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In brief

Qiu et al. find a novel organelle triad in
stressed yeast, comprising an expanded
vacuole encapsulating the nucleus
encircled by LDs. Membrane-tethered
vCLIP and NVJ complexes coordinate
this subcellular organization, driving LD
turnover to promote cellular survival
under stressful conditions.
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SUMMARY

Cell organelles compartmentalize metabolic reactions and require inter-organelle communications to coor-
dinate metabolic activities in fluctuating nutrient environments. While membrane contacts enable this
communication by facilitating metabolite exchange, the functional organization of organelles through these
contacts remains underexplored. Here, we show that excess lactate induces severe metabolic stress under
nutrient deprivation in the budding yeast Saccharomyces cerevisiae, necessitating a rapid life cycle of lipid
droplets (LDs) for cellular adaptation. This process uncovers a previously uncharacterized subcellular archi-
tecture—an organelle triad—comprising the vacuole, LDs, and the nuclear endoplasmic reticulum (ER). The
vacuole undergoes expansion and deformation, enveloping the entire nucleus that is encircled by an orbit of
LDs. Formation of this organelle triad depends on the timely and abundant expression of membrane-teth-
ering proteins that mediate vacuole-LD contact sites and nuclear ER-vacuole junctions. This dynamic and
reversible subcellular organization ensures efficient LD metabolism to support cell survival under nutrient

stress.

INTRODUCTION

To thrive in fluctuating nutrient environments, cells must sense
nutrient availability, rapidly activate signaling cascades to trans-
form metabolism, and ultimately sustain cellular homeostasis. '
Nutrient fluctuations generate metabolic signals that orchestrate
regulatory processes at both the transcriptional and post-transla-
tional levels, enabling cells to adjust biological activities such as
energy metabolism and nutrition use for adaptation.> These
adaptive processes also involve the dynamic coordination of
cellular organelles, such as autophagic turnover of mitochondria,®
biogenesis of lipid droplets (LDs),”® and positioning of lyso-
somes,”'? which often depend on inter-organelle communica-
tions. In eukaryotes, membrane-bound organelles compartmen-
talize metabolic reactions, establishing unique chemical
environments for efficient and precise control of biochemical
pathways.'" This spatial segregation necessitates inter-organelle
communication, often facilitated by membrane contact sites,
where metabolic signals conveying nutrient status are relayed
and propagated.'®™'® Despite advances in understanding these
processes, how closely apposed organelles interpret and
respond to changes in nutrition states remains unclear.

Nutrient quality and availability, such as the type of carbon
source, are closely tied to specific organelles and their inter-
organelle communication to ensure efficient energy production
and biomass synthesis. Lactate, as an alternative carbon source

)

and glycolytic metabolite, exhibits distinct metabolic features
compared with glucose and plays crucial roles in various physi-
ological and pathological processes.'”'® For instance, lactate
metabolism supports tumor growth'® and modulates immune re-
sponses,”° highlighting unique cellular strategies to navigate the
metabolic networks shaped by lactate. In budding yeast, nutrient
deprivation achieved by transitioning cells from a lactate-rich
medium to a lactate-minimal medium has uncovered critical
adaptive mechanisms. These include PP2A-mediated regulation
of autophagy®'® and the metabolite S-adenosylmethionine-
mediated interplay between membrane phospholipid meta-
bolism and histone modification.?*?” These observations raise
important questions about how lipid metabolism and mem-
brane-associated events are leveraged as adaptive strategies
during nutrient fluctuations, and how the quality of nutrients im-
pacts these mechanisms.

In this study, we observed a burst in LD production in yeast
cells growing in lactate-rich medium when challenged by nutrient
deprivation. Under these conditions, respiring cells with excess
lactate exhibit the formation of an orbit of LDs, originating from
and attached to the outer nuclear membrane (ONM). Concur-
rently, the vacuole(s) undergo fusion, expansion, and deforma-
tion, enveloping the LD-associated nucleus and forming a struc-
turally integrated organelle triad. This undefined subcellular
architecture, induced by nutrient stress, is driven by LD biogen-
esis and requires the vacuole receptor protein Vac8. Vac8
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facilitates heterogeneous membrane tethering by competitively
interacting with LDO proteins in LDs and Nvj1 in the nuclear
endoplasmic reticulum (ER), with their protein expression levels
proportionally upregulated under these conditions. Yeast cells
confect this organelle triad to enhance LD turnover efficiency,
supporting survival during nutrient deprivation. This drastic reor-
ganization of organelles through membrane contact sites dem-
onstrates a functional intracellular continuity in eukaryotes that
aids in coping with metabolic stress.

RESULTS

Visual examination of organelle morphology under
nutrient stress conditions reveals a vacuolar membrane
deformation phenomenon specific to lactate use

Cell organelles respond to changes in nutrient status, such as
fluctuations in nutrient quality and availability, facilitating adap-
tive cellular transitions.?®° To explore the functional response
of organelles to excessive carbon sources under nutrient depri-
vation, we subjected prototrophic budding yeast cells, growing
logarithmically in different carbon sources, to nutrient depriva-
tion while maintaining the availability of specific carbon sources
(Figure 1A). We first compared the growth response of yeast cells
undergoing nutrient deprivation in the presence of difference
carbon sources, such as glucose, ethanol, glycerol, and lactate.
Cells continued to grow after switching to glucose minimal me-
dium, reaching saturation quickly within 8 h (Figure 1B). In
contrast, cells in ethanol minimal medium showed a moderately
slower growth rate but sustained growth for up to 48 h
(Figure 1B). However, under nutrient deprivation conditions
with glycerol or lactate, cells experienced growth arrest around
10 h after the switch, with cell numbers barely doubling
(Figure 1B). Despite similar growth rates in nutrient-replete con-
ditions with ethanol, glycerol, and lactate (Figure S1A), the differ-
ential growth responses to nutrient deprivation suggest that cells
growing in glycerol or lactate encounter more metabolic stress.
Notably, nutrient stress was more pronounced with lactate
use, as substantial cell viability loss occurred after 48 h of
nutrient deprivation in lactate minimal medium (Figure 1C),
consistent with previous findings.*’

We then investigated how major organelles, including the ER,
mitochondria, vacuoles, peroxisomes, and LDs, respond to
these nutrient stress conditions. We visualized these organelles
using cells with chromosomally tagged marker proteins fused to
GFP at the C terminus. Among all the organelles examined, LDs
and vacuoles were the most morphologically responsive to
nutrient stress (Figures 1D and 1E and S1B-S1D). LDs increased
in number after growth arrest in glucose medium, but this in-
crease was more pronounced and rapid in ethanol and lactate-
based minimal medium, occurring immediately upon the switch
(Figures 1D and 1F). LDs formed under these conditions showed
differences in dynamics and sizes, forming faster with lactate
(Figure S1E) and becoming larger with ethanol after 24 h
(Figure S1F). In glycerol medium, only a few LDs were observed
after nutrient deprivation (Figure 1D).

For vacuoles, we found that the small vacuoles present under
nutrient-replete conditions fused into a larger vacuole, gradually
increasing in size under nutrient deprivation (Figure 1E). Interest-
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ingly, in lactate-using cells undergoing nutrient deprivation, we
observed an enlarged, donut-like vacuole with a crescent-
shaped lumen (Figure 1E), revealing a previously uncharacter-
ized vacuole deformation phenomenon. Quantitative analysis
indicated that approximately 60% of the cells exhibited this vac-
uole phenotype 12 h after exposure to lactate-based nutrient
stress, compared with less than 4% found under glycerol-based
conditions (Figures 1G and S1G, refer to methods for this struc-
tural quantification). This high occurrence rate was associated
with the rapid generation of a larger quantity of LDs, suggesting
an interplay between LDs and the vacuole in adapting to this
nutrient stress condition.

Electron microscopy reveals an integrated organelle
triad comprising LDs, the vacuole, and the nucleus
under lactate nutrient deprivation conditions

To better characterize this phenomenon in cells subjected to
lactate-based nutrient deprivation, we used transmission elec-
tron microscopy (TEM) to analyze subcellular architecture.
Over a 12-h nutrient deprivation period, we observed a signifi-
cant reorganization of organelle networks (Figure 2A), with LDs
emerging and increasing in size (Figure 2B). We found that
most LDs were positioned outside and adjacent to the nucleus
(Figure 2A). After 6 and 12 h of nutrient deprivation, the nucleus,
surrounded by LDs, was frequently observed to be enclosed
within an enlarged vacuole, shaped like a curved sickle or
swim ring (Figure 2A). Quantitative TEM analysis revealed a pro-
gressive increase in the occurrence of this subcellular structure
over the 12-h nutrient deprivation period, with 45% of cells ex-
hibiting this feature at the 12-h time point (Figure 2C). The occur-
rence rates observed via TEM were slightly lower than those
observed with fluorescence microscopy, possibly due to tech-
nical variations. This TEM finding confirmed the crescent-
shaped vacuole observed under fluorescence microcopy. The
structural integration of the vacuole, LDs, and the nucleus
resembled a ball bearing (Figure 2D), hence we termed the “sub-
cellular bearing.”

Next, we performed three-dimensional (3D) TEM imaging to
analyze the subcellular bearing structure further. A 3D recon-
struction by tomographic analysis showed that the vacuole
formed a tubular ring encompassing the entire nucleus, with
LDs sandwiched between the vacuole membrane and the
ONM (Figure 2E). Using focused ion beam scanning electron mi-
croscopy (FIB-SEM), we reconstituted the subcellular bearing in
a single yeast cell. As shown in Figure 2F and Video S1, the vac-
uole expanded into a sheet-like wrapper around the nucleus,
with a compressed lumen. Many LDs were deposited to bridge
the vacuole and nuclear periphery, with some located outside
the bearing. An aperture in the 3D structure indicated that the nu-
cleus was not fully enclosed by the expanding vacuole
(Figure 2F).

Finally, we used spinning disk confocal microscopy to capture
this organelle triad along the z axis in cells after 12 h of nutrient
deprivation. Using Nup60-NLS-CFP for nuclear labeling, Vph1-
mCherry for the vacuole, and BODIPY for LDs, 3D analysis
confirmed that the nucleus was surrounded by the vacuole,
with LDs bridging the ONM and the vacuole, and a clear aperture
(Figures 2G and 2H). This observation aligns with the FIB-SEM
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Figure 1. Morphological screening of major organelle responses to nutrient deprivation under varying carbon sources

See also Figure S1.

(A) Schematic of the experimental design.

(B) Growth curves of cells following the indicated medium switch. Data are presented as mean (n = 4 biologically independent samples).

(C) Relative survival rates post-nutrient deprivation. Data are shown as mean + SD (n = 4 biologically independent samples). *p < 0.05; ***p < 0.001.

(D and E) Live cell imaging showing LDs labeled with Erg6-GFP and vacuoles labeled with Vph1-GFP in WT cells. Scale bar, 2 pm.

(F) Quantification of LD number. Data shown are representative of experiments repeated twice and represented as mean + SD (n = 200 cells). ** p < 0.001.
(G) Quantification of subcellular bearing formation. Data are represented as mean + SD (n = 4 independent experiments; >200 cells were quantified per
experiment). *** p < 0.001.
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Figure 2. Subcellular organization of the vacuole, LDs and nucleus into a bearing-like structure during nutrient deprivation

See also Video S1.

(A) TEM images. Scale bar, 1 pm. M, mitochondrion; N, nucleus; V, vacuole. Blue arrows indicate LDs likely undergoing lipophagy.

(B) Quantification of LD diameters from TEM images. Data shown are representative of experiments repeated twice and represented as mean + SD (n = 100, 151,
132, and 415 LDs from TEM images). N/A indicates no LDs observed prior to nutrient deprivation. *** p < 0.001.

(C) Percentage of WT cells exhibiting subcellular bearing structures, based on TEM data. We quantified 100 cells for each condition.

(D) Schematic comparison of a mechanical bearing (left) and a subcellular bearing (right).

(E) A 3D reconstruction of the subcellular bearing using electron tomography.

(F) A 3D reconstruction of the subcellular bearing using FIB-SEM.

(G) Confocal spinning-disk microscopy z stack images of a WT cell showing subcellular bearing formation. Nucleus labeled with Nup60-NLS-CFP, LDs stained
with BODIPY, and vacuole visualized with Vph1-mCherry. Scale bar, 2 pm.

(H) A 3D reconstruction of the subcellular bearing structure derived from the z stack images in (G). Scale bar, 1 pm.
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3D reconstruction, demonstrating that the LD-attached nucleus
is wrapped by the deformed vacuole.

Assembling the subcellular bearing is dynamic and
reversible

To characterize how the vacuole expands to envelop the nucleus
and form subcellular bearings over time, we subjected cells to
prolonged nutrient deprivation in lactate minimal medium for
up to 60 h. Using fluorescence live cell imaging, we examined
starved cells at various time points, with the cell nucleus and
vacuole labeled with the nuclear pore complex protein Nic96-
GFP and the vacuolar-ATPase component Vph1-mCherry,
respectively. A standard subcellular bearing, characterized by
an enlarge vacuole enveloping the nucleus, was most frequently
observed between 6 and 33 h after the onset of nutrient depriva-
tion (Figure 3A, white arrows). During the 12- to 23-h nutrient
deprivation window, approximately 40% of cells exhibited this
standard bearing (Figure 3B). Additionally, approximately 20%
of cells showed a semi-wrapping of the nucleus by the vacuole,
which we termed a partial bearing (Figure 3B). After 60 h of
nutrient deprivation, most cells displayed a single, spherical,
enlarged vacuole abutting the nucleus (Figures 3A and 3B).
The percentage of cells with standard or partial bearings
increased 6 h after nutrient deprivation, followed by a decrease
in cells containing fragmented vacuoles (Figure 3B). These find-
ings suggest that subcellular bearing formation is a dynamic and
reversible assembling process under nutrient deprivation
conditions.

To further investigate this process, we tracked individual yeast
cells under nutrient deprivation using time-lapse, live-cell fluo-
rescence imaging with a confocal spinning-disk microscope.
Our observations confirmed that vacuolar wrapping of the nu-
cleus was a dynamic process, involving cycles of vacuole fusion
and fission surrounding the nucleus (Figure 3C and Video S2).
The enlarged vacuole repeatedly expanded to embrace the nu-
cleus, a process reminiscent of molding plastic (Figure 3C and
Video S2). During the 60-min imaging period, the subcellular
bearing assembled twice and disassembled three times, high-
lighting the dynamic and reversible nature of this subcellular
structure.

The formation of subcellular bearings requires LD
biogenesis

During the process of this lactate-based nutrient deprivation, the
number of LDs exhibited dynamic fluctuations over time
(Figure 4A). The temporal fluctuations in LD numbers seemed
to coincide with the formation of subcellular bearings
(Figure 4A), suggesting that LDs may be required for the vacuolar
wrapping of the nucleus. To test this hypothesis, we first disrup-
ted LD biogenesis by genetically inhibiting the synthesis of
neutral lipids. When the two diacylglycerol acyltransferases
responsible for triacylglycerol (TAG) synthesis were abrogated
(dga1Alro14), the resulting TAG depletion blocked LD biogenesis
under this nutrient deprivation condition (Figures 4B and S2A
and S2B). Consequently, the subcellular bearing structure was
scarcely observed in these cells (Figures 4B and 4C). However,
disrupting sterol esterification by deleting ARET and ARE2 (are1-
Aare2A) had no significant impact on TAG levels or subcellular
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bearing formation, although it led to a slight reduction in LD
numbers (Figures 4B, 4C, and S2A-S2C). Deletion of SE/1, which
encodes a crucial protein involved in LD assembly, also disrup-
ted subcellular bearing formation (Figure S2E), with abnormal LD
clustering under nutrient deprivation (Figure S2F). These findings
indicate that the LDs involved in subcellular bearing formation
are TAG rich and crucial for its assembly.

Next, we titrated the availability of the carbon source lactate
under nutrient deprivation to disrupt LD biogenesis. After 12 h
of nutrient deprivation, TAG levels decreased significantly to
approximately 8% and 25% with 0% and 0.02% lactate,
respectively, while 0.2% and 2% lactate supported similar
levels of TAG production (Figure 4D). Similarly, sterol ester con-
tent was significantly reduced with 0% and 0.02% lactate,
although to a lesser extent than TAG (Figure S2D). Correspond-
ingly, LDs were sparse in minimal medium containing 0% or
0.02% lactate, while 0.2% lactate led to a moderate reduction
in LD numbers compared with 2% lactate (Figures 4E and 4F).
These findings indicate that lactate serves as a key carbon
source for TAG synthesis and LD formation under nutrient
stress. Consistent with the reduction in LD numbers, subcellu-
lar bearings were scarcely observed in minimal medium with
0% or 0.02% lactate and were decreased with 0.2% lactate
(Figures 4G and 4H). These associative reductions in subcellu-
lar bearing formation indicate that TAG-rich LDs play a crucial
role in subcellular bearing formation.

While LD biogenesis can serve as a response to alleviate lipo-
toxic stress,®*>* we found that blocking TAG production in
dgaiAlro1A cells substantially decreased survivability compared
with wild-type (WT) cells (Figure 4l). In contrast, blocking sterol
esterification did not impact cell survivability (Figure 41). This sug-
gests that lactate-fueled TAG deposition for LD biogenesis may
serve as a protective mechanism to mitigate lipotoxic stress.
Supporting this hypothesis, we observed that reducing the
lactate concentration in nutrient deprivation medium resulted in
varying degrees of protection against viability loss under nutrient
deprivation conditions (Figure 4J). These findings underscore the
role of LD biogenesis in mediating the reorganization of subcel-
lular architecture, enabling cells to adapt to nutrient stress.

LDs promote NVJ extension during subcellular bearing
formation

The subcellular bearing structure frequently exhibits extensive
membrane contacts between the nuclear ER and the vacuole
(Figures 2A and 3A), forming a contact site known as the nu-
cleus-vacuole junction (NVJ) (Figure 5A). Given that the NVJ is
a site of LD biogenesis,**~*" we investigated whether LDs pro-
mote NVJ extension, thereby facilitating the nuclear ER-vacuole
contact for subcellular bearing formation. Consistent with previ-
ous findings,*® LDs produced under this nutrient deprivation
condition were tethered around the NVJ (Figure 5B). We quanti-
fied the NVJ length using Nvj1-GFP, an NVJ protein residing in
the ONM. As expected, the NVJ co-localized with the vacuole
marker Vph1-mCherry (Figure 5C). Interestingly, the NVJ
extended along the inner ring of the vacuole membrane within
the subcellular bearing structure (Figure 5C), concurrently occur-
ring with the vacuole deformation for subcellular bearing forma-
tion. The NVJ length exhibited a gradual increase over the 12-h
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Figure 3. Dynamics and reversibility of subcellular bearing assembly

See also Video S2.

(A) Fluorescence imaging of WT cells showing the nucleus labeled with Nic96-GFP and the vacuole labeled with Vph1-mCherry. Images were taken at indicated
times. Scale bar, 2 pm.

(B) Quantification of vacuole morphologies. Data are represented as mean (n = 3 independent experiments; >100 cells were quantified).

(C) Time-lapse imaging of subcellular bearing formation in WT cells with Nic96-GFP and Vph1-mCherry. Images were acquired with a confocal spinning-disk
microscope. Scale bar, 2 pm.

Nucleus: Nic96-GFP Vacuole: Vph1-mCherry

nutrient deprivation period (Figure 5D), correlating with the num-  lapse spinning disk microscopy in two strains using three-fluoro-
ber of LDs generated (Figure 4A). phores to track combinations of markers (Nvj1-GFP for NVJ,

To visualize the dynamics of nuclear-ER-vacuole contact and  Vph1-mCherry for the vacuole, and AUTODOT for LDs) and
LDs during subcellular bearing formation, we performed time-  (Nvj1-GFP for NVJ, Sec63-mCherry for the ER, and AUTODOT
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Figure 4. LD biogenesis is required for subcellular bearing formation and survival under nutrient deprivation

See also Figure S2.

(A) Quantification of WT cells with subcellular bearings at 2, 6, 12, 24, 36, and 60 h of nutrient deprivation (black) and the number of LDs in WT cells during nutrient
deprivation (green). Data are represented as mean + SD (for subcellular bearing quantification, n = 3 independent experiments; for LD quantification, n = 426, 372,
693, 297, 279, and 277 cells).

(B) Live cell imaging of cells labeled with Vph1-mCherry (vacuoles) and BODIPY (LDs) after 12 h of nutrient deprivation. Scale bar, 2 pm.

(C) Quantification of subcellular bearings. Data are represented as mean + SD (n = 4 independent experiments with >200 cells quantified per condition). ***
p < 0.001.

(D) Relative TAG levels. Data are represented as mean + SD (for each lactate concentration, n = 12, 4, 8, and 8 respectively from left to right; biologically in-
dependent samples). *** p < 0.001; n.s., no significance.

(E) BODIPY staining of LDs in WT cells after 12 h of nutrient deprivation with varying lactate concentrations. Scale bar, 2 pm.

(F) Quantification of LD numbers in WT cells under the conditions as (E). Data shown are representative of experiments repeated twice and represented as mean +
SD (for each lactate concentration, n = 233, 177, 256, and 256 cells). ** p < 0.01; *** p < 0.001; n.s., no significance.

(G) Live cell imaging of vacuoles with Vph1-mCherry and the nucleus with Nic96-GFP. Scale bar, 2 pm.

(legend continued on next page)
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for LDs). During the time-lapse imaging, we observed LDs mov-
ing along the nuclear periphery, occasionally undergoing fusion
(Figures S2G and S2H, Video S3). Concurrently, the NVJ also ex-
hibited dynamic behavior, with Nvj1-GFP showing variations in
intensity and length over the 1-h tracking period (Figures S2G
and S2H, Video S3). These dynamic patterns and the temporal
evidence suggest a causative role of LDs in NVJ extension,
which consequently promotes subcellular bearing formation.

To test this hypothesis, we next measured NVJ length in cells
where LD biogenesis was restricted by blocking TAG produc-
tion, either using the dga14lro1A mutant or by reducing exoge-
nous lactate concentration during nutrient deprivation. In the
LD-deficient dga7Alro14 mutant, the average NVJ length was
significantly reduced 12 h after nutrient deprivation compared
with WT cells (Figures 5E and 5F). Interestingly, the additional
elimination of ergosterol ester synthesis (are1dare24) in the
TAG-deficient mutant (dga7Alro1A) resulted in NVJ fragmenta-
tion (Figures 5G and 5H). This fragmentation was also observed
in the are14are2A mutant (Figures 5G and 5H), suggesting that
the lack of sterol esterification underlies this phenotype. The
observed NVJ fragmentation is likely attributed to nuclear ER in-
teractions with multiple small vacuoles that surround and
interact with the nuclear ER (Figures 51 and 5J). It seems that
the inhibition of ergosterol esterification impairs vacuole fusion,
preventing the formation of a single, enlarged vacuole.

Similarly, diminishing lactate to restrict LD biogenesis also led
to reduced NVJ length (Figure 5K), with approximately 58% and
72% decreases observed in 0.02% and 0% lactate, respectively,
after 12 h of nutrient deprivation (Figure 5L). However, NVJs were
still able to extend in these LD-deficient cells, although less
effectively compared with WT cells or those with sufficient
lactate supporting LD production (Figures 5F and 5L). Taken
together, these findings indicate that LD biogenesis is not essen-
tial for NVJ extension, but facilitates the process and subse-
quently subcellular bearing formation.

We further investigated whether the absence of choline in min-
imal medium is a contributing factor to subcellular bearing for-
mation, as choline deficiency can limit phosphatidylcholine
biosynthesis and affect cell growth.*® Cells were supplemented
with 1 mM choline under nutrient deprivation and analyzed 12 h
later. We observed no significant changes in LD numbers
(Figure S21), NVJ length (Figure S2J), or the percentage of cells
displaying subcellular bearings (Figure S2K). These findings indi-
cate that exogenous choline does not affect subcellular bearing
formation.

The vacuole receptor protein Vac8 is essential for
subcellular bearing formation by tethering vCLIP and
NVJ contacts

To further dissect the molecular machinery required for this LD-
bridged formation of subcellular bearings, we visualized other
component proteins Osh1, Mdm1, and Vac8 at the NVJ**™'

Cell Reports

(Figure 5A). All three proteins displayed concentrated GFP sig-
nals at these junctions, which extended during 12 h of nutrient
deprivation (Figure S3A). Deletion of NVJ1, MDM?1, or both signif-
icantly reduced subcellular bearing formation (Figures 6A and
6B). Consistently, the deletion of SND3, encoding an ER protein
crucial for NVJ formation,* inhibited NVJ extension (Figures S3B
and S3C) and disrupted subcellular bearing formation under
nutrient deprivation (Figures S3D and S3E). Interestingly, dele-
tion of the vacuole receptor protein Vac8 completely abolished
subcellular bearing formation (Figure 6B), underlying an essential
role of Vac8 in forming this organelle triad.

Given the established interactions of Vac8 with Nvj1 for NVJ
formation®'*® and with LDO proteins for the vacuole-LD contact
site VCLIP formation***® (Figure 6C), we investigated whether
vCLIP formation plays a crucial role in LD-mediated NVJ exten-
sion and subcellular bearing formation. Acknowledging the po-
tential for heterogeneous LDO distribution across LDs,*® we
visualized LDO localization by chromosomally tagging Ldo16
with mCherry and Erg6 with GFP at the C terminus. Because
LDO proteins are encoded by overlapping genes,*° this tagging
allows us to simultaneously visualize both proteins. Under
lactate-based nutrient deprivation conditions, Ldo16/45 pre-
dominantly colocalized with nearly all LDs (Figure S3F). The ge-
netic disruption of LDO16 and LDO45 led to vCLIP disruption,
evidenced by fewer LD-vacuole contacts (Figure 6D), and a sub-
stantial reduction in subcellular bearing formation (<20%)
(Figures 6D and 6E), a more pronounced effect than nvj14
(Figure 6B). Strikingly, the triple mutant nvj1Aldo164ldo45A
completely abolished subcellular bearing formation (Figures 6F
and 6G), mirroring the vac84 phenotype (Figure 6B). These ge-
netic data strongly suggest that vCLIP and NVJ, mediated by
LDO-Vac8 and Nvj1-Vac8 interactions, respectively, are the
necessary contacts for subcellular bearing formation.

LD biogenesis promotes NVJ extension by coupling
vCLIP formation

Next, we tracked the localization of LDO proteins and Vac8
during 12-h nutrient deprivation period. Concomitant with
increasing LD numbers, we observed a progressive concentra-
tion of Vac8 at the NVJ side of the vacuole, accompanied by a
decrease in Vac8-associated LDs between 6 and 12 h
(Figure 6H and see quantification in Figure S3G). Notably, early
LDs (2 h) exhibited high colocalization with Vac8 (Figures 6H
and S3G). This temporal pattern suggests that LD biogenesis
contributes to Vac8-mediated NVJ extension, likely through
vCLIP formation. We propose that LDO-Vac8 interaction during
vCLIP formation concentrates Vac8 at the ONM-facing vacuolar
membrane, providing a spatial advantage for Nvj1-Vac8 interac-
tion and subsequent NVJ extension. To test this, we deleted
NVJ1 and LDO proteins, examining their effects on Vac8 locali-
zation. As predicted, LDs did not colocalize with Vac8-
mCherry in the absence of LDO proteins (Figures 6l and S3H),

(H) Quantification of subcellular bearing formation. Data are represented as mean + SD (n = 4 independent experiments with >200 cells quantified per condition).

*** p < 0.001; n.s., no significance.
() Spotting assaying survival after 48 h of nutrient deprivation.

(J) Relative survival rates. Data are represented as mean + SD (n = 6 biologically independent samples). ** p < 0.01; *** p < 0.001. Green asterisks indicate
statistical significance for comparisons between 2% lactate and each respective lactate concentration at the same time point.
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Figure 5. LDs promote NVJ extension during subcellular bearing formation
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confirming the role of LDO proteins in tethering LDs to the
vacuole via Vac8.**** Intriguingly, in the absence of Nvj1 inter-
action (nvj14), Vac8-mCherry signals concentrated near LDs
(Figures 6l and S3H).

We further tested whether LDO expression affect NVJ exten-
sion by deleting LDO proteins or overexpressing LDO16.
Consistent with LD biogenesis limiting NVJ extension, cells
lacking LDO proteins exhibited defective NVJ extension
(Figures 6J and 6K), highlighting a requirement for the LDO-
Vac8 interaction in this process. This contrasts with previous
observations during glucose deprivation, where LDO protein
loss caused a slight NVJ increase.” These differing results
suggest that metabolic states can modulate the function of
Vac8'’s interacting partners, potentially through changes in
Vac8 availability. Interestingly, the overexpression of LDO16
also substantially reduced NVJ length at 12 h of nutrient depri-
vation (Figures 6J and 6K), likely due to excessive LDO-Vac8
interactions outcompeting Nvj1 binding. Taken together, our
findings suggest that increased LDO-Vac8 interaction, coupled
with LD biogenesis during nutrient deprivation, positions Vac8
concentrated at vacuolar membrane in close proximity to
Nvj1, establishing Nvj1-Vac8 interactions for NVJ and thereby
facilitating organelle triad formation.

Finally, to reinforce the importance of appropriate expression
levels of the contact site proteins Vac8, Nvj1, and LDO for sub-
cellular bearing formation, we examined their protein levels un-
der nutrient deprivation with different carbon sources. Nvj1 pro-
tein levels significantly increased under glucose nutrient
deprivation conditions, Vac8 and Ldo45 remained relatively
low (Figure 6L). In contrast, under lactate nutrient deprivation,
Vac8 levels significantly increased, accompanied by higher in-
ductions of Nvj1 and Ldo45 expression (Figure 6L). This coordi-
nated abundance of Vac8, Nvj1, and Ldo45, not observed under
glucose, ethanol, or glycerol conditions (Figure 6L), seemed to
be crucial for vCLIP and NVJ assembly and subcellular bearing
formation.

Subcellular bearings facilitate efficient LD turnover and
adaptation to nutrient stress

The formation and disassembly of subcellular bearings occur
concurrently with the life cycle of LDs during prolonged 60-h
nutrient deprivation (Figure 4A). As LDs grow in the ER before
turning over in the vacuole, those encapsulated within subcellu-
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lar bearings—situated between the nuclear ER and vacuole
membranes—presumably gain a spatiotemporal advantage
that streamlines their life cycle. This spatial confinement likely
optimizes metabolic control over lipid deposition and use,
enhancing cellular adaptation to lactate-based nutrient depriva-
tion conditions.

To test this, we monitored LDs during prolonged nutrient
deprivation in mutants that disrupt subcellular bearing formation,
including nvj71A, mdm1A, Ido164, Ido45A, nvj1Aldo16Aldo45A,
vac84, Ido16Aldo454, and nvjlAmdm1A. After the first 12 h of
nutrient deprivation, deletion of NVJ7 and/or MDM1 had little
impact on LD numbers (Figure S4A), while deletion of LDO pro-
teins caused marginal reductions (Figure S4B). Notably, the
vac8A and nvj1Aldo16Aldo45A4 mutants reduced the average
LD count from 7.4 to 5.9 (Figures S4A and S4B). These findings
suggest a potential role of vCLIP in LD biogenesis, while further
mechanistic studies are needed to fully understand this relation-
ship. After 24 h of nutrient deprivation, however, LD numbers in
the mutants with defective subcellular bearing formation re-
mained largely unchanged and were relatively larger in size
(Figures 7A-7C and S4C-S4E). These mutants exhibited an
average of more than four LDs even after 60 h of nutrient depri-
vation (Figures 7B and S4D). This contrasted with the gradual
reduction in LD numbers and sizes observed in WT cells
(Figures 7B, 7C, S4D, and S4E) and demonstrate that LD turn-
over was less efficient when subcellular bearing formation was
impaired. This impaired LD turnover was consistent with EM ob-
servations (Figure S5A).

To investigate if lipophagy contributes to LD turnover, we per-
formed the GFP cleavage assay using Erg6-GFP. Notably, Erg6-
GFP was primarily localized to the ER before nutrient deprivation
and colocalized with LDs stained with AUTODOT (Figure S5B).
The GFP cleavage assay revealed that lipophagy was indeed
attenuated in the subcellular bearing-defective mutants
Ido16Aldo45A and nvjiAmdm1A, which disrupt vCLIP and NVJ
contact sites (Figure S5C).

The difference in LD numbers is likely driven by their catabo-
lism to support energy metabolism required for cell survival un-
der nutrient deprivation. Interestingly, during the first 48 h of
nutrient deprivation, there were no significant differences in sur-
vivability between WT cells and mutants with disrupted subcellu-
lar bearing formation, including vac84, nvj1A, nvjlAmdm1A,
Ido16Aldo45A, and Ido164ldo454nvj1A  (Figure 7D). The

(B) Live cell imaging of the NVJ labeled with Nvj1-GFP and LDs labeled with Erg6-mCherry in WT cells. Scale bar, 2 pm.
(C) Live cell imaging of the NVJ labeled with Nvj1-GFP and vacuoles labeled with Vph1-mCherry in WT cells during nutrient deprivation. Scale bar, 2 pm.
(D) Quantification of NVJ length. Data shown are representative of experiments repeated twice and represented as mean + SD (n = 134, 153, 196, and 371 cells).

***p <0.001.

(E) Live-cell imaging of the NVJ (Nvj1-GFP) in WT and dga74lro14 cells during nutrient deprivation. Scale bar, 2 pm.

(F) Quantification of NVJ length using Nvj1-GFP. Data shown are representative of experiments repeated twice and represented as mean + SD (n =132, 151,614
for WT, n = 192, 282, and 295 for dga1Alro14; n = number of cells). *** p < 0.001; n.s., no significance.

(G) Live cell imaging of NVJ (Nvj1-GFP) in cells after 12 h of nutrient deprivation. Scale bar, 2 pm.

(H) Quantification of fragmented NVJ in (G). Data shown are representative of experiments repeated three times and represented as mean + SD.

() Live cell imaging of vacuoles (Vph1-mCherry) in cells after 12 h of nutrient deprivation. Scale bar, 2 um.

(J) Quantification of fragmented vacuoles in (I). Data shown are representative of experiments repeated three times and represented as mean + SD.

(K) Live cell imaging of the NVJ (Nvj1-GFP) in WT cells during nutrient deprivation with varying concentrations of lactate. Scale bar, 2 um.

(L) Quantification of NVJ length using Nvj1-GFP. Data shown are representative of experiments repeated twice and represented as mean + SD (n = 108, 102, 112,
98, and 95 in 0% lactate, n = 108, 166, 185, 141, and 140 in 0.02% lactate, and n = 108, 205, 207, 170, and 208 in 2% lactate; n = number of cells). * p < 0.05; **
p < 0.01; ™ p < 0.001; n.s., no significance.
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reduction in LD numbers observed among WT and these mutant
cells during the first 12-24 h of nutrient deprivation was likely suf-
ficient to meet the initial energy demands. However, after 60 h, a
stark contrast emerged: all these mutants exhibited severe sur-
vival defects, while WT cells continued to survive (Figures 7D and
S6A). During this later phase of nutrient deprivation, continuous
LD consumption to support stress defense appears crucial, as
the deficiencies in subcellular bearing formation, associated
with decreased lipophagy, led to profoundly compromised cell
survival.

Notably, vac84 mutants showed a strong bearing defect but
survived comparatively better than other component mutants,
although not at prolonged nutrient deprivation of 84 h
(Figure 7D). The extent of viability defects did not perfectly match
the efficiency of bearing formation. This discrepancy could
reflect the multifunctional nature of Vac8 and the compromised
growth rate of the vac84 mutant (Figure S6B). It is plausible
that the slow-growing strain may experience less severe meta-
bolic stress under nutrient deprivation.

We also found that the sei7A mutant, which exhibited disrup-
ted subcellular bearing formation (Figure S2E), also displayed
reduced survival (Figure S6C). A mutant with normal bearing
formation but excessive nuclear ER formation (due to overex-
pression of PCT1, the rate-limiting enzyme in the Kennedy
pathway for PC synthesis) maintained normal survival rates
(Figures S6D-S6F). These findings further support the critical
role of subcellular bearing formation in survival under nutrient
deprivation.

We next conducted survival experiments by overexpressing
MDMT1 in the nvj1A mutant, NVJ7 in the Ido16Aldo45A mutant,
and LDO16 in the nvjlAmdm1A mutant. Overexpression of
NVJ1 and LDO16 improved survival of the Ido164ldo45A and
nvjiAmdm1A mutants under prolonged nutrient deprivation,
respectively, but MDM1 overexpression did not rescue the sur-
vival defect in the nvj74 mutant (Figure 7E). These results sug-
gest that the expression of alternative tethering proteins can
compensate for specific gene deletions, and that defective
bearing formation is a key factor contributing to survival defects
under prolonged nutrient deprivation.

Cell Reports

DISCUSSION

In this study, we report a bearing-like subcellular organization
of cell organelles in budding yeast as an adaptive response
to nutrient stress. As illustrated in Figure 7F, subcellular bear-
ings are an organelle triad, where the vacuole expands and de-
forms into a crescent shape, wrapping around the nucleus
attached with an orbit of LDs. This dynamic and transient struc-
tural integration occurs in parallel with LD biogenesis and turn-
over. The rapid production of LDs from the nuclear ER under
nutrient deprivation in the presence of lactate facilitates the
tethering of the vacuole through Vac8-LDO interactions at
vCLIP contact sites, which further promotes Vac8/Nvj1-depen-
dent NVJ extension. Formation of this subcellular bearing struc-
ture is crucial for the timely utilization of LDs, which likely fuels
energy metabolism required for cell survival during prolonged
nutrient deprivation.

Interestingly, the formation of subcellular bearings under
nutrient deprivation seems to be specific to conditions with
excess lactate, although it can also be observed in the pres-
ence of glycerol (Figure S1G). This specificity seems to be
linked to the coordinated upregulation of proteins crucial for
vCLIP and NVJ formation, namely Vac8, Nvj1, and LDO
(Figure 6L). These proteins exhibit significantly higher expres-
sion levels under lactate conditions compared with glucose,
ethanol, or glycerol. This coordinated increase, coupled with
a surge in LD biogenesis, creates a unique cellular context
that promotes triad formation. The organelle triad formation,
as a cellular strategy for managing nutrient stress, likely corre-
sponds to the severity of the stress. For example, cells
continued to grow after switching from rich medium to minimal
medium with ethanol, whereas growth readily halted in the
presence of glycerol or lactate (Figure 1B). This growth pheno-
type suggests that different non-fermentable carbon sources
can induce varying levels of metabolic stress. Under ethanol
conditions, LDs were generated and increased in size over
24 h of nutrient deprivation, while under lactate conditions,
LD numbers peaked at 12 h of nutrient deprivation and then
decreased in size (Figures S1E and S1F). The changes in LDs

Figure 6. Vac8-mediated vCLIP and NVJ contacts are critical for the formation of subcellular bearing structures

See also Figure S3.

(A) Live cell imaging of LDs stained with BODIPY and the vacuole labeled with Vph1-mCherry in cells after 12 h of nutrient deprivation. Scale bar, 2 pm.
(B) Quantification of subcellular bearing formation. Data are represented as mean + SD (n = 4 independent experiments; >200 cells were quantified). * p < 0.05; ***

p < 0.001.

(C) Schematic representation of NVJ (Nvj1-Vac8 complex and Mdm1) and vCLIP (Ldo16/45-Vac8 complex).

(D) Live cell imaging of LDs (Erg6-GFP) and the vacuole (Vph1-mCherry). Scale bar, 2 pm. Fluorescence intensity was measured across a line spanning the
vacuole and LDs. A.U., arbitrary fluorescence units.

(E) Quantification of subcellular bearing formation. Data are represented as mean + SD (n = 4 independent experiments; >200 cells were quantified). * p < 0.05 ***,
p < 0.001.

(F) Live cell imaging of LDs stained with BODIPY and the vacuole labeled with Vph1-mCherry in nvj1Aldo16Aldo45A (nvj1AldoAA) cells. Scale bar, 2 um. Fluo-
rescence intensity was measured across a line spanning the vacuole and LDs. A.U., arbitrary fluorescence units.

(G) Quantification of subcellular bearing formation. Data are represented as mean + SD (n = 4 independent experiments; >200 cells were quantified). *** p < 0.001.
(H) Live cell imaging of Ldo16/45-GFP and Vac8-mCherry. Scale bar, 2 pm. Fluorescence intensity was measured across a line spanning the Vac8 and LDO
proteins.

(l) Live-cell imaging of LDs stained with BODIPY and Vac8-mCherry. Scale bar, 2 um. Fluorescence intensity was measured across a line spanning LDs and Vac8.
(J) Live cell imaging of NVJ (Nvj1-GFP). Scale bar, 2 um.

(K) Quantification of NVJ length. Data are represented as mean + SD (n = 245 for WT, 257 for Ido16Aldo45A; 247 for OE-LDO16; n = number of cells). ** p < 0.001.
(L) Western blots showing Vac8, Nvj1, and Ldo45 protein levels under nutrient deprivation conditions with various carbon sources. Data are representative of
three independent experiments and are presented as mean + SD. * p < 0.05; ** p < 0.01; ** p < 0.001.
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Figure 7. Subcellular bearings facilitate efficient LD turnover and adaptation to nutrient stress

See also Figures S4-S6.

(A) Live cell imaging of LDs stained with BODIPY and the vacuole labeled with Vph1-mCherry. Scale bar, 2 pm.

(B) Quantification of LD numbers. Data shown are representative of experiments repeated twice and are represented as mean + SD (n = 138, 174, 154, 256, and
242 for WT, n =403, 256, 164, 168, and 155 for vac84, n =212, 256, 232, 256, and 232 for Ido16Aldo45A, and n = 254, 202, 253, 251, and 230 for nvjTAmdm1A; n =
number of cells). ** p <0.01; *** p < 0.001. Gray asterisks indicate statistical significance for comparisons between WT and the mutant cells at the same time point.

(legend continued on next page)
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under different stress conditions indicate that lipid deposition
and use are critical mechanisms for cellular adaptation. While
we do not fully understand why lactate specifically induces
toxic effects under this condition, we speculate that it may be
due to excessive fatty acid production. If not efficiently seques-
tered into LDs, these fatty acids could disrupt intracellular
membrane integrity, leading to toxicity.

Recent studies have shown that LDO proteins residing on
LDs ensure their vacuole targeting by interacting with Vacs,
facilitating their subsequent turnover through lipophagy at the
vacuole.**** Consistent with this, Vac8-mediated vCLIP con-
tact sites were found to be essential for both subcellular
bearing formation and LD turnover. Our findings further demon-
strate that disrupting LDO protein expression—either through
depletion or overexpression—can impair NVJ extension, a pro-
cess dependent on Vac8-Nvj1 interactions.*’™** Our findings
suggest that LDO-mediated LD tethering to the vacuole, while
necessary for expanding the vacuole-nuclear ER interface, re-
quires precise regulation. We propose that LD growth at the nu-
clear ER enhances LDO protein interaction with the vacuole re-
ceptor protein Vac8, forming vCLIP contacts (Figure 7F). Such
increases in Vac8 concentrations at the vacuolar membrane
facing the ONM likely facilitate Nvj1-Vac8 interactions, driving
NVJ formation. Thus, LD biogenesis promotes NVJ extension
via increased VvCLIP formation, leading to subcellular bearing
formation (Figure 7F). These membrane tethers deform the vac-
uole as it interacts with both LDs and the nuclear ER.
Conversely, LD shrinkage via turnover processes such as lip-
ophagy during prolonged nutrient deprivation results in subcel-
lular bearing disassembly, as LDs become insufficient to main-
tain vCLIP contacts and thus limit NVJ establishment. In
summary, we uncover a subcellular organizational principle
enabling cells to adapt to severe nutrient stress. This mecha-
nism autonomously optimizes lipid deposition and utilization,
based on LD size and number, through membrane contacts
with the nuclear ER and vacuole.

Limitations of the study

This study reveals an extreme remodeling of organelle organiza-
tion, culminating in a triad structure under nutrient deprivation,
yet mechanistic gaps remain. Specifically, we have not fully
resolved how LDO-Vac8-mediated vCLIP and Nvj1-Vac8-medi-
ated NVJ interactions drive the physical assembly of LDs, the
vacuole, and the nuclear ER into the subcellular bearing struc-
ture. Furthermore, the roles of Sei1l and LDO proteins in LD
biogenesis and subcellular bearing formation under this nutrient
deprivation condition require further exploration. Understanding
the full complement of components and regulatory mechanisms
involved in subcellular bearing formation necessitates additional
research.

Cell Reports

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Cungi Ye (yecungi@zju.
edu.cn).

Materials availability
All the yeast strains generated in this study are available upon request.

Data and code availability

@ All data reported in this paper will be shared by the lead contact upon
request.

® This paper does not report original code.

@ Original western blot images have been deposited at Mendeley Data
and are publicly available. Accession numbers are listed in the key
resources table.

® Any additional information required to reanalyze the data reported in this
paper is available from the lead contact upon request.

ACKNOWLEDGMENTS

We thank Jiatian Mu, Tong Zhang, and Kunpeng Zhou from the Ye laboratory
for helping strain construction; Xueying Jiang from the Core Facility of Life Sci-
ences Institute of Zhejiang University; Li Xie from Analysis Center of Agrobiol-
ogy and Environmental Sciences of Zhejiang University; and Jiansheng Guo
from Center of Cryo-Electron Microscopy, Zhejiang University School of Med-
icine for their technical support. This work was supported by grants from the
National Key Research and Development Program of China (2024YFA18
03000 and 2023YFA1801100), the National Natural Science Foundation of
China (32270816 and 92057102), Double Thousand Plan of Jiangxi Province
(ixsg2023102239), the Fundamental Research Funds for the Central Univer-
sities (226-2024-00088), the startup fund from the Life Sciences Institute of
Zhejiang University, and the 1000 Talents Program for Young Scholars to C.Y.

AUTHOR CONTRIBUTIONS

Conceptualization, C.Y., H.Q., and C.M.; investigation, H.Q., C.M., and C.Y.;
supervision, C.Y.; writing and funding acquisition, C.Y.

DECLARATION OF INTERESTS
The authors declare no competing interests.
STARXMETHODS

Detailed methods are provided in the online version of this paper and include
the following:

o KEY RESOURCES TABLE

o EXPERIMENTAL MODEL AND SUBJECT DETAILS

o METHOD DETAILS

Transmission electronic microscopy (TEM) imaging

Electron tomography (ET) and 3D reconstruction

3D imaging of a subcellular bearing using FIB-SEM

3D reconstruction using spinning disk confocal microscopy and
Imaris

o Live cell imaging

O O O O
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statistical significance for comparisons between WT and the mutant cells at the same time point.
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S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
are1A:NAT; are2A::HYG

S. cerevisiae: Name = CEN.PK; This manuscript N/A
Genotype = MATa; dgalA::NAT

S. cerevisiae: Name = CEN.PK; This manuscript N/A
Genotype = MATa; Iro1A::NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
sei1A::PHL, ERG6-GFP::NAT, VPH1-mCherry:HYG

S. cerevisiae: Name = CEN.PK; This manuscript N/A
Genotype = MATa; sei1A:HYG

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
NVJ1-GFP::NAT; ERG6-mCherry:KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
NVJ1-GFP::NAT; VPH1-mCherry:KanMX

S. cerevisiae: Name = CEN.PK; This manuscript N/A
Genotype = MATa; NVJ1-GFP::NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
dgalA::HYG; Iro1A:NAT; NVJ1-GFP::KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATw; This manuscript N/A
dgalA:HYG; Iro1A:NAT; are1A::NAT, are2A::

PHL, NVJ1-GFP::KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
VPH1-mCherry:NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATw; This manuscript N/A
are1A:NAT, are2A::PHL, NVJ1-GFP::HYG

S. cerevisiae: Name = CEN.PK; Genotype = MATq; This manuscript N/A
dgalA:HYG, Iro1A:NAT, are1A:NAT, are2A::

PHL, VPH1-mCherry:KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
NVJ1-GFP::NAT, SEC63-mCherry:KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
nvj1A::HYG; VPH1-mCherry:NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
mdm1A::KanMX; VPH1-mCherry:NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
nvj1A:KanMX; mdm1A::HGY; VPH1-mCherry:NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
vac8A::HYG; VPH1-mCherry:NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
ERG6-GFP::NAT; VPH1-mCherry:HYG

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
Ido16A::KanMX; ERG6-GFP::NAT; VPH1-mCherry:HYG

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
Ido45A::KanMX; ERG6-GFP::NAT; VPH1-mCherry:HYG

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
Ido16A::NAT; Ido45A::KanMX; ERG6-GFP::

HYG; VPH1-mCherry:PHL

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A

LDO16/45-GFP::NAT; VAC8-mCherry:KanMX
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S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
VAC8-mCherry:KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
nvj1A::HYG; VAC8-mCherry:KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
Ido16A::NAT; Ido45A::HYG; VAC8-mCherry:KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
nvj1A::PHL; Ido16A::KanMX; Ido45A::HYG;

VPH1-mCherry:NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
Ido16A::KanMX; Ido45A::HGY; NVJ1-GFP::NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
HO-GAP-LDO16:KanMX; NVJ1-GFP::NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
Ido16A::KanMX, Ido45A::HYG, VPH1-mCherry:NAT

S. cerevisiae: Name = CEN.PK; This manuscript N/A
Genotype = MATa; vac8A::KanMX

S. cerevisiae: Name = CEN.PK; This manuscript N/A
Genotype = MATa; nvj1A:HGY

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
nvj1A::HYG; mdm1A:NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
Ido16A:NAT; Ido45A::KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
nvj1A::PHL; Ido16A::KanMX; Ido45A::HYG

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
OSH1-GFP:NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
HO-GAP-MDM1-GFP::HYG

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
VAC8-GFP::KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
snd3A::HYG, NVJ1-GFP::NAT, VPH1-mCherry:KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
snd3A::HYG, NIC96-GFP::NAT, VPH1-mCherry:KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
ERG6-GFP::NAT; LDO16/45-mCherry:KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
ldo16A::KanMX, VPH1-mCherry:NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
Ido45A::KanMX, VPH1-mCherry:NAT

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
Ido16A:NAT; I[do45A::KanMX; ERG6-GFP::HYG

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
nvj1A:NAT; mdm1A:HYG; ERG6-GFP::KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
HO-GAP-PCT1:HYG

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
nvj1A::NAT, HO-GAP-MDM1:HYG

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A
nvj1A::HYG, mdm1A::NAT, HO-GAP-LDO16:KanMX

S. cerevisiae: Name = CEN.PK; Genotype = MATa; This manuscript N/A

Ido16A::NAT, Ido45A::KanMX, HO-GAP-NVJ1:HYG

(Continued on next page)

Cell Reports 44, 115813, June 24, 2025

19




¢ CellPress Cell Reports

OPEN ACCESS

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

IMOD Kremer et al.*® https://bio3d.colorado.edu/imod/

AMIRA 6.8 Thermo Fisher Scientific N/A

OLYMPUS CellSens Dimension Olympus Corporation https://www.olympus-lifescience.com.cn/
Imaris 10.0.0 Bitplane AG https://imaris.oxinst.com/

softWoRx Applied Precision, GE https://softworx.com/

Imaged N/A https://imagej.net/ij/

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All yeast strains used in this study are listed in the key resources table. All strains and genetic manipulations were verified by
sequencing and phenotype. The prototrophic CEN.PK strain background was used in all experiments. Gene deletions and C-terminal
tag were carried out using standard PCR-based strategies to amplify resistance cassettes with appropriate flanking sequences and
replacing or inserting the target fragment by homologous recombination.*® Strains with overexpression of a certain gene were con-
structed by targeted integration of genes of interest driven by the glyceraldehydes-3-phosphate dehydrogenase (GAP) promoter at
the HO chromosomal locus.

Media used in this study: rich medium (YP) containing 2% yeast extract, 2% peptone, and 2% different carbon sources, including
lactate (L), glucose (D), glycerol (G), or ethanol (E), and synthetic defined minimal medium (S) containing 0.17% yeast nitrogen base
without amino acids containing 0.5% ammonium sulfate (Difco) with 2% different carbon sources including lactate, glucose, glycerol,
or ethanol. The percentages provided here are expressed as weight/volume (w/v). For nutrient deprivation, cells were inoculated in
YPL rich medium overnight, then diluted with fresh YPL medium, grown to the logarithmical phase, and switched to SL minimal me-
dium. In our study, we used sodium lactate (pH 6.3) rather than lactic acid in the lactate-containing growth media. The pH of YPL
medium is 5.7, while that of SL medium is 5.1. For comparison, the pH of YPD, YPE, and YPG media is approximately 6.5, whereas
the pH of SD, SE, and SG media is around 4.4. After culturing cells to log phase and prior to the nutrient deprivation switch, the pH of
YPD, YPE, YPG, and YPL media was measured at 6.2, 6.3, 6.7, and 6.0, respectively. The pH values for cells growing in YPL prior to
nutrient deprivation were not drastically different compared to other carbon sources. However, the nutrient deprivation medium con-
taining lactate was slightly more alkaline than those with other carbon sources. Therefore, it is unlikely that our observations were
influenced by acidic pH stress caused by lactate.

METHOD DETAILS

Transmission electronic microscopy (TEM) imaging

Yeast cells were collected and fixed with a three-step protocol.°°" Cells were first fixed in a solution of 1.5% (w/v) KMnO, for 20 min
at room temperature. After centrifugation and rinsing with 100 mM phosphate buffer (pH 7.0) for three times, the cells were next fixed
in 2.5% glutaraldehyde at 4°C overnight. After centrifugation and wash, the cells were again fixed in 1% osmium tetroxide for 2 h at
room temperature avoiding illumination. The fixed yeast samples were dehydrated using ethanol and acetone of gradient concen-
trations. Next, the samples were embedded into Epon 812 resin (SPI supplies Inc. PA, USA) and heated for polymerization under
60°C to preserve fine structure in solid blocks. Ultra-thin sections (70 nm) of the samples were resolved using a Leica UC 6 microtome
(Leica, Vienna, Austria) with a diamond knife (Diatome, Switzerland) and placed onto 200 mesh copper grids. The sample sections
were put into an H-7650 TEM (Hitachi, Ibaraki, Japan) for observation at 80 kV of accelerating voltage. The images were acquired with
a Gatan 830 CCD camera (Gatan, CA, USA).

Electron tomography (ET) and 3D reconstruction

200 nm sections cut from the Epon resin blocks for ET reconstruction were placed onto 100 mesh carbon-covered copper grids and
applied by 10 nm colloidal gold particles (Sigma, St. Louis, MO). Data were collected automatically from a JEOL 2010 TEM (JEOL,
Tokyo, Japan) at 200 kV. Computation and reconstruction of the electron tomographs were done by the IMOD ‘etomo’ program ac-
cording to the software manual.”® The 3D structure was processed using the software Amira 6.8 (Thermo Fisher Scientific), including
stack making, alignment, and color assigning.

3D imaging of a subcellular bearing using FIB-SEM

Yeast cells were first collected and fixed for FIB-SEM imaging. The cells were fixed in 1.5% (w/v) KMnO, for 20 min at room temper-
ature. After centrifugation and wash steps, the cells were then re-suspended in 2.5% glutaraldehyde at 4°C overnight. After 1 h of
treatment with 1% osmium tetroxide/1.5% potassium ferrocyanide (w/v) on ice, the samples were washed, sequentially treated
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with 1% thiocarbohydrazide at room temperature for 20 min, 2% aqueous osmium tetroxide at room temperature for 30 min, 1%
aqueous uranyl acetate at 4°C overnight, and 0.66% lead nitrate in 30 mM L-aspartic acid at 60°C for 30 min. Next, the samples
were dehydrated using a series of gradient ethanol and then embedded into Epon 812 resin at 60°C for 48 h.

For imaging, resin blocks with the yeast cell samples were carefully trimmed with a trimmer (EM TXP, Leica) to expose the surface
containing yeast cells at the top of the resin block. The trimmed blocks were then mounted on a 90° stub and coated with platinum by
an ion sputtering apparatus (EM ACE200, Leica) for 300 s. We next identified an area of a subcellular bearing as a target by scanning
electron microscopy (Teneo VS, Thermo). Next, the area surrounding the target was trenched and smoothed out by an ultra-micro-
tome in the specimen chamber. The resin block was then transferred to a 45° tilted stub and coated with platinum by ion sputtering
apparatus. SEM Imaging was performed using a dual beam SEM (FIB Helious G3 UC; Thermo Fisher). The data were acquired in the
serial surface view mode with a slice thickness of 10 nm at 30 kV and 0.79 nA. Each surface was serially imaged at 2 kV acceleration
voltage and 0.2 nA current in backscatter electron mode with an in-column backscatter electron detector. The images were then
aligned, filtered, and manually segmented to generate surfaces for 3D presentation in Amira 6.8.

3D reconstruction using spinning disk confocal microscopy and Imaris

z stack images were acquired using a spinning disk confocal microscope model (Olympus) equipped with a 100 %, 1.4 NA oil objective
lens. Sequential optical sections were collected at 0.2 pm intervals across a total depth of 6 pm. Samples were excited with 405nm,
488 nm, 561 nm to visualize the nucleus (Nup60-NLS-CFP), LDs (BODIPY) and the vacuole (Vph1-mCherry). Allimages were decon-
volved using the software OLYMPUS cellSens Dimension.

For 3D reconstruction, z stack images from three channels were imported into Imaris software (Bitplane AG, version 10.0.0). Sur-
face rendering and volume reconstruction were performed using the Surpass mode with "Spot" (LDs) and "Surface" (the nucleus and
vacuole). Channels were pseudo-colored to represent nucleus in blue, LDs in green, vacuole in red. Final 3D models were exported as
TIFF and AVI for visualization.

Live cell imaging

Yeast cells were cultured in YPL rich medium in the logarithmic phase and switched to SL minimal medium for nutrient deprivation.
The cells at indicated phases were used for live cell imaging with corresponding cell organelles illuminated by the indicated GFP and
mCherry proteins. The GFP and mCherry tags were chromosomally integrated at the C terminus of the genes of interest. Images were
taken by Deltavision Elite microscope (Applied Precision, GE) under a 100, 1.4 NA oil-immersion objective lens. All images were
deconvolved using the software softWoRx.

For time-resolved live cell imaging, the cells starved for 4h in SL minimal medium were immobilized on concanavalin-A-coated
coverslips.>® To examine the process of bearing formation, images were taken every 3 min for 2.5 h at 30°C using a SpinSR micro-
scope (Olympus) equipped with a SoRa disk (Olympus Super Resolution, OSR) under a 100x, 1.4 NA oil objective lens. All images
were deconvolved using the software OLYMPUS cellSens Dimension.

BODIPY 493/503 staining of LDs
BODIPY 493/503 (Thermo Fisher) was added to yeast cells in liquid growth medium at a final concentration of 5.7 pM. After incubation
in a shaker (280 rpm, 30°C) for 20 min, LD staining was observed under a fluorescence microscope.

AUTODOT staining of LDs
Yeast cells in liquid growth medium were treated with AUTODOT (Abcepta) at 100 pM final concentration. After 20 min of incubation
with constant shaking (280 rpm, 30°C), LDs were visualized by fluorescence microscopy.

Lipid extraction and quantification by mass spectrometry

Yeast cell lipids were extracted with chloroform/methanol (2:1) (v/v) as described previously.®'>® In brief, 10 ODgqq units of cells were
used for lipid extraction. The samples were resuspended in 500 pL mass spectrometry-grade methanol containing 17:0 PC, 17:0 PE,
and 14:0 PS as spike-in standards and lysed by bead-beating. The lysates were then transferred to glass tubes, added another
500 pL methanol, 2 mL chloroform, and vortex for lipid extraction. After centrifugation, the supernatants were transferred to glass
tubes. Additional 800 puL chloroform and 400 pL of 50 mM citric acid were added to achieve phase separation. The lipid phase
was equally taken and were dried by a vacuum concentrator system (Labconco).

A triple quadrupole mass spectrometer (the QTRAP 6500 + System) was used for lipid quantitative analysis according to an estab-
lished protocol.>® For phospholipid quantification, a mix of MS-grade isopropanol, acetonitrile, water (2:1:1) containing Lipidomix
(Avanti) was used to dissolve lipid extracts. For the quantification of neutral lipids such as TAG and sterol ester, a mixture of methanol
and dichloromethane (1:1, v/v) containing 5 mM ammonium acetate and Lipidomix was used to dissolve lipid extracts. Lipids sepa-
rated chromatographically on a C18 column (ACQUITY UPLC BEH C18 column, 130A, 1.7 um, 2.1 mm x 50 mm) were followed by
quantification using multiple reaction monitoring (MRM) transitions of mass spectrometry. Specifically, liquid chromatography was
programmed below: Buffer A contains 33.3% methanol, 33.3% acetonitrile, 33.4% water, 5 mM ammonium acetate, and Buffer B
contains 5 mM ammonium acetate in 100% isopropanol. The retention time for each MRM peak was compared to an appropriate
standard. The area under each peak was quantitated using Analyst software, re-inspected for accuracy.
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Determination of survival rates

Survival rates were determined using both the single colony formation assay and the spotting assay as previously described.®!
Nutrient deprivation was performed by switching yeast cells growing exponentially in YPL rich medium to SL minimal medium. To
measure survival rates, after indicated hours, an aliquot of liquid culture was taken, diluted, and spread on YP glucose plates for col-
ony formation or for spotting. For the single colony formation assay, the rate of survival was calculated by the following formula: Sur-
vival rate% = 100* the number of colonies at an indicated nutrient deprivation time point * dilution factor/(number of colonies at 12 h
nutrient deprivation * dilution factor). Of note, cells proliferated very slowly under nutrient deprivation. After 12 h of nutrient depriva-
tion, the optical density (OD) at 600 nm and the number of colonies formed per OD units were similar between WT and the mutant
strains, which ensures an appropriate normalization point for calculating survival rates. The spotting assay involves serial 10-fold di-
lutions of cells that were starved for the indicated time periods and then spotted onto rich-medium plates. Unlike the single colony
formation assay, the growth difference in the spotting assay can reveal survival differences while having lower resolution.

Whole yeast cell extracts preparation and western blotting

A urea-based protocol was used to lyse yeast cells for western blots. Cells were spun down, quenched in 20% trichloroacetic acid on
ice for 15 min, washed with acetone. Cell pellets were resuspended in urea buffer containing 50 mM Tris-Cl pH 7.5, 5 mM EDTA, 6 M
urea, 1% SDS, 1 mM PMSF, 2 mM sodium orthovanadate, and 50 mM NaF, and lysed by bead-beating. After collecting the super-
natants, protein concentration was determined using Pierce BCA protein assay. The same amount of proteins was separated using
SDS-PAGE gels, transferred to a nitrocellulose membrane or a PVDF membrane, and blotted with the corresponding antibodies.
Blocking was performed in 5% dry milk/TBST, and antibody incubation was in 1% dry milk/TBST. Antibodies used in this study is
mouse anti-GFP antibody (Roche, Cat. No. 11814460001, 1:5000), which is commercially available and validated. Uncropped and
unprocessed scans of the blots are provided in the Source Data file. ImagedJ (v1.8.0, National Institutes of Health) was used for West-
ern blot densitometry analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

NVJ length

Imaged software was utilized to assess the length of the NVJ. Prior to measurement, the scale was calibrated based on the scale bars
in the fluorescence microscope images. The NVJ length was determined using the freehand line tool in ImagedJ. To ensure statistical
robustness, the NVJ length was quantified in a minimum of 95 cells for each independent experiment.

LD size

Imaged software was utilized to assess the size of LDs. Prior to measurement, the scale was calibrated based on the scale bars in the
fluorescence microscope images. LD sizes were determined using the straight line tool in Imaged. To ensure statistical robustness,
LD sizes were quantified in a minimum of 100 cells for each independent experiment.

Quantification of the percentage of the subcellular bearing

Given the dynamic nature of a subcellular bearing, we distinguished two types of bearing structures: standard bearings and partial
bearings. A subcellular bearing is categorized as standard if the nucleus was fully enveloped, and as partial if more than half of the
nucleus was enveloped by the vacuole. The cell counter tool in ImageJ was used to mark out the cells with the bearing. Both types of
bearing structures were considered as subcellular bearings and were quantified in at least three independent experiments with a min-
imum of 200 cells counted.

Statistical analysis

ImageJ was used to determine the number and size of LDs and the length of NVJ. Statistical data were presented as the mean +
standard deviation (SD) from at least two biological independent experiments. The representatives of n are specified in figure leg-
ends. The statistical significance in related figures was tested using two-tailed Student’s t test or one-way ANOVA. Figure 1F, 1G,
2B, 4D, 4F, 4H, 4J, 5D, 6B, 6E, 7B, 7C, and S2D were tested using one-way ANOVA and other figures were tested using two-tailed
Student’s t test. Differences were considered statistically significant when p values were less than 0.05. *, p < 0.05; **, p < 0.01;
** p < 0.001.
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Figure S1
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Figure S1. Morphological screening of major organelle responses to nutrient deprivation
under varying carbon sources, related to Figure 1.

(A) Growth curves of WT cells cultured in rich medium with different carbon sources. Data are
represented as mean + SD (n=4 biologically independent samples).

(B-D) Live-cell imaging of the ER labeled with Dpm1-GFP (B), mitochondria labeled with OM45-
GFP (C), and peroxisomes with Pex3-GFP (D) in WT cells in rich medium and after 2, 6, 12,
and 24 hours of nutrient deprivation with different carbon sources. Scale bar, 2 ym.

(E) Quantification of LD numbers in WT cells after 2, 6, 12, and 24 hours of nutrient deprivation
from live-cell imaging. Data shown are representative of experiments repeated twice and are
represented as mean + SD (n=200 for ethanol nutrient deprivation and 256 for lactate nutrient
deprivation at each time point; n=number of cells).

(F) Quantification of LD diameters in WT cells after 2, 6, 12, and 24 hours of nutrient deprivation
from live-cell imaging. Data shown are representative of experiments repeated twice and are
represented as mean = SD (n=215, 256, 256, 244 for ethanol nutrient deprivation and 208, 204,
216, 203 for lactate nutrient deprivation at corresponding time points; n=number of LDs).

(G) Representative images illustrating vacuolar deformation in glycerol-containing minimal
medium after 6 and 12 hours of nutrient deprivation.



Figure S2
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Figure S2. LD biogenesis is required for subcellular bearing formation and survival
under nutrient deprivation, related to Figure 4.

(A) Quantification of LD number after 12 hours of nutrient deprivation in WT, dga1Alro14, and
are1Aare2A cells. Data are represented as mean + SD (n=279 for WT, n=200 for dga1Alro14,
n=140 are1Aare2A; n=number of cells). ***, p<0.001.

(B-C) TAG (B) and sterol ester (C) levels determined using mass spectrometry in WT,
dga1Airo1A, and are1Aare2A cells starved for 12 h. Data are represented as mean + SD (n=4
biologically independent samples). ***, p<0.001.

(D) Sterol ester levels in WT cells undergoing 12 hours of nutrient deprivation in the presence
of varying concentrations of lactate. Data are represented as mean * SD (n=4 biologically
independent samples). *, p<0.05; n.s., no significance.

(E) Left: Live-cell imaging of cells with Erg6-GFP and Vph1-mCherry in sei1A cells. Right:
Quantification of subcellular bearing formation in WT and sei1A cells after 12 hours of nutrient
deprivation. Data are represented as mean + SD (n=4 independent experiments; more than
200 cells were quantified). ***, p<0.001.

(F) Left: TEM images of sei1A cells after 12 hours of nutrient deprivation. Scale bar, 1 ym. N,
nucleus; V, vacuole; LD, lipid droplet. Right: Quantification of cells with clustered LDs in WT
and sei1A cells after 12 hours of nutrient deprivation from TEM data. 100 cells were quantified
per genotype.

(G-H) Time-lapse confocal spinning-disk microscopy of nuclear ER, NJV, vacuole, and LD
dynamics under nutrient deprivation in WT cells, using three fluorophores. (G) NVJ (Nvj1-GFP),
Vacuole (Vph1-mCherry), LD (AUTODOT). (H) NVJ (Nvj1-GFP), ER (Sec63-mCherry), LD
(AUTODOT). Scale bar, 2 um.

(I) BODIPY staining of LDs and quantification in WT cells £ 1 mM choline after 12 hours of
nutrient deprivation. Data are mean + SD (n=277/221 cells).

(J) Nvj1-GFP imaging of NVJ and quantification in WT cells £ 1 mM choline after 12 hours of
nutrient deprivation. Data are mean + SD (n=212/213 cells).

(K) Nic96-GFP/Vph1-mCherry imaging and quantification of bearing formation in WT cells + 1
mM choline after 12 hours of nutrient deprivation. Data are mean + SD (n=4 experiments, >200
cells/experiment). n.s., no significance.



Figure S3
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Figure S3. Vac8-mediated vCLIP and NVJ contacts are critical for the formation of
subcellular bearing structures, related to Figure 6.

(A) Live-cell imaging of cells with Nvj1-GFP, Osh1-GFP, MDM1 overexpression (OE-Mdm1-
GFP), and Vac8-GFP under rich medium and after 2, 6, 12 hours of nutrient deprivation. Scale
bar, 2 um.

(B) Live-cell imaging of snd3A cells with Nvj1-GFP and Vph1-mCherry under rich medium and
after 2, 6, 12 hours of nutrient deprivation. Scale bar, 2 ym.

(C) Quantification of NVJ length during nutrient deprivation in WT and snd3A cells using Nvj1-
GFP. Data shown are representative of experiments repeated twice and represented as mean
+ SD (n=133, 152, 195, 615 for WT, n=98, 246, 232, 220 for sndA; n=number of cells). ***,
p<0.001.

(D) Live-cell imaging of snd3A cells with Nic96-GFP and Vph1-mCherry under 12 hours of
nutrient deprivation. Scale bar, 2 uym.

(E) Quantification of subcellular bearing formation in WT and snd3A cells after 12 hours of
nutrient deprivation. Data are represented as mean + SD (n=5 independent experiments; more
than 200 cells were quantified). ***, p<0.001.

(F) Left: Live-cell imaging of LDs labeled with Erg6-GFP and Ldo16/45-mCherry in WT cells
after 12 hours of nutrient deprivation. Right: Quantification of the percentage of full, partial, and
no colocalization between LDs and Ldo16/45 in WT cells. Data are represented as mean + SD
(n=4 independent experiments).

(G) Quantification of LDO-Vac8 spatial localization in WT cells under nutrient deprivation. Data
are mean = SD (n=3 experiments, >200 cells/experiment). *, p<0.05; **, p<0.01; ***, p<0.001;
n.s., no significance. Asterisks denote comparisons between nutrient-rich and deprivation
conditions; black asterisks for no colocalization, green for column-matched groups.

(H) Quantification of LD-Vac8 spatial localization in WT, nvj1A, and Ido16Aldo45A cells. Data
are mean £ SD (n=3 experiments, >200 cells/experiment). *, p<0.05; ***, p<0.001. Asterisks
denote comparisons between WT and mutants; black asterisks for no colocalization, green for
column-matched groups.
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Figure S4. Subcellular bearings facilitate efficient LD turnover and adaptation to nutrient
stress, related to Figure 7.

(A) Quantification of LD numbers after 12 hours of nutrient deprivation in WT, nvj1A, mdm1A,
nvj1Amdm14, and vac8A cells. Data shown are representative of experiments repeated twice
and represented as mean = SD (n=321 for WT, 195 for nvj14, 285 for mdm14, 315 for
nvj1Amdm14, and 403 for vac84; n=number of cells).

(B) Quantification of LD numbers after 12 hours of nutrient deprivation in WT, Ido164, Ido45A,
Ido16Aldo454, and nvj1Aldo16Aldo45A cells. Data shown are representative of experiments
repeated twice and represented as mean = SD (n=321 for WT, 174 for Ido16A, 151 for Ido45A4,
159 for Ido16Aldo45A, 145 for nvj1Aldo16Aldo45A; n=number of cells).

(C) Live-cell imaging of LDs stained with BODIPY and the vacuole labeled with Vph1-mCherry
in nvj1A, mdm1A, Ido164, Ido45A, and nvj1Aldo16Aldo45A cells after 12, 24, 36, 48, and 60
hours of nutrient deprivation. Scale bar, 2 ym.

(D) Quantification of LD numbers in WT, nvj1A, mdm1A4, Ido164, Ido45A, and
nvj1Aldo16Aldo45A cells after 12, 24, 36, 48, and 60 hours of nutrient deprivation. Data shown
are representative of experiments repeated twice and are represented as mean + SD (n=138,
174, 154, 256, 242 for WT; n=184, 193, 178, 209, 210 for nvj14; n=201, 195, 201, 205, 196 for
mdm14; n=171, 213, 209, 209, 209 for Ido164; n=203, 213, 200, 210, 214 for Ido45A; n=220,
204, 208, 212, 208 for nvj1Aldo16Aldo45A; n=number of cells). ***, p<0.001. Grey asterisks
indicate statistical significance for comparisons between WT and the mutant cells at the same
time point.

(E) Quantification of LD diameters in nvj1A, mdm1A, Ido164, Ido45A, and nvj1Aldo16Aldo45A
cells after 12, 24, 36, 48, and 60 hours of nutrient deprivation. Data are represented as mean
+ SD (n= 238, 256, 212, 238, 231 for WT; n=259, 208, 217, 216, 204 for nvj14; n=241, 221,
214, 313, 214 for mdm14; n=274, 261, 213, 226, 229 for Ido164; n=267, 221, 268, 233, 249
for Ido45A; n=210, 212, 207, 214, 223 for nvj1Aldo16Aldo45A; n=number of cells). ***, p<0.001.
Grey asterisks indicate statistical significance for comparisons between WT and the mutant
cells at the same time point.
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Figure S5. Subcellular bearings facilitate efficient LD turnover and adaptation to nutrient
stress, related to Figure 7.

(A) TEM images of WT cells collected from 12 and 48 hours of nutrient deprivation. Scale bar,
1 um. N, nucleus; V, vacuole; LD, lipid droplet; blue arrows indicate lipid droplets undergoing

lipophagy.

(B) Left: Live-cell imaging of cells labeled with Erg6-GFP and stained with AUTODOT in WT,
IdoAA and nvj1Amdm1A cells in rich medium and after 12, 24, 36, 48 hours of nutrient
deprivation. Scale bar, 2 ym. Right: Quantification of the percentage of full colocalization
between LDs and Erg6-GFP in WT, /doAA and nvj1Amdm1A cells. Data shown are
representative of experiments repeated twice and represented as mean = SD (n=2 independent
experiments).

(C) Western blots of protein extracted from WT, Ido16Aldo45A, and nvj1Amdm1A with Erg6-
GFP. The relative amount of free GFP liberated from total Erg6-GFP reflects lipophagy activity.
Data are representative of four independent experiments. *, p<0.05; **, p<0.01, ***, p<0.001.
Grey asterisks indicate statistical significance for comparisons between WT and respective
mutant cells at the same time point.
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Figure S6. Subcellular bearings play a role in cell survival during prolonged nutrient
deprivation, related to Figure 7.

(A) Survival of WT, mdm1A, Ido16A, and Ido45A cells after 84 hours of nutrient deprivation.
Cells were spotted onto YPD plates and incubated for 24 hours at 30°C before recording
survival.

(B) Growth curves of WT, vac84, Ido164, Ido454, IdoAA, nvj1A, mdm1A, nvjTAmdm1A, and
nvj1AldoAA cells cultured in rich medium YPL. Data are represented as mean + SD (n=3
biologically independent samples).

(C) Survival of WT and sei1A cells after 36, 48, 60, and 72 hours of nutrient deprivation. Cells
were spotted onto YPD plates and incubated for 24 hours at 30°C before recording survival.

(D) TEM images of cells with PCT1 overexpression (OE-PCT1) collected from 12 hours of
nutrient deprivation. Scale bar, 1 um. N, nucleus; V, vacuole; LD, lipid droplet; blue arrows
indicate lipid droplets undergoing lipophagy.

(E) Left: Subcellular bearing formation in cells with PCT1 overexpression, the Nic96-GFP-
nucleus, and the Vph1-mCherry-labeled vacuole under 12 hours of nutrient deprivation. Scale
bar, 2 ym. Right: Quantification of subcellular bearing formation in WT and cells with PCT1
overexpression after 12 hours of nutrient deprivation. Data are represented as mean = SD (n=5
independent experiments; more than 200 cells were quantified). n.s., no significance.

(F) Survival of WT and OE-PCT1 cells after 36, 48, 60, and 72 hours of nutrient deprivation.
Cells were spotted onto YPD plates and incubated for 24 hours at 30°C before recording
survival.
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