J and K). Indeed, time-lapse imaging

© 2017 The Authors

Light microscopy for yeast with dual over-expression of Mdm1-mCherry and Nvj1-GFP. Inset: Co-localization of Mdm1-mCH and LDs labeled using AutoDOT. Scale

indicates that the NVJ is itself a site of LD biogenesis, as we observe
LDs beginning to form at the NVJ following cerulenin washout, which
triggers LD production (Figs 3E and EV2B). Although this highlights a
role for the NVJ in LD biogenesis, we cannot exclude the possibility
that a sub-population of LDs observed at the NVJ in diauxic shift also
come from pre-existing LDs, which travel to the NVJ following their
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A Electron micrographs of yeast strain lacking NV| tethering proteins (ANV): nuj1Anvj2Amdm1Anuj3A). Scale bar, 0.5 um. N, nucleus; V, vacuole.
B Quantification of nER-vacuole distance in ANV| yeast imaged in (A) (n = 34 cells).

C  Quantification of the ratio of free fatty acid to TAG (normalized to cell pellet weight) in WT, mdm1A, nujIA, and ANVJ for TLC in Fig EV5A.

D

Light microscopy for ANVJ yeast over-expressing Mdm1-GFP. Scale bar, 2 um. Arrows point to supersized LDs co-localizing with Mdm1-GFP. LDs and vacuole are
labeled with AutoDOT and FM4-64 dye, respectively.

E, F TEM of ANV] yeast over-expressing Mdm1 and treated with oleic acid overnight. Arrows indicate ER tubules wrapping LDs near the vacuole. Scale bar, 0.5 pm.
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biogenesis. However, we consider two experiments that provide
evidence supporting the notion that the NVJ may itself act as a site of
LD biogenesis. The first is that we observe LD budding at the NVJ
following cerulenin washout (Fig 3A-E). Second, we demonstrate that
ablating the NVJ contact site causes defects in neutral lipid metabo-
lism, manifested by an accumulation of FFAs and an increase in FFA/
TAG ratio, implying a role for NVJ contacts in FFA-to-TAG conversion
(Fig 7C). Collectively, these results suggest that the NVJ itself can
serve as a site for LD biogenesis.

Two major tethering proteins reside at the NVJ: Nvjl and Mdml
[9,19]. Using high-resolution microscopy, we reveal that Mdml
enriches preferentially at the periphery of the NVJ, and co-localizes with
LDs there (Fig 4A). Consistent with this, we show that Mdm1 co-puri-
fies with Faal and Fas1/2 in addition to Mdm1 paralog Nvj3 (Fig 5A).
Interestingly, while deleting NVJI does not have a major effect on yeast
neutral lipids content, deleting MDM1, NVJ3, or both causes accumula-
tion of LDs in yeast, and a ~2-fold increase in TAG, implying a func-
tional role for Mdm1 and Nvj3 in NVJ-associated LD dynamics (Fig 5D
and E). Deletion of Faal in addition to Mdm1 and Nvj3 suppresses the
increase in TAG we see in the mdm1Anvj3A double knockout (Fig SE).
Collectively, our results are consistent with a role for Mdm1/Nvj3 in LD
production following fatty acyl-CoA activation, and indicate that Mdm1
localizes to ER sites that promote LD budding.

Mdm1 appears to be closely coupled with LD formation both
spatially by co-localizing with LDs and functionally by interacting
with fatty acyl-CoA synthases (Fig 5A). However, we observe
increased cytoplasmic LDs in both MDM]I-deficient and Mdm1-over-
expressing cells. Although ostensibly paradoxical, this increase in
LDs may be due to distinct mechanisms driven by modulating
Mdm1 expression. Indeed, Mdm1 over-expression may promote LD
production primarily by expanding ER-vacuole contact, which we
find is closely coupled with LD budding. Conversely, loss of MDM1
may affect the organization or activity of the fatty acid-processing
enzymes with which it interacts, or even the turnover rate of LDs by
lipophagy at the vacuole. As such, dissecting the precise role of
Mdm1 in LD dynamics, and how distinct this is from its role as an
inter-organelle tether, will be the focus of future studies.

Taken together, our work reveals a level of spatial organization to
LD budding and lipid metabolism in yeast, elegantly localized to ER—
vacuole contact sites. Perhaps it is not surprising that this compart-
mentalization occurs specifically at the junction bridging two major
metabolic compartments (the anabolic ER and primarily catabolic
vacuole/lysosome). As such, it is conceivable that the formation of
LDs near the vacuole is metabolically strategic, and may be advanta-
geous to facilitate their efficient turnover by lipophagy during
prolonged starvation [20]. Revealing the mechanisms underlying this
highly orchestrated event will better define the relationship between
inter-organelle crosstalk and metabolic stress response. In light of
these findings, it will now be interesting to explore whether other
systems such as metazoan cells can respond similarly to starvation.

Materials and Methods
Molecular biology, yeast genetics, and growth conditions

All yeast strains used in this study are detailed in Appendix Tables
S1 and S2. Yeast genetic manipulations were conducted using

© 2017 The Authors
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classical yeast knock-in/out protocols. For ectopic protein expres-
sion, genes were cloned into pBP73-C or pBP73-G vectors encoding
either the CPY promoter or GPD promoter. Yeast transformations
were performed using the lithium acetate method. We used DsRed-
HDEL to label the ER. Strains were selected using antibiotics or
dropout selection media. All chemicals used to make the yeast
media were purchased from Sigma (succinic acid, sodium hydrox-
ide, ammonium sulfate, yeast nitrogen base without amino acids, or
ammonium sulfate). Yeast media was supplemented with a final
concentration of 2% dextrose, 2% glycerol, or 2% potassium
acetate.

Lipid droplets and vacuole staining

For lipid droplet staining, we used AutoDOT dye (Abgent) added for
15 min. For vacuole staining, we incubated with CellTracker blue
CMAC dye (Thermo Fischer) for 10 min to stain the vacuole lumen,
and FM4-64 was added for 45 min to an hour to stain the vacuole
surface. Dyes were added to cell pellets that were washed and resus-
pended in a small volume of media with no added carbon source.
Yeast cells were then pelleted, washed, and imaged.

Light microscopy

Imaging of live yeast cultures was performed using EVOS FL Cell
Imaging System at room temperature. Yeast cells were grown to the
desired ODggo in the different growth condition. Before imaging,
cells were pelleted (3,000 g for 5 min at room temperature),
washed, and resuspended in a small volume of media without a
carbon source. Then, 3 pl of the dense yeast suspension was trans-
ferred to a glass slide for imaging. Image analysis was performed
using Fiji (ImageJ).

Structured illumination microscopy

Living yeast were imaged on a Deltavision OMX SR 3D structured
illumination microscope (SIM) equipped with a 60x 1.42 NA
objective lens and three cameras (GE Healthcare). Prior to imag-
ing, yeast were cultured in complete media supplemented with
2% dextrose, briefly centrifuged, and embedded in low-melting
temperature agar on 35-mm glass-bottom cover-slip dishes
(MatTek Corporation).

Fluorescence image quantification

To quantify lipid droplet abundance, cells were stained with
AutoDOT and imaged. AutoDOT was converted into a binary
signal, and the total signal per yeast cell quantified in an auto-
mated fashion by the Trainable Weka Segmentation program suite
available in ImageJ/Fiji (The University of Waikato, New Zealand).
To calculate average NVJ lengths, Nvjl-GFP yeast were imaged
and Nvj1-GFP concerted into a binary signal. Briefly, color images
were converted to 32-bit, and segmentation was performed using
Trainable Weka Segmentation program suite (The University of
Waikato, New Zealand) to extract features and create a binary
image. The size of image features was measured using a line tool
and Measure function in Fiji. Lipid droplet clustering measure-
ments were done manually.

EMBO reports Vol 19| No 1 |2018

69



70

EMBO reports

Time-lapse imaging

Yeast pre-cultures were inoculated in SC-dextrose media. Cerulenin
was added at a final concentration of 20 pug/ml, and yeast were
grown overnight. Cells were then exchanged into fresh SC-dextrose
media containing AutoDOT stain, and imaged post-cerulenin
washout (t;) at 10-min intervals.

Electron microscopy

Yeast cells were grown in the desired conditions and processed in
the UT Southwestern Electron Microscopy Core Facility using a
protocol adapted from [21]. In brief, cells were fixed in potassium
permanganate, dehydrated, and stained in uranylacetate. Yeast were
embedded and sectioned using Leica EM UC6. Sections (~60 nm
thick) were placed on copper grids and imaged using Tecani Spirit
TEM (FEI) at 120 kV using a CCD camera.

Immuno-precipitation

Yeast cells were collected at diauxic shift and washed with 0.1 M
Tris pH 0.8 supplemented with 5 mM DTT. Cells were lysed using
lysis buffer (50 mM Tris, 200 mM sorbitol, 15 mM EDTA) supple-
mented with 1 ul zymolase (10 mg/ml). Cells were incubated for
30 min at room temperature with gentle rocking. Protease inhibitor
cocktails and 0.3% NP-40 were added to the suspension. Cells were
subjected to homogenization using a Dounce homogenizer (20x) on
ice to break the cells. Cell suspension was incubated with anti-GFP
beads at 4°C for at least 1 h. Beads were washed 3x with lysis buffer
and then mixed with urea sample buffer for 5 min. The supernatant
was collected and the proteins were precipitated using 10% TCA.
The white protein pellet was washed 2x with ice-cold acetone and
resuspended in sample buffer. From the final suspension, 5 pl was
used to run a diagnostic analysis and the rest were ran separately
for gel digestion and mass spectrometry.

Interaction proteomics

Protein gel pieces were digested overnight with trypsin (Pierce)
following reduction and alkylation with DTT and iodoacetamide
(Sigma-Aldrich). The samples then underwent solid-phase extraction
cleanup with Oasis HLB plates (Waters), and the resulting samples
were analyzed by LC/MS/MS, using a Q Exactive mass spectrometer
(Thermo Electron) coupled to an Ultimate 3000 RSLC-Nano liquid
chromatography systems (Dionex). Samples were injected onto a
180 um i.d., 15-cm-long column packed in-house with a reverse-
phase material ReproSil-Pur C18-AQ, 3-um resin (Dr. Maisch GmbH,
Ammerbuch-Entringen, Germany), and eluted with a gradient from 1
to 28% buffer B over 40 min. Buffer A contained 2% (v/v) ACN and
0.1% formic acid in water, and buffer B contained 80% (v/v) ACN,
10% (v/v) trifluoroethanol, and 0.08% formic acid in water. The
mass spectrometer operated in positive ion mode with a source volt-
age of 2.4 kV, capillary temperature of 250°C, and S-lens RF level at
50.0%. MS scans were acquired at 70,000 resolution and up to
20 MS/MS spectra were obtained for each full spectrum acquired at
17,500 resolution using higher-energy collisional dissociation (HCD)
for ions with charge >2. Dynamic exclusion was set for 7 s. Raw MS
data files were converted to a peak list format and analyzed using the
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central proteomics facilities pipeline (CPFP), version 2.0.3 [22,23].
Peptide identification was performed using the X!Tandem and open
MS search algorithm (OMSSA) search engines against the Saccha-
romyces cerevisiae protein database from Uniprot, with common
contaminants and reversed decoy sequences appended [24-26]. Frag-
ment and precursor tolerances of 20 ppm and 0.1 Da were specified,
and three missed cleavages were allowed. Carbamidomethylation of
Cys was set as a fixed modification, and oxidation of Met was set as
a variable modification. Label-free quantitation of proteins across
samples was performed using SINQ normalized spectral index
Software.

Neutral lipid analysis

Yeast cells were grown in the desired conditions and pelleted.
Neutral lipids were extracted according to a modified protocol from
[27]. Neutral lipids were extracted from whole cells using chloro-
form/methanol method modified from Bligh and Dyer [27]. After
measuring the wet cell weight, pellets were lysed using glass bead-
beating for 10 min in the presence of chloroform. All steps were
performed in the cold room. Methanol was added and the suspen-
sion was vortexed vigorously. Then, 500 mM NaCl prepared in
0.5% acetic acid was added to get the final concentration of chloro-
form:methanol:water to 2:2:1.8. Samples were spun at 1,500 g for
15 min in the cold room and the bottom chloroform was recovered.
The volume was recorded and lipid was dried. Dried lipids were
resuspended in chloroform to a final concentration normalized to
the initial cell pellet weight (0.5 pl chloroform per 1 mg cell
weight). One-dimensional thin-layer chromatography was used to
separate the extracted lipids using hexane:diethyl ether:acetic acid
(80:20:1) as a solvent to separate neutral lipids. TLC plates were
spray-stained with 3% copper acetate prepared in 8% phosphoric
acid. Stained plates were incubated in the oven at 145°C for 1 h to
overnight to develop the bands. Plates were resprayed and reheated
as needed to visualize lipids. Where indicated, yeast culture were
diluted to ODggg of 0.2, grown for 3 h in complete media supple-
mented with 2% dextrose. After 3 h, 1% oleic acid was added over-
night. After ~14 h of treatment, cells were collected and prepared
for lipid extraction.

TLC quantification

Stained TLC plates were scanned and then processed for quan-
tification using Fiji (ImageJ). On each plate, we ran a serial dilution
of standard neutral lipid mix of known concentration. The standard
mixture was prepared in chloroform to a final concentration of
10 mg/ml. The standard mixture (1:10) was used to create a stan-
dard curve where the x-axis displayed the calculated lipid mass in
ng and the y-axis displayed the band intensity estimated using Fiji
(ImageJ).

RNA extraction

We homogenized yeast pellets using glass bead-beating for 10 min
at 4°C in the presence of TRIzol. Then, chloroform was added to
each tube with continuous vigorous shaking for 15 s. The suspen-
sion was incubated at room temperature for 3 min and then centri-
fuged at 12,000 g for 15 min at 4°C. The colorless upper aqueous
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was carefully transferred to a new tube. Then, isopropanol was
added to the aqueous phase and the suspension was mixed by tilting
the tube 3—4 times, and incubated at room temperature for 10 min
and then centrifuged at 12,000 g for 10 min at 4°C. The supernatant
was discarded leaving behind the RNA pellet. The pellet was
washed with 1 ml of 75% ethanol, vortexed briefly to dislodge the
pellet, and then centrifuged at 7,500 g at 4°C. The supernatant was
discarded and the pellet was left to air-dry for 5-10 min, resus-
pended in 20-50 pul of RNase DEPC-free water, and incubated in
hotplate for 10 min. RNA concentration was measured using Nano
Spectrophotometer. To make cDNA from RNA, we used commercial
kit from Bio-Rad (iScript cDNA Synthesis kit #1708891). Thermocy-
cler program used was as follows: 25°C for 10 min, 37°C for
120 min, 85°C for 5 min, 4°C.

Stress screen

Pharmacological agents were added to yeast at a desired ODgg for
3 h after which the cells were pelleted, washed, and imaged. The
final concentrations used were as follows: cerulenin (45 uM), terbi-
nafine (10 pg/ml), dinitrophenol (0.5 mM), tunicamycin (2 pg/ml),
DTT (2 mM), rapamycin (100 nm).

Yeast plating assays

Yeast were grown in selective media (-URA). Prior to plating, cells
were diluted to an ODg, of ~0.3, and then, 10x dilutions were made
in 96-well plates and replica pinned on agar plates with or without
12.5 mM DTT. Cells were imaged during 4-day growth.

Expanded View for this article is available online.
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