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In brief

Alvarez-Guerra et al. identify the tethering
machinery of the membrane contact site
that enables lipid droplet consumption
via lipophagy. They show that nutrient
exhaustion drives the formation of vCLIP,
the vacuole-lipid droplet contact site
established by the LDO proteins that bind
vacuolar Vac8.
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SUMMARY

Lipid droplets (LDs) are fat storage organelles critical for energy and lipid metabolism. Upon nutrient exhaus-
tion, cells consume LDs via gradual lipolysis or via lipophagy, the en bloc uptake of LDs into the vacuole.
Here, we show that LDs dock to the vacuolar membrane via a contact site that is required for lipophagy in
yeast. The LD-localized LDO proteins carry an intrinsically disordered region that directly binds vacuolar
Vac8 to form vCLIP, the vacuolar-LD contact site. Nutrient limitation drives vCLIP formation, and its inactiva-
tion blocks lipophagy, resulting in impaired caloric restriction-induced longevity. We establish a functional
link between lipophagy and microautophagy of the nucleus, both requiring Vac8 to form respective contact
sites upon metabolic stress. In sum, we identify the tethering machinery of vCLIP and find that Vac8 provides

a platform for multiple and competing contact sites associated with autophagy.

INTRODUCTION

Cellular adaptation to changing metabolic demands requires
efficient communication between organelles and remodeling of
subcellular structures. Direct physical contact between organ-
elles at dedicated membrane contact sites provides ancient
communication routes and hubs for metabolic exchange present
in organisms ranging from yeast to humans.' Membrane con-
tact sites are established by an array of tethering proteins that
bridge virtually all pairs of organelles, facilitating the bidirectional
exchange of biochemical information in form of metabolites,
ions, and lipids.'*>*®° These organelle contacts are key to intra-
cellular signaling and are emerging as important sites for meta-
bolic adaptation.*%’

In yeast, a contact site that dynamically changes size and ar-
chitecture in response to nutrient availability is the nucleus-vac-
uole junction (NVJ). NVJ connects the main anabolic and cata-
bolic compartments by establishing proximity between the
nuclear endoplasmic reticulum (nER) and the vacuole, the yeast
lysosome.® "2 When nutrients are depleted, NVJs expand and
coordinate distinct aspects of lipid metabolism, including the
subcellular organization of lipid droplets (LDs)."'~'° LDs are dy-
namic fat storage organelles with critical roles in lipid and energy
metabolism that allow cells to adapt to changing nutritional
cues.'*° They consist of a neutral lipid core, particularly triacyl-
glycerols (TAGs) and sterol esters, delimited by a phospholipid

monolayer that originates from the outer leaflet of the ER mem-
brane and contains integral and peripheral proteins.'* Due to
the absence of a bilayer, LDs cannot engage in vesicle trafficking
but rely on communication via membrane contact sites.'®"

Depending on the metabolic status, cells alternate between
LD biogenesis and LD consumption via gradual enzymatic lipol-
ysis or via lipophagy.””~>° Lipophagy is based on en bloc import
into the lysosome/vacuole and plays a key role in LD consump-
tion. In mammalian cells, uptake into the lysosome is mediated
by macroautophagy, in which autophagosomes sequester LDs
for delivery to the lysosome.*®>” Notably, an alternative lipopha-
gic route for LD consumption has recently been described in
hepatocytes.?® Here, LDs directly dock to lysosomes to be en-
gulfed in a process that resembles microlipophagy, which is
the main route of lipophagic LD consumption in yeast.?*=? Dur-
ing microlipophagy, LDs redistribute around the yeast vacuole
and associate with liquid-ordered (L,) microdomains on the
vacuolar membrane before being engulfed.**** Though contact
formation via molecules that bridge the LDs and the vacuole/
lysosome is anticipated to support LD engulfment, no such mol-
ecules have been identified. Still, proximity-based approaches
employing LD-localized and vacuolar resident proteins suggest
the existence of such a vacuole-lipid droplet contact site
(vCLIP).2°

Here, we uncover the molecular architecture of the contact
site that anchors LDs to the vacuole to facilitate lipophagy in
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response to nutrient exhaustion (also see Diep et al.>* submitted

in parallel to this study). We demonstrate that the LD organization
(LDO) proteins Ldo16 and Ldo45, encoded by overlapping genes
and products of a splicing event,®** attach LDs to the vacuolar
membrane via Vac8, forming the vCLIP. Ldo16 was transcrip-
tionally upregulated specifically upon nutrient depletion and
anchored LDs to the vacuolar membrane via direct interaction
of its C-terminal intrinsically disordered region with Vac8. Exper-
imentally redirecting Vac8 to the nuclear membrane was
sufficient to re-route LDs to juxtanuclear locations. In sum, we
identify the molecular bridges that form vCLIP and show that
this contact is critical for lipophagy and full lifespan extension
via caloric restriction.

RESULTS

LDO proteins accumulate at the vacuole-LD interface
upon nutrient exhaustion

The shift from rapid proliferation in nutrient-rich conditions to
stationary phase upon nutrient exhaustion is associated with a
metabolic switch that involves the transition from LD biogenesis
to storage and gradual LD consumption. To assess how this
transition affects LD-localized proteins, we followed the subcel-
lular distribution of endogenous GFP fusions of the fatty acyl-co-
enzyme A (CoA) synthetase Faa4, the ergosterol biosynthesis
enzyme Erg1, the phosphatidylinositol transfer protein Pdr16
and the LD organization proteins Ldo16/45.°%%" We analyzed
cells in glucose-rich conditions (8 h) and after prolonged incuba-
tion (48 h), resulting in gradual glucose exhaustion, a switch to
respiratory metabolism and entry into stationary phase.® Under
nutrient-rich conditions, all GFP fusions decorated the LDs, visu-
alized using the neutral lipid stain monodansylpentane (MDH)
(Figure 1A). As reported previously,*® Erg1 also localized to the
ER. In glucose-exhausted cells, Faa4 and Erg1 remained evenly
distributed on the LD surface, while Pdr16 and in particular the
LDO proteins formed distinct foci on LDs, mostly limited to one
structure per LD. Simultaneous visualization of the vacuole using
Vph1mCre™ revealed that these foci mark the vacuole-LD inter-
face, suggesting that Pdr16 and the LDO proteins are redirected
to contact sites between these organelles (Figure 1B). The
targeting of the LDO proteins to the interface was not affected
by genetic ablation of Pdr16 (Figure 1C). In contrast, the lack
of both LDO proteins (AAldo) prevented the accumulation of
Pdr16 at these sites and resulted in its cytosolic distribution (Fig-
ure 1C), suggesting that the LDO proteins are required to recruit
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Pdr16 to these contacts. The LDO proteins are encoded by over-
lapping open reading frames (Figure 1D), and C-terminal tagging
with GFP (referred to as LDO®), thus allows the simultaneous
visualization of both proteins (Figures 1A-1C). Imaging over
time revealed that LDO®FP rarely co-localized with the vacuole
in exponentially growing cells but progressively formed foci
at the vacuole after the diauxic shift (Figures S1A and S1B).
Immunoblotting demonstrated that the expression of Ldo45
and Ldo16 was differentially affected by nutrient depletion
(Figures 1E and 1F). Ldo16 protein levels progressively
increased with time spent in stationary phase, while the levels
of Ldo45 slightly decreased. Likewise, LDO16 mRNA levels
(but not LDOA45 levels) increased over time, indicating transcrip-
tional upregulation of specifically Ldo16 (Figure S1C). Simulta-
neous visualization of Faa4™"™ and LDO®® in glucose-ex-
hausted cells demonstrated that the LDO proteins were
targeted selectively to the vacuole-LD interface, while Faa4 re-
mained evenly distributed at the LD surface, independent of
which fluorescent tags were used (Figure 1G). Next, we ruled
out that the starvation-induced targeting of LDO®"" to the vacu-
ole-LD interface was a simple consequence of increased LD size
by expanding the LDs in exponentially growing cells on glucose-
rich media using oleate supplementation.>® Although oleate
prominently enlarged the LDs, the LDO proteins remained
distributed over the LD surface and only accumulated at the vac-
uole-LD interface in few, small foci when glucose was still avail-
able (Figure 1H). Again, also under oleate-supplemented condi-
tions, entry into stationary phase redirected the LDO proteins to
the expanded contact between the enlarged LDs and the vacu-
ole. Furthermore, subjecting cells to phosphate restriction or
acute nitrogen depletion resulted in the partitioning of the LDO
proteins to the vacuole-LD interface (Figure 1l) and a specific in-
crease of Ldo16 (Figures S1D-S1F). Collectively, this shows that
limitation of the macronutrients glucose, nitrogen or phosphate
induces Ldo16 expression and results in the specific targeting
of the LDO proteins to the vacuole-LD interface, likely reflecting
vCLIP that emerge in response to starvation.

LDO proteins target LDs to the vacuole to facilitate
lipophagy

We directly tested whether LDO proteins are required for vCLIP
formation. In wild-type (WT) cells, LDs were targeted to the vacu-
olar membrane (visualized via Vph1™"®™) shortly after glucose
exhaustion. Upon prolonged starvation, a large part of the LD
population was engulfed into the vacuole via lipophagy

Figure 1. LDO proteins accumulate at the vacuole-LD interface upon nutrient exhaustion
(A) Micrographs of cells expressing Erg1SF”, Faa4®™, Pdr16%, or LDO®P, stained with MDH (LDs) at 8 h (glucose-rich) and 48 h (glucose-exhausted) of

culturing in glucose media. Scale bars, 3 um.

(B) Micrographs of cells expressing LDO®™, Pdr16%F", or Faa4®" and Vph1m°"®™, stained with MDH at 48 h. Scale bars, 3 pm.

(C) Micrographs of wild-type (WT), AAldo, and Apdr16 cells expressing Vph1mC"™ and either LDOSF® or Pdr16F” at 48 h. Scale bars, 3 um.

(D) Schematics of the genomic loci of YMR147W/YMR148W and promoters (Pm), encoding Ldo16 and Ldo45.

(E and F) Immunoblotting of protein extracts of cells expressing LDO®P. Representative blot (E) and corresponding quantifications, normalized to tubulin and

depicted as fold of Ldo45%FF at 6 h (F); mean + SEM; n = 8.

(G) Z projection of glucose-exhausted cells (24 h) expressing LDO® and Faad™C"®™ or LDO™C"®™ and Faa4®, stained with 7-amino-4-chloromethylcoumarin

(CMAG; vacuole). Scale bars, 1 um.

(H) Micrographs of cells expressing LDO®F? and Vph1™"®™ grown in glucose media with 0.5% oleate, stained with MDH. Scale bars, 2 pm.
(I) Micrographs of cells expressing LDO®P and Vph1 mCherry upon nitrogen or phosphate depletion. Scale bars, 2 um.

***p < 0.001.
See related Figure S1 and Table S6 for statistical analyses.
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Figure 2. LDO proteins target LDs to the vacuole to facilitate lipophagy

(A) Micrographs of WT and AAldo cells expressing Vph1m°"®™ stained with BODIPY493/503 (LDs). Scale bars, 3 ym.

(B) Micrographs of WT and AAldo cells expressing Nvj1%7" and Vph1™Che™ | stained with MDH. Scale bars, 3 um.

(C) Electron micrographs of WT and AAldo cells (32 h). Scale bars, 500 nm.

(D and E) Quantification of (C), depicting the number of LDs in contact with or inside the vacuole (D) and contacting the ER (E). Sections: n = 94 (WT),
n = 127 (AAldo).

(F) Triacylglycerol (TAG) levels in lysates from WT and AAldo cells (48 h). Data points, mean (line), and SEM; n = 7.

(legend continued on next page)
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(Figure 2A). In contrast, such starvation-induced lipophagy was
absent in cells lacking both LDO proteins (AAl/do), which have
already been proposed to contribute to lipophagy by yet unclear
mechanisms.®” In AAldo cells, LDs remained clustered at one
side of the vacuole, likely reflecting the nER and its contact to
the vacuole at NVJs (Figure 2A). Indeed, visualization of the
NVJs employing Nvj1%FP demonstrated that in glucose-ex-
hausted AAldo cells, a few LDs remained associated with the
NVJs, but most LDs clustered at the nER (Figures 2B and
S2A). Transmission electron microscopy showed that in
glucose-exhausted WT cells, more than 80% of LDs were closely
attached to the vacuolar membrane at contact sites that reflect
vCLIP, often already engulfed by the vacuole (Figures 2C and
2D). In contrast, in AAldo cells, only 10% of the LDs contacted
the vacuole, while 80% remained associated with the ER, mostly
nER (Figures 2C-2E). This suggests a critical function of the LDO
proteins in vCLIP formation and supports the notion that contact
formation between LDs and the vacuole is a prerequisite for mi-
crolipophagy. Pdr16 as additional factor that is targeted to vCLIP
was not required for lipophagy (Figure S2B). In line with a reduc-
tion of neutral lipid consumption via lipophagy, the lack of LDO
proteins resulted in increased levels of TAGs in glucose-ex-
hausted cells (Figure 2F). We reasoned that the impaired con-
sumption of neutral lipids may reduce viability during caloric re-
striction, a regime known to induce longevity across species.*°
Similar to what was observed on standard media, the loss of
vCLIP formation precluded lipophagy also when cells were
grown into stationary phase on caloric restriction media contain-
ing 0.4% glucose (Figure S2C). Interestingly, inactivation of
vCLIP compromised full lifespan extension induced by caloric
restriction but did not affect cellular survival during chronological
aging on control media with 2% glucose (Figure 2G).

To discriminate between Ldo16 and Ldo45 functions, we
introduced selective deletion mutations to individually express
either Ldo16 or Ldo45 from the chromosomal locus. Confocal
microscopy and automated image quantification revealed that
the individual loss of Ldo16 (but not of Ldo45) caused a slight
reduction of vacuolar-LD engulfment upon glucose exhaustion,
but not to the same extent as the simultaneous lack of both pro-
teins (Figures 2H and 2I). Moreover, in AAldo cells but not the sin-
gle deletion mutants LDs displayed a different morphology, be-
ing fewer in number and prominently enlarged, suggesting that
the presence of either LDO protein is sufficient to adjust the num-
ber and size of LDs to cellular needs (Figures 2J and 2K). In line
with this, both Ldo16%7" and Ldo45%FF still efficiently accumu-
lated at vCLIP to establish contact when expressed individually
(Figure 2L). Furthermore, overexpression of either Ldo16 or
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Ldo45 triggered massive accumulation of LDs inside the vacu-
ole, suggesting induction of lipophagy (Figures 2M and S2D).
As the complete Ldo16 sequence is also present in Ldo45, we
created a truncated Ldo45 variant that lacks the part shared
with Ldo16. This Ldo452°'4® mutant still targeted the LDs but
failed to attach LDs to the vacuole (Figures S2E and S2F). Taken
together, both LDO proteins establish vCLIP by tethering the LDs
to the vacuole via the shared Ldo16 domains, yet Ldo16 expres-
sion is selectively upregulated upon nutrient exhaustion.

The C-terminal disordered region of Ldo16 anchors LDs
to the vacuole

Next, we generated a set of Ldo16 mutants to assign function to
distinct protein regions. The N-terminus of Ldo16 likely corre-
sponds to hydrophobic transmembrane a. helixes (Figure 3A)
and includes a proline-leucine-leucine-glycine (PLLG) motif as
typical helix breaker. This might facilitate hairpin-like membrane
insertion, characteristic for LD proteins that are targeted to LDs
from the ER membrane.”'**? In addition, Ldo16 is predicted to
contain a cationic amphipathic helix (CAH; Figure 3B), again a
common motif to target proteins to LDs.*>** The remainder of
Ldo16 in its C-terminus is predicted to be an intrinsically disor-
dered region, ending with a short o helix. We created a series
of C- and N-terminally truncated Ldo16 variants as well as point
mutants within the CAH, all ectopically expressed as GFP fu-
sions in AA/do cells (Figures 3C-3E). Immunoblotting confirmed
the expression of all Ldo16 mutants, though modification of the
predicted CAH impaired protein stability (Figure 3D). Assessing
their subcellular localization demonstrated that the N-terminal
hydrophobic region served as ER targeting signal, as its deletion
prevented ER import (Ldo162N*® and Ldo16N"2). Consistently,
the Ldo16 variant containing only the N-terminal hydrophobic
helixes (Ldo16%°%®) was still imported into the ER. However,
this mutant failed to associate with LDs, while a slightly longer
variant that still contained the CAH (Ldo16%°%% was fully redir-
ected to LDs (Figure 3C), demonstrating that the CAH is critical
to target Ldo16 from the ER to LDs in the so-called ERTOLD
pathway.“” Exchanging 5 hydrophobic residues in the CAH
with alanine did not prevent LD targeting, though accumulation
of this Ldo16% variant at the contact site was reduced
(Figures 3C-3E). However, a stronger mutation of the CAH by in-
serting 2 glutamates resulted in severely compromised protein
stability (Figure 3D) and ER retention (Figure 3C), supporting
the notion that amphipathicity of the CAH contributes to Ldo16
targeting to LDs. Importantly, Ldo162°%*, which harbors a func-
tional CAH but lacks the C-terminal disordered region, was effi-
ciently redirected to LDs but decorated the complete LD surface

(G) Survival of WT and AAldo cells during chronological aging, determined via flow cytometric quantification of propidium iodide staining. Cells were grown on
standard (2% glucose) or caloric-restricted (0.4% glucose) media. Mean + SEM; n = 4.

(H) Micrographs of WT, AAldo, Aldo16, and Aldo45 cells expressing Vph1™C"®™  stained with BODIPY493/503 at 48 h. Scale bars, 2 um.

(I) Micrographs in (H) were used to quantify the ratio of BODIPY intensity inside/outside the vacuole. Line (mean); n = 4, 200-500 cells per n.

(J and K) Micrographs in (H) were used to quantify LD number per cell frequencies (J) and LD size frequencies (K) fitted to a gaussian distribution. 200-500 cells (J)

and 800-1,500 LDs (K) per genotype.

(L) Micrographs of WT cells expressing LDO®” and Aldo45 and Aldo76 cells expressing Ldo16%7F or Ldo45%"". Cells expressed Vph1™C®™, were stained with

MDH, and analyzed at 48 h. Scale bars, 2 um.

(M) Micrographs of WT and AAldo cells ectopically overexpressing Ldo45 or Ldo16, expressing Vph1 mCheny stained with BODIPY493/503 and analyzed at 72 h.

Scale bars, 3 um.
*p < 0.05, *p < 0.01.
See related Figure S2 and Table S6 for statistical analyses.
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Figure 3. The C-terminal disordered region of Ldo16 anchors LDs to the vacuole
(A) Hydrophobicity plot of Ldo16 protein sequence using Phobius.
(B) o helix prediction by HeliQuest of putative Ldo16 cationic amphipathic helix (CAH). Hydrophobic residues (magenta), positively charged residues (turquoise).

(C) Schematics of generated Ldo16 mutants and micrographs upon ectopic expression of Ldo16% " mutants in AA/do cells expressing Vph1™Chem.
MDH (48 h). Scale bars, 3 um.

(D) Immunoblotting of protein extracts from AAldo cells expressing Ldo16%F variants.

(E) Co-localization analysis of Ldo16%P variants with the vacuole (Vph1™C"™) from micrographs in (C). Mean + SEM; n = 6-10, at least 30 cells per n.
(F and G) Schematics of Ldo16 domains (F) and Ldo16 integration into the LD monolayer (G).
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instead of accumulating at vCLIP. In addition, the complete LD
population remained attached to one side of the vacuole, likely
reflecting the nER (Figure 3C), demonstrating that the C-termi-
nus of Ldo16 is critical for contact formation. Removing only
the short a helix (24 C-terminal residues) did not prevent accu-
mulation at vCLIP, indicating that it is the intrinsically disordered
region that is essential for Ldo16 function in contact formation.
Collectively, this suggests that Ldo16 is targeted to the ER via
its N-terminal hydrophobic region, is redirected from the ER
membrane to the LD surface via its CAH and attaches to the
vacuolar membrane via the intrinsically disordered region in its
C terminus to establish vCLIP (Figures 3F and 3G).

Vac8 is required for vCLIP formation

To identify cellular processes and molecular determinants
involved in Ldo16-mediated LD-vacuole tethering, we examined
LDOCFP |ocalization in a set of mutants with established functions
in LD biosynthesis, autophagy, the endosomal sorting complex
required for transport (ESCRT), NVJ formation and vacuolar mem-
brane lipid composition. All mutants, expressing Vph1mcre™ to
visualize the vacuole and stained with MDH, were grown to
glucose exhaustion and assessed microscopically for contact for-
mation (Figures 4A and S3A), scored as co-localization between
LDOSFP and Vph1™Che™ (Figure 4B). The LDO proteins have pre-
viously been shown to interact with seipin (Sei1) at the ER mem-
brane to support LD biogenesis in growing cells.*®**” However,
the lack of seipin did not compromise LDOCF targeting to the
contact sites. Likewise, neither genetic inactivation of autophagy
nor impairment of endosomal protein sorting via deletion of genes
coding for ESCRT components, which have been suggested to
contribute to lipophagy,®*'**° altered LDO-mediated tethering
of LDs to the vacuole. The formation of L, microdomains on the
vacuolar membrane has also been associated with stationary
phase lipophagy,®***“® but defective L, domain formation did
not prevent vCLIP formation. Similarly, changes in phosphatidyli-
nositol metabolism had no effect on contact formation despite
altered vacuolar morphology (Figures 4A, 4B, and S3A). Finally,
we tested whether NVJs are required for LD tethering to the
vacuole, as the LDO proteins have been shown to decorate a
LD subpopulation associated with the NVJs.*®*” L DO-mediated
tethering was unaffected in cells lacking either Nvj1 or Mdm1,
bridging proteins required for NVJ formation,'®*” or lacking the
NVJ regulator Snd3.° Importantly, one strain showed severely
impaired vCLIP formation: the loss of the vacuolar protein Vac8
prevented LDOCP targeting to the vacuolar-LD interface, result-
ing instead in its spreading over the complete LD surface (Fig-
ure 4C). Quantification of LDOS™P-Vph1mChe™ co-localization
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supported the absence of vCLIP in Avac8 cells (Figures 4B and
4D). In line with a critical function of Vac8 in recruiting LDs to the
vacuole, cells lacking the palmitoyltransferase Pfa3, which lipi-
dates Vac8 to attach it to the vacuolar membrane,*® resembled
Avac8 cells (Figures 4C and 4D). The armadillo (ARM) repeat pro-
tein Vac8 has previously been linked to lipophagy®' and contrib-
utes to multiple cellular processes via direct interaction with
distinct proteins, including Nvj1 to tether the vacuole to the nER
at NVJ,"° Vac17 to facilitate vacuole inheritance,*® as well as
Atg11 and Atg13 to support phagophore assembly during selec-
tive and bulk macroautophagy, respectively.’®>" The lack of any
of these Vac8 interactors did not preclude vCLIP formation (Fig-
ure 4F), suggesting that it is the absence of Vac8 per se rather
than the impairment of associated processes that prevents vCLIP
formation. Overall, these data demonstrate that Vac8 is required
to recruit LDs to the vacuole.

vCLIP formation is critical but not sufficient for
lipophagy

To assess whether the formation of vCLIP is sufficient to trigger
vacuolar uptake of LDs, we quantified lipophagy in the deletion
mutants analyzed for changes in vCLIP formation. Cells lacking
ESCRT components were omitted, as a clear discrimination be-
tween LDs inside or outside the highly fragmented vacuole was
not possible. Plotting lipophagy as a function of LDO® co-
localization with the vacuolar membrane revealed that uniquely
the lack of Vac8 and its palmitoyliransferase Pfa3 precluded
vCLIP formation as well as lipophagy (Figure 4G). Despite
efficient vCLIP formation, cells lacking regulators of macroau-
tophagy such as Atg1, Atg6, and Atg8, all previously linked to lip-
ophagy,®° displayed reduced vacuolar LD uptake (Figure 4G).
Similarly, the loss of Atg14, which has been suggested to
mediate lipophagy through re-distribution to the vacuolar sur-
face,’® reduced LD uptake to some extent without affecting
vCLIP formation (Figure 4G). Microscopic analysis demon-
strated that Atg14%™ targeted the rim of some, but not all, vCLIP
established by the LDO proteins when cells were grown into
glucose exhaustion (Figure S3B). Collectively, this indicates
that key regulators of autophagy are not required for vCLIP for-
mation but contribute to vacuolar LD uptake.

Interestingly, we observed that NVJ inactivation impacted on
lipophagy but not vCLIP formation. Compromising NVJ forma-
tion by genetic ablation of Nvj1 or Mdm1 increased the vacuolar
uptake of LDs (Figure 4G). Mdm1 has been suggested to
mediate a three-way connection between ER, vacuole and LDs
to support localized LD biogenesis at NVJ in proximity to the vac-
uole.'®*7:52 Thus, we tested for co-localization of Mdm1 and the

Figure 4. Vac8 is required for vCLIP formation

(A-D) Micrographs of WT and indicated mutants expressing LDO®™ and Vph1™Ch®™, stained with MDH and analyzed at 48 h (A and C) and corresponding
co-localization analysis of Vph1™"®™ with LDOS (B and D). Mean + SEM; n = 4-10, at least 30 cells per n. Scale bars, 2 um.

(E) Schematics of Vac8 functions and interactors.

(F) Micrographs of cells lacking Vac8 interactors and expressing LDO®FP and Vph1™Che™, stained with MDH at 48 h. Scale bars, 2 pm.

(G) Relative lipophagy, determined by quantifying the ratio of MDH intensity inside/outside the vacuole, plotted against the Pearson’s coefficient for Vph1 mCherry
and LDO®P co-localization as in (B). Mean + SEM; n = 4-10, at least 30 cells per n.

(H) Micrographs of WT and AA/do cells expressing one or both splitVenus fragments fused to Vph1 (Vph1'™N) or Faa4 (Faa4"®), stained with FM4-64 and MDH at 48

h. Scale bars, 2 um.

(I) Micrographs in (H) were used to quantify the ratio of MDH intensity inside/outside the vacuole. Mean + SEM; n = 5-6, with 40-50 cells per n.

*p < 0.05, **p < 0.001, ns, not significant.
See related Figure S3 and Table S6 for statistical analyses.
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LDO proteins and indeed detected Mdm1%™" in close proximity
to a subpopulation of vCLIP (Figure S3B). Still, Mdm1 was
dispensable for vCLIP formation (Figures 4A and 4B), suggesting
a potential regulatory function at the ER-vacuole-LD interface.

Finally, we assessed whether bringing the LDs to the surface
of the vacuole was sufficient to induce lipophagy even in
absence of the LDO proteins. To this end, we fused Faa4 and
Vph1 to splitVenus fragments and established the reconstitution
of splitVenus via bimolecular fluorescence complementation
(Figure 4H). The enforced tethering of LDs to the vacuolar sur-
face did not restore the lipophagy defect of AAldo cells, suggest-
ing that the LDO proteins provide lipophagic function beyond
mere tethering (Figure 41).

Modification of the C terminus of Vac8 disrupts vCLIP
formation

Next, we tested for co-localization of endogenously expressed
LDOCP and Vac8™Seaet (Figure 5A). C-terminal tagging of
Vac8 has extensively been used in the field, mostly without im-
pairing Vac8 functions,”® and we confirmed that mScarlet-
tagging resulted in a functional protein based on growth
(Figures S4A and S4B). Interestingly, the C-terminal tagging of
Vac8 triggered the re-distribution of LDO®® to cover the com-
plete LD surface and precluded vCLIP formation, a phenotype
reminiscent of its distribution in Avac8 cells (Figures 4C and
5A). A similar disruption of contact formation was observed
when using HA as alternative epitope (Figure S4C), while N-ter-
minal tagging caused the loss of Vac8, most likely due to interfer-
ence with its palmitoylation and thus defective membrane
anchoring (Figure 5A). The interactions of Vac8 with Nvj1 and
Atg13 have previously been studied at the structural level,
showing that the last ARM repeat at its C terminus (ARM12) is
not involved in the interaction.’**®> As C-terminal tagging selec-
tively disrupted vCLIP formation while not affecting other Vac8
functions, we created a series of genomically encoded C-termi-
nal truncations of Vac8, successively deleting the o helixes of
ARM12 (Figure 5B). We monitored LDO®™ |ocalization in combi-
nation with the vacuole (using FM4-64) and LDs (using MDH)
(Figure 5C) and scored for LDO®FF —vacuole co-localization
(Figure 5D) as well as for accumulation of LDO®F" at vCLIP
versus the entire LD surface (Figure 5E). The truncation of the
last o helix («3) only slightly compromised contact formation
(Figures 5D and 5E), although vacuolar morphology was already
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affected (Figure 5C). Further truncation of ARM12 disrupted con-
tact formation, resulting in the spreading of LDO® across the
complete LD surface, reminiscent of Avac8 cells, and prominent
vacuolar fragmentation (Figures 5C-5E). To assess whether
these C-terminal truncations of Vac8 would also interfere with
well-established interactions, we used Nvj1%" to monitor NVJ
formation in cells harboring the Vac8 variants at the endogenous
locus. This revealed a similar pattern of disruption of Vac8 bind-
ing to its partner, here Nvj1 (Figures 5F and S4D). The progres-
sive loss of Vac8 interactions upon truncation of the a helixes
of ARM12 correlated well with the extent of growth arrest
(Figures 5G and S4E). As ARM12 does not directly contribute
to the interaction interface of the Vac8-Nvj1 complex, deter-
mined by crystallography,®*®° it is likely that these C-terminal
truncations impair a general aspect of protein structure. The re-
gions of both Nvj1 and Atg13 that interact with Vac8 are disor-
dered loops near their C-termini.>*>° Despite these sharing little
sequence homology, both loops run as extended peptides along
the minor groove of the ARM repeat superhelix. We used
ColabFold®® to examine if an interaction surface in Vac8 could
be predicted for Ldo16. Of the five best models obtained from
full-length sequences of both proteins, all showed a portion of
the disordered C terminus of Ldo16 in contact with the minor
groove of the Vac8 superhelix (Figure 5H), with the top ranked
model having the majority of the C terminus of Ldo16 making
multiple contacts with Vac8 (22 of 34 residues between 104
and 137 had > 8 contacts defined as atom centers <4 A apart).
Notably, the predicted position of Ldo16 is the same as that pre-
viously found for Nvj1 (Figure 5I). Thus, Ldo16 and Nvj1 might
bind to the same Vac8 groove, potentially competing for Vac8
interaction when Ldo16-decorated LDs enrich at the NVJs
shortly after glucose exhaustion. The elongated interaction sur-
face along the minor groove of Vac8 is well conserved despite
being spread across multiple ARM repeats (Figure 5J). The five
ColabFold models aligned Ldo16 in the same direction, which
was parallel to Vac8 (i.e., opposite to the direction of Nvj1 and
Atg13). According to this prediction, the C-termini of Vac8 and
Ldo16 would be in close proximity, and insertion of C-terminal
tags simultaneously on both proteins might interfere with their
interaction. To test this, we monitored LD localization in a strain
equipped with Vac8™S°a"®t and untagged LDO proteins. Indeed,
Vac8™Searet accumulated at sites where LDs made contact with
the vacuole when the LDO proteins were untagged (Figures 5K

Figure 5. Modification of the C terminus of Vac8 disrupts vCLIP formation

(A) Micrographs of cells expressing LDO®™

and Vac8, C- or N-terminally fused to mScarlet, after 48 h. Scale bars, 2 um.

(B) Schematics of the armadillo (ARM) repeat protein Vac8, highlighting ARM12 and generated Vac8 mutants.
(C) Micrographs of WT, Avac8 and cells endogenously expressing truncated Vac8 variants shown in (B) and LDO®™?, stained with MDH and FM4-64 at 48 h. Scale

bars, 2 um.

(D) Co-localization analysis of FM4-64 (vacuole) with LDOS

in cells from (C). Mean + SEM; n = 5-9, at least 30 cells per n.

(E) Quantification of cells in (C) according to LDOS™ distribution. At least 230 cells per genotype.
(F) Quantification of cells expressing Vac8 mutants according to Nvj1G " distribution from micrographs in Figure S4D. At least 90 cells per genotype.
(G) Optical density of WT, Avac8 and cells expressing Vac8 mutants after 10 h. Mean + SEM; n = 6.

(H) Predicted interaction model (ColabFold) of Vac8 and Ldo16.

(I) Predicted position of Ldo16 compared with the position established for Nvj1.

(J) Structural model of Vac8 in conservation scale with predicted interaction surface of Ldo16.
(K and L) Micrographs of WT and AA/do cells expressing Vac8™°"®!, stained with BODIPY493/503 at 48 h (K), and corresponding co-localization (L). Scale bars,

2 um. Mean + SEM; n = 10-11, at least 25 cells per n.
*p < 0.05, *p < 0.01, **p < 0.001.
See related Figure S4 and Table S6 for statistical analyses.
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and 5L). Overall, these results suggest that (1) Vac8 is recruited
to vCLIP and (2) C-terminal tagging of both proteins at the
same time interferes with vCLIP formation. Clustering of Vac8
at LDs was absent in AAldo cells, while clear Vac8 patches at
NVJs were visible (Figure 5K), demonstrating that the LDO pro-
teins are critical for Vac8 recruitment to vCLIP.

Vac8 interacts with Ldo16 and recruits LDs to cellular
membranes

We used electron microscopy and immunogold labeling to
test for a specific targeting of native Vac8 to vCLIP in glucose-
exhausted WT cells. As expected, we detected Vac8 at the entire
vacuolar membrane, with an enrichment at the NVJs (Figures 6A
and 6B). Of note, Vac8 in addition clustered at vacuolar mem-
brane regions that made contact with LDs and that often were
in the process of engulfing LDs, suggesting that Vac8 indeed ac-
cumulates at vCLIP. Next, we probed for a direct interaction be-
tween Vac8 and Ldo16. We co-expressed glutathione-S-trans-
ferase-tagged Vac8 (GST-Vac8) with the soluble form of Ldo16
(Ldo162N4® |acking the hydrophobic membrane domain; Fig-
ure 3C), fused to the solubility tag Sumo, in E. coli. GST pull-
down experiments revealed a direct interaction between Vac8
and Ldo16, with approximately 40% of the total expressed
Ldo16 protein co-purifying with GST-Vac8 (Figures 6C and
6D). Thus, the C-terminal part of Ldo16 is sufficient to form a
complex with Vac8.

To test whether Vac8 serves as a tether protein that recruits
LDs to cellular membranes, we reconstituted this process at
the nER, employing a previously established tethering system.*°
Fusion of the N-terminal half of Nvj1 to Vac8AN, a variant that
lacks the domains necessary to attach it to the vacuolar mem-
brane, drives the attachment of Vac8AN to the nuclear enve-
Iope.50 Importantly, ectopic expression of this nER-attached
Vac8 in Avac8 cells recruited LDs to the nER (Figure 6E). The
LDO proteins and Vac8 accumulated at concave nER patches
in which attached LDs were buried, suggesting that Vac8 is the
single necessary and sufficient component of the vacuolar mem-
brane that recruits LDs (Figures 6E and 6F). Notably, targeting
LDs to the nER resulted in a strong deformation of the nER at
sites enriched in LDO and Vac8, raising the possibility that the in-
teractions of these proteins at the interface between LDs and
cellular membranes support membrane bending to push LDs in-
ward. As a positive control to validate chimera functionality,
Vac8AN was fused to Vph1 to retain it at the vacuolar membrane,
which predicably resulted in co-localization of LDO®™ and Vac8
at the vacuole and LD attachment. Collectively, these data sug-
gest that Vac8 interacts with LDO proteins to establish vCLIP
and is sufficient to recruit LDs to an organelle, thus fulfilling the
formal criteria of a membrane contact site tether.’

Proteolysis associated with lipophagy depends on vCLIP

We quantitatively assessed the impact of defective vCLIP forma-
tion on lipophagic activity associated with proteolytic break-
down of cargo. To this end, GFP liberation from Faa4®" by
vacuolar proteases was followed by immunoblotting. Faa4®™
levels progressively decreased with time spent in glucose
exhaustion, which was accompanied by the simultaneous in-
crease of free GFP (Figures 7A-7C). Microscopic analysis
confirmed vacuolar uptake and breakdown of Faa4® " -deco-
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rated LDs (Figure S5A). Genetic ablation of the LDO proteins
reduced the level of free GFP but not Faa4®", suggesting a
drop in lipophagic activity (Figures 7A-7D). Notably, no GFP
liberation was detectable in cells devoid of Vac8 (Figure 7D).
Consistently, Avac8 cells did not sequester LDs into the vacuole
and displayed an increase in LD size comparable to AAldo cells
(Figures 7E-7G). While loss of Vac8 completely blocked lipoph-
agy, AAldo cells still maintained residual lipophagic activity.
Here, some LDs were still engulfed into the vacuole in particular
upon prolonged glucose exhaustion (72 h) (Figure 7F), and lip-
ophagy-associated proteolytic GFP liberation from Faad®™
was reduced but not completely blocked (Figures 7A-7D). This
suggests that LDO-independent mechanisms for lipophagy exist
that still require Vac8.

Disruption of vCLIP induces NVJ expansion and PMN
Vac8 is a key resident of both NVJs and vCLIP, raising the pos-
sibility of cross-talk via this shared and perhaps limiting compo-
nent. Indeed, inhibition of NVJ formation by removing Nvj1 or
both Nvj1 and Mdm1 resulted in increased uptake of LDs into
the vacuole (Figures 4G, 7E, and 7F). Additional loss of the
LDO proteins blocked this uptake. Vice versa, the inactivation
of vCLIP in AAldo cells affected NVJ size and shape, resulting
in expanded NVJs that frequently appeared fragmented due to
ongoing piecemeal microautophagy of the nucleus (PMN)
(Figures 7H and 71). This special form of microautophagy occurs
only at the NVJs and is characterized by vacuolar membrane
invagination that leads to the pinching-off of vesicles carrying
portions of nuclear cargo for subsequent vacuolar degrada-
tion.®” Electron microscopy demonstrated a 3-fold increase of
sections with PMN vesicles upon inactivation of vCLIP, and
often multiple PMN vesicles formed simultaneously along the
expanded NVJs (Figures 7J and 7K). Confocal microscopy using
Nvj1E™ confirmed a prominent increase of PMN in AAldo cells
(Figures 7L and 7M). Likewise, immunoblotting demonstrated
increased vacuolar GFP liberation from ij1GFP in these cells,
suggesting increased cargo turnover via PMN upon vCLIP inac-
tivation (Figures S5B-S5D). Conceptually, the mutually negative
regulation of NVJs and vCLIP is likely caused by a tug-of-war for
limiting Vac8 but may also involve compensatory cellular re-
sponses to maintain needed lipid flux to the vacuole. These re-
sults point to a functional link between the NVJ and the vCLIP,
both of which are established by Vac8 at the vacuolar membrane
and metabolically regulated.

DISCUSSION

The mobilization of fat stored in LDs plays a central role in both
physiological lipid metabolism and human pathology.'°%°° Lip-
ophagy, one of two routes for LD consumption, enables eukary-
otic cells to use lipids as an energy source under nutrient depri-
vation. This route requires docking of LDs to the lysosome/
vacuole before uptake by so far unknown means. Here, we
have identified the molecular machinery that tethers LDs to the
vacuole to enable LD consumption via lipophagy in yeast. The
LD-localized LDO proteins attach to the vacuolar ARM repeat
protein Vac8 to form vCLIP, the vacuole-LD contact site. We
demonstrate that vCLIP emerges specifically upon nutrient
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Figure 6. Vac8 interacts with Ldo16 and recruits LDs to cellular membranes

(A) Electron micrographs of immunogold labeling of WT cells (32 h) using a Vac8 antibody, with gold particles (red) and labeling density model. Scale bars, 500 nm.
(B) Quantification of Vac8 labeling density from (A) at indicated vacuolar membrane regions. Data points, mean (line) and SEM; n = 57 sections.

(C and D) Immunoblot of glutathione-S-transferase (GST) pull-down (bound) from total protein extracts (input) from E. coli co-expressing the soluble form of
Ldo16 (Ldo16M*9) fused to Sumo and GST or GST-Vac8. Representative blots (C) and corresponding quantification (D). Data points with mean (line); n = 3.
*indicates Ldo16 degradation.

(E) Micrographs of Avac8 cells expressing LDOSF” and ectopically expressing indicated constructs. Schematics depict distribution of Vac8 and LDO. Scale
bars, 2 um.

(F) Co-localization analysis of LDOSFF with mScarlet from micrographs in (E). Mean + SEM; n = 6, at least 30 cells per n.

*p < 0.05, **p < 0.01, **p < 0.001.

See Table S6 for statistical analyses.
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Figure 7. Disruption of vCLIP induces NVJ expansion and piecemeal microautophagy of the nucleus

(A-C) Immunoblotting of protein extracts from WT and AAldo cells expressing Faa4®™". Representative immunoblots (A) and corresponding quantification of
full-length Faa4®™ (B) and free GFP liberated from Faa4®” (C), normalized to GAPDH. Mean + SEM; n = 6.

(D) Immunoblot of protein extracts from WT, AAldo, and Avac8 cells expressing Faa4®™.

(E) Micrographs of WT and indicated mutants expressing Vph1™C"™  stained with BODIPY493/503 at 72 h. Scale bars, 2 um.

(F) Quantification of the ratio of BODIPY intensity inside/outside the vacuole from micrographs in (E). Line (mean); n = 3, at least 120 cells per n.

(G) Quantification of LD size frequencies fitted to a Gaussian distribution from micrographs in (E). At least 450 cells per genotype.

(H and 1) Micrographs of WT and AAldo cells expressing Nvj1 GFP and Vph1msearet gng corresponding quantification of NVJ size frequencies. 400-500 cells per
genotype. Scale bars, 2 um.

(J and K) Electron micrographs of AAldo cells (32 h) showing piecemeal microautophagy of the nucleus (PMN) (J) and quantification of PMN vesicles (K). n = 56
(WT), n = 84 (AAldo). Scale bars, 500 nm.

(L and M) Z projections of WT and AA/do cells expressing Nvj1%F and Vph1™Che™ (L) and quantification of PMN vesicles (M). Data points and mean = SEM; n =3,
at least 30 cells per n. Scale bars, 3 um.

*p < 0.05, **p < 0.01, **p < 0.001.

See related Figure S5 and Table S6 for statistical analyses.
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exhaustion and is critical for efficient LD consumption via
lipophagy.

The LDO proteins Ldo45 and Ldo16 were initially identified as
accessory factors of yeast seipin, contributing to spatial organi-
zation of LD biogenesis at the ER.*®*" Similar to the LDO pro-
teins in yeast, also the lipid droplet assembly factor 1 (LDAF1
alias promethin), the putative mammalian LDO homolog, sup-
ports LD biogenesis by interacting with seipin and subsequently
dissociates from seipin to target the surface of mature LDs.%%"
We demonstrate that at a later step, when nutrients are ex-
hausted, the LDO proteins establish vCLIP by redistributing to
defined Vac8-positive foci of adjacent vacuoles. Similarly, also
Pdr16, a cytosolic protein that is recruited to LDO-positive
LDs,*® redistributed to VCLIP in nutrient-exhausted cells. How-
ever, Pdr16 was not needed for either vCLIP formation or lipoph-
agy. Interestingly, vCLIP formation occurs independently of
several cellular processes and factors previously linked to lip-
ophagy, including vacuolar microdomain formation, the ESCRT
machinery and autophagy regulators.®':33:34:45:46.62 gj|| ' despite
efficiently forming vCLIP, several of the analyzed mutants, in
particular those defective in autophagy, displayed reduced
vacuolar LD uptake, demonstrating that vCLIP formation is a
prerequisite but not sufficient for successful lipophagy. Artificial
docking of LDs to the vacuole in absence of LDO proteins did not
restore lipophagy. Hence, mere contact formation does not
trigger vacuolar uptake of LDs, suggesting that LDO proteins
not only tether these organelles but in addition participate in
the sequestration step.

Our data demonstrate that both LDO proteins are able to form
vCLIP and to induce lipophagy, which contributes to long-term
survival under caloric restriction. Their differential expression
related to the cellular metabolic state likely reflects different roles
in LD biology, and only Ldo16 is transcriptionally upregulated
upon nutrient depletion. Our series of Ldo16 mutants revealed
that its N-terminal hydrophobic domains insert it into the ER,
its CAH redirects it to the LD surface, and its C-terminal intrinsi-
cally disordered peptide region directly binds Vac8 at the vacu-
olar surface. Formation of vCLIP and subsequent lipophagy was
prevented by deleting VACS8, and phenocopied by loss of Pfa3,
which palmitoylates Vac8 to anchor it to the vacuolar membrane.
Notably, re-targeting Vac8 to the nuclear envelope was sufficient
to re-route LDs to these sites, demonstrating that Vac8 is a
VvCLIP tether.

Multiple aspects of vacuolar homeostasis require the ARM
repeat protein Vac8, which interacts with Atg13 and Atg11 to re-
cruit the phagophore assembly site (PAS) to the vacuole to sup-
port bulk and selective autophagy, respectively, and interacts
with Nvj1 to form the NVJ.°%°"°7:63 Crystallographic studies
demonstrated that both Atg13 and Nvj1 interact with Vac8 via
disordered loops that associate with the minor groove of the
ARM repeat superhelix. According to ColabFold, the disordered
loop of Ldo16 is predicted to occupy the same groove. Thus,
Atg13, Nvj1 and Ldo16 might compete for binding, and Vac8
may switch from one binding partner to another to fine-tune mul-
tiple autophagic processes. Related to this, recruitment of the
selective PAS to the vacuolar membrane has been proposed
to derive from avidity-mediated Vac8-Atg11 interactions with
low affinity that are stabilized by a high local concentration and
limited diffusion of the interaction partners.®>®* The same
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concept of a body to be autophagocytosed acting as a platform
to concentrate Vac8 has been applied to the NVJ°° and now can
be seen in the context of LDs. Once an Ldo16-decorated LD
comes into proximity with the rim of the NVJ, it can access a
pool of highly concentrated Vac8, which exchanges its partner
from Nvj1 to Ldo16 to form vCLIP. This concept places Vac8
as a key regulator of autophagic processes during starvation,
with all of macroautophagy, PMN and lipophagy being routed
through the same final common pathway. In support of this,
we find that the loss of vCLIP formation upon genetic ablation
of the LDO proteins results in NVJ expansion and induction of
PMN. Vice versa, inactivation of NVJ formation triggers lipoph-
agy. Though a functional link between PMN and lipophagy re-
mains to be explored, our findings establish Vac8 as critical
regulator of the contact sites that enable delivery of diverse
cargo to the vacuole.

Limitations of the study

This study identifies the molecular tethering machinery critical to
attach LDs to the vacuole for subsequent en bloc uptake, but
knowledge gaps remain. How is the invagination of the vacuolar
membrane at vCLIP achieved to push LDs inward and drive their
uptake, and how do autophagy-related proteins contribute to
this engulfment? In addition, the process of LD consumption in-
side the vacuolar lumen remains elusive. While our data suggest
a slow and progressive consumption of LDs that supports long-
term viability in stationary phase, how such gradual neutral lipid
mobilization within the vacuole is mechanistically accomplished
remains to be explored.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-Rabbit IgG (whole SIGMA-ALDRICH Cat#A0545; RRID: AB_257896

molecule) - Peroxidase

Mouse monoclonal anti-GFP SIGMA-ALDRICH Cat#1814460001; RRID: AB_390913

Mouse monoclonal anti-GAPDH Thermo Fischer Cat # MA5-15738; RRID: AB_10977387

Rabbit polyclonal anti-Mouse 1gG (whole SIGMA-ALDRICH Cat#A9044; RRID: AB_258431

molecule) - Peroxidase

Goat anti-Rabbit IgG (H&L), 10 nm gold EMS Electron Microscopy Sciences Cat#25108
Rabbit monoclonal anti-Tubulin Abcam Cat#ab184970; RRID: AB_2819060
Rabbit anti-Vac8 Gift from Christian Ungermann N/A

Rabbit anti-GST Pfirrmann et al.®® N/A

Rabbit anti-Sumo Affinity-purified antibody from serum N/A
Chemicals, Peptides, and Recombinant Proteins

CellTracker Blue CMAC Thermo Fisher Cat#C2110
Clarity Western ECL Substrate BIO-RAD Cat#1705060
Tween-20 SIGMA-ALDRICH Cat#P5927
Formvar TAAB Cat#F004
KAPA SYBR Fast gPCR Master mix (2x) SIGMA ALDRICH Cat#KK4600
Lowicryl HM20 Polysciences Cat#15924-1
Sodium oleate SIGMA ALDRICH Cat#03880
Invitrogen Bodipy 493/503 Fischer Scientific Cat#11540326
Invitrogen FM4-64FX Fischer Scientific Cat#11574816
Monodansylpentane (MDH) Abcepta Cat#SM1000b
SuperScript Il Reverse Transcriptase Thermo Fisher Cat#18064014
TURBO DNase Thermo Fisher Cat#AM2239

Propidium iodide
IGEPAL CA-630
Protino Glutathione Agarose 4B beads

SIGMA-ALDRICH
SIGMA-ALDRICH
MACHEREY-NAGEL GmbH&Co- KG

Cat#81845-100MG
Cat# 18896-100ML
Cat#745500.10

Critical Commercial Assays

RiboPure RNA Purification Kit
Triglyceride Assay Kit

Thermo Fisher
Abcam

Cat#AM1926
Cat#ab65336

Experimental Models: Organisms/Strains

All yeast strains used in this study are listed in Table S1

Oligonucleotides

All oligonucleotides used in this study are listed in Table S3 (for gene deletion), Table S4 (for gene tagging), and Table S5 (for gene truncation and

mutation).

Plasmids used in this study

All plasmids used in this study are listed in Table S2

Software and Algorithms

Adobe illustrator CC 22.0.1
Affinity designer v1

Fiji

Image Lab 5.2.1 Software
IMOD

Graphpad PRISM (8.0)

Adobe

Serif (Europe) Ltd.

Schindelin et al.®®

BIO-RAD

the Regents of the University of Colorado
GraphPad Software
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RRID:SCR_010279
RRID:SCR_016952
RRID: SCR_002285
Cat#1709690

RRID: SCR_003297
RRID:SCR_002798
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

ZEN blue software control ZEISS RRID:SCR_013672
Black ZEN software ZEISS RRID:SCR_018163

guavaSoft 3.3 software

Luminex Corporate

N/A

Others

Ceta CMOS 16M camera

ChemiDoc XRS+ Imaging System
2300 EnSpire

Guava easyCyte HT

LSM780

LSM800

Plan-Apochromat 63x/1.40 Oil M27
objective

Reichert-dung Ultracut E Ultramicrotome
Roti-PVDF, pore size 0.45 um
Tecnai T12 electron microscope
Ultra 45° diamond knife

96 Well Microplate, clear, flat bottom
Wohlwend Compact 03

Oakton Glass Beads for Mills
Bioprep-24-Homogenizer
Emulsiflex-B15 homogenizer

FEI Co.

BIO-RAD
PerkinElmer
Luminex Corporate
ZEISS

ZEISS

ZEISS

C. Reichert

ROTH

FEI Co.

Diatome

Greiner BIO-ONE

M. Wohlwend GmbH
Thermo Fisher
Allsheng

Avestin

N/A
Cat#1708265
N/A
N/A
N/A
N/A
N/A

N/A

Cat#T830.1

N/A

N/A

Cat#655101

N/A
Cat#12614267
Cat#AS-13010-00
N/A

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Sabrina
Buttner (sabrina.buettner@su.se).

Materials availability
All materials generated in this study will be available from the lead contact.

Data and code availability
This study did not generate any unique datasets or code.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Yeast strains and genetics

All experiments were performed in BY4742 (MAT«; his3A1; leu2A0; lys2A0; ura3A0) or BY4741 (MATa his3A1; leu2A0; met15A0;
ura3A0). Yeast transformations were conducted as previously described, and deletion or endogenous tagging of genes via homol-
ogous recombination was performed following standard procedure.®” All yeast strains and plasmids used in this study are listed in
Tables S1 and S2, respectively. Oligonucleotides used in this study are listed in Table S3 (for gene deletion), in Table S4 (for gene
tagging), and in Table S5 (for gene truncation and mutation). The plasmids encoding Ldo45 or GFP-tagged Ldo45 (pRS313-spLdo45
and pRS313-spLdo45SF", respectively) were created by PCR amplification of respective fragments from the genome, excluding the
intron region and including the Ldo45 promoter, followed by fragment joining by overlapping PCR.®® For pRS313-spLdo45%F, a
yeGFP from pYM25 was C-terminally added. The final constructs were introduced into the pRS313 backbone using BamH| and
Xhol restriction sites. The pRS313-Ldo16 and pRS313-Ldo16% plasmids were constructed in the same way, amplifying the
genomic YMR148w region. Truncation mutants of Ldo16 and Ldo45 (Ldo16%°24, Ldo164°%*, Ldo162°%*, Ldo162N4°, Ldo162N72
Ldo45%C48) were created by amplifying the corresponding fragments from the pRS313-spLdo45% " or the pRS313-Ldo16%F
plasmid and fusing them by overlapping PCR, preserving the promoter, the yeGFP sequence and the plasmid backbone. To create
the Ldo16 variants carrying point mutations in the putative cationic amphipathic helix (pRS313-Ldo16%* and pRS313-Ldo162*F) the
point mutations were introduced in respective oligonucleotides, and the amplified fragments containing the mutated sites were
joined with overlapping PCR. The genomic single deletion of LDO16 (Aldo16) was created using the delitto perfetto approach.®®
Briefly, the open reading frame coding for Ldo45 and Ldo16 was first substituted with a cassette containing KIURA3 and kanMX4.

Developmental Cell 59, 1-17.e1-e5, March 25, 2024 e2


mailto:sabrina.buettner@su.se

Please cite this article in press as: Alvarez-Guerra et al., LDO proteins and Vac8 form a vacuole-lipid droplet contact site to enable starvation-induced
lipophagy in yeast, Developmental Cell (2024), https://doi.org/10.1016/j.devcel.2024.01.014

¢ CellP’ress Developmental Cell

OPEN ACCESS

Then, the sequence corresponding to spliced LDO45 was amplified from pRS313-spLdo45 and recombined to replace the cassette.
For plasmid construction for the Vac8-Ldo16 interaction assay in E. coli, a 2.9 kb DNA fragment was synthesized, encompassing
codon-optimized Ldo1650.14-RBS-GST-Vac8 with sequences homologous to pSUMO-YHRC. Following yeast homologous recom-
bination with pSUMO-YHRC as previously described,”® pCA1057 (coding for Sumo-Ldo16s50.145-RBS-GST-Vac8) was isolated as a
kanamycin-resistant clone. The derivative pCA1056 (coding for Sumo-Ldo165¢.148-RBS-GST) was constructed by Hindlll restriction
of pCA1057 to release VAC8 sequences followed by religation.

Yeast culturing conditions

All strains were grown in baffled Erlenmeyer flasks at 28°C and shaking at 145 rpm in synthetic complete medium (SC), containing 0.17%
yeast nitrogen base (BD Difco), 0.5% (NH,).SO, (Carl Roth) and 30 mg/I of all amino acids (except 80 mg/I histidine and 200 mg/| leucine
and, for the BY4742 strain, 120 mg/I lysine), 30 mg/l adenine and 320 mg/I uracil, with 2% glucose (SCD) or 0.4% glucose (SCD 0.4 %) for
caloric restriction. Plasmid-containing strains were grown in SCD without histidine, uracil or leucine. Overnight cultures were incubated
for 16-20 hin SCD and used to inoculate cultures to ODggg 0.1 in SCD, followed by culturing into glucose exhaustion and stationary phase.
For caloric restriction, overnight cultures in SCD were used to inoculate cells to ODggg 0.1 in SCD 0.4%, followed by culturing and rapid
exhaustion of the limited glucose. For nitrogen starvation conditions, cells were pre-inoculated at 0.01 ODggo and grown in SCD for 12 h,
washed with water and diluted 1:10 into SD without (NH,4)>SO,4 and amino acids (SD-N). For phosphate restriction, cells were inoculated in
SCD prepared using YNB without phosphate (FORMEDIUM). Phosphate was supplemented as NaH,PQO, to a final concentration of
0.2 mM (instead of 7 mM as in standard SCD), allowing regular growth but leading to early entry into stationary phase due to phosphate
exhaustion as described before.”"’? For oleate supplementation, cultures were inoculated to ODggg 0.1 in SCD and grown for 5 h before
addition of 0.5% sodium oleate (final concentration; dissolved in 0.1% Tween-20) (Sigma-Aldrich O3880) or of the respective solvent
control. For deletion and tagging of genes, yeast cells were grown in rich medium (YPD) containing 20 g/l peptone (Gibco Bacto BD Bio-
sciences), 10 g/l yeast extract (Bacto BD Biosciences) and 4% glucose. For subsequent selection of mutants, YPD plates containing
hygromycin B (FORMEDIUM, HYG5000), nourseothricin sulphate (Jena Biosciences, AB102XL) or G418 (Sigma-Aldrich, A1720-5G)
or SCD plates with all amino acids except for histidine, uracil or leucine, were used.

METHOD DETAILS

Analysis of cell growth

Cells from overnight cultures were used to inoculate 250 pl SCD to ODggg 0.1 in 96-well microplates with clear, flat bottom (Greiner
Bio-ONE). Plates were shaking at 999 rom and 28°C and growth was measured by monitoring ODggg every 2 h for 10 h using a plate
reader (2300 EnSpire, Perkin Elmer).

Flow cytometric analysis of cellular survival during aging

Cellular survival was determined using propidium iodide (PI) staining, indicative of loss of plasma membrane integrity and thus cell
death.”® Cultures were inoculated in standard glucose media with 2% glucose (SCD) or caloric-restricted media (SCD 0.4%) as
described above, and aliquots were collected at indicated days during chronological aging. Cells were transferred into 96-well plates,
pelleted by centrifugation at 3500 rpm for 1 min and resuspended in 250 pul PBS containing PI (Sigma-Aldrich, 81845) with a final con-
centration of 0.02 pg/ml (early days) or 0.1 pg/ml (late days), followed by incubation in the dark for 10 min. Cells were pelleted, re-
suspended in PBS and evaluated via flow cytometry using a Guava easyCyte HT with guavaSoft 3.3 software (Luminex Corporate).
5000 cells were analyzed per sample, and PI negative cells were scored as alive.

Immunoblot Analysis

6 ODgqg Of cells were harvested by centrifugation, lysed with lysis buffer (1.85 M NaOH; 7.5% B-mercaptoethanol) and incubated on
ice for 10 min. After addition of 55% TCA, samples were again incubated on ice for 10 min, centrifugated for 10 min at 4°C, and the
pellets were resuspended in urea loading buffer (200 mM Tris-HCI; 8 M urea; 5% SDS; 1 mM EDTA; 0.02% bromophenol blue; 15 mM
DTT; pH 6.8). Samples were incubated for 10 min at 65°C, centrifuged and the supernatant was loaded on 12.5% polyacrylamide gels
for separation via SDS-PAGE, followed by blotting on PVDF membranes (ROTH). Membranes were blocked in 5% milk/TBS (500 mM
Tris; 1.5 M NaCl; pH 7.4) and were fixed by incubating them shaking in acetone for 30 min at 4°C. Then membranes were dried at 50°C
for another 30 min, reactivated with 99% ethanol, washed and probed with antibodies against the GFP-epitope (dilution 1:2500,
mouse, Roche 181446001), a-Tubulin (dilution 1:10000, rabbit, Abcam, 184970), GAPDH (dilution 1:10000, mouse, Thermo Fischer,
MA5-15738), GST (dilution 1:5000, purified rabbit polyclonal antibody®®), Sumo (dilution 1:5000, rabbit, Smt3-affinity purified anti-
body from serum), and Vac8 (dilution 1:10000, rabbit, gift from Christian Ungermann) as well as respective peroxidase-conjugated
secondary antibodies against mouse (dilution 1:10000, rabbit, Sigma A9044) or rabbit (dilution 1:10000, goat, Sigma A0545). Clarity
Western ECL Substrate (BIO-RAD) and a ChemiDoc XRS + Imaging System (BIO-RAD) were used for detection. Densitometric quan-
tification was performed with Image Lab 5.2.1 Software (BIO-RAD).

Quantitative Real-Time PCR
To assess gene expression via qRT-PCR, approximately 30 ODggg of cells were collected and total RNA was purified using the
Ribopure-Yeast kit (Thermo Fisher, AM1926). Genomic DNA was digested using TURBO DNase (Invitrogen AM2238) according
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to the supplier’s protocol. 2 pg of total RNA was reverse transcribed with SuperScript transcriptase (Thermo Fisher, 18064014)
following the manufacturer’s instructions. gRT-PCR was performed in triplicates with the KAPA SYBR Fast gPCR Master mix
(Sigma-Aldrich, KK4600) using a Rotor-Gene Q (Qiagen) PCR cycler. Data are presented as fold changes using the comparative
Ct method (AACT)"* and UBCS6 as housekeeping gene. All primers used for qRT-PCR are listed in Table S5.

Quantification of total cellular triacylglycerol levels

10 ODgqp of cells, cultured for 48 h in SCD, were harvested, washed with cold PBS and resuspended in 5% IGEPAL CA-630 (Sigma-
Aldrich, 18896). Cells were mixed with glass beads and lysed with a Bioprep-24 homogenizer (Allsheng), using 3 cycles of 30 s. Similar
volumes of the resulting lysates, corresponding to similar amounts of cells, were used to measure triacylglycerol levels using the Tri-
glyceride Assay Kit (Abcam, ab65336) according to the manufacturer’s instructions. To account for background signal due to the
presence of diacylglycerol and in particular glycerol in the samples, each sample was corrected by a background control of its
own without addition of lipase. Thus, the values obtained without lipase addition were subtracted from the values obtained for the
same sample upon addition of lipase. Cells lacking the two acyltransferases Dga1 and Lro1 and hence almost completely devoid
of triacylglycerols were used as negative controls, resulting in values resembling background. Measurements were obtained by
recording fluorescence intensity (excitation at 535 nm; emission at 570 nm) with a plate reader (2300 EnSpire, Perkin Elmer).

Confocal Fluorescence Microscopy

1 ODgoo of cells were harvested at indicated time points, stained using indicated dyes as described below and seeded on 3% agar/
PBS (137 mM NaCl, 2.7 mM KCI, 10 mM NayHPQy,, 1.8mM KH,PO4; pH 7.4). The samples were imaged using a ZEISS LSM780 mi-
croscope equipped with an 63x/1.40 Oil M27 objective using the ZEN black software. For Figures 1G, 4H, and S3B, a ZEISS LSM800
Airyscan microscope equipped with an 63x/1.40 Oil M27 objective and the ZEN blue software control was used. Appropriate laser
and detector settings were applied to visualize endogenously tagged proteins (GFP, mCherry or mScarlet) or dyes. For LD stainings,
wells were incubated for 10 min in the dark with BODIPY493/503 (0.12 nM; Fischer Scientific, 11540326) or monodansylpentane
(MDH) (100 uM; AUTODOT Abcepta, #SM1000b) and then washed with PBS prior to seeding on agar-coated slides and microscopic
analysis. For vacuolar staining, cells were either incubated for 30 min in the dark with CellTracker Blue 7-amino-4-chloromethylcou-
marin (CMAC) Dye (1 mM; Thermo Fisher, C2111) and washed with PBS before imaging, or supplemented with FM 4-64FX (Invitro-
gen, 11574816) to a final concentration of 15 uM directly in the culture media until collecting the cells for microscopic analysis.

Image analysis and quantification

Images obtained with the ZEISS LSM800 Airyscan were first processed using the “Airyscan processing” algorithm in the ZEN blue
software. The open-source software Fiji®® was used to further process and quantify all confocal micrographs. To process the images,
Gaussian filtering (s = 0.8-1.5) was applied, followed by background subtraction (rolling ball radius = 25-50 pixels) and Unsharp mask
settings when required. Images from the same experiment were processed with similar settings. Brightness and contrast were
adjusted for each channel equally in individual experiments for analysis. The ratio of ‘LDs in/out’ of the vacuole using BODIPY
was calculated by automatically measuring Integrated Density (IntDen) ‘inside of vacuoles’ segmented with the Huang algorithm
and divided by the IntDen of ‘outside of vacuoles’ (calculated by subtracting the IntDen ‘inside the vacuoles’ from the IntDen of
the whole cell, segmented with YeastMate or Cellpose 2”°"%). ‘Relative lipophagy’ was obtained by calculating the ‘LDs in/out’ ratio
of MDH-stained cells and normalizing by the control averaged ratio. All intensity measurements were performed in the original, un-
processed images. LD size was quantified by segmenting LDs with the Yen algorithm and measurement of the area. Number of LDs
per cell was quantified by automated counting of the segmented LDs against the mask of segmented cells with Find Maxima. In both
cases, the results were analyzed with a frequency distribution and were fitted to a gaussian curve. The colocalization analysis to
obtain the Pearson’s and Manders M2 coefficients was performed with the JaCoP plugin, thresholding images with only Gaussian
blur, subtract background and Unsharp Mask adjusted. Quantification of cells according to LDOSF distribution (Figure 5E) as well as
according to NVJ formation using Nvj1 GFP (Figure 5F) in the Vac8 truncation mutants was performed manually using the Cell counter
plugin.

Transmission electron microscopy

For transmission electron microscopy, samples were prepared as described.® Briefly, a Wohlwend Compact 03 (M. Wohlwend
GmbH, Sennwald, Switzerland) was used for high-pressure freezing of samples, and freeze-substitution was performed for 1 h in
a Leica EM AFS2 (Leica Microsystems, Vienna, Austria) using the Leica reagent bath with a flow-through ring of 2% uranyl acetate
dissolved in 90% acetone and 10% methanol at -90°C.”” Samples were washed twice in acetone while the temperature was grad-
ually raised (2.9°C per h to -50°C). Samples were infiltrated with increasing amounts of Lowicryl HM20 (Polysciences, Warrington, PA,
15924-1) mixed with acetone (1:4, 2:3, 1:1, 4:1 and 100% 3x) at -50°C and a duration of 2 h per step. UV light was used to induce
polymerization for 72 h at -50°C, followed by 24 h at room temperature. A Reichert-Jung Ultracut E Ultramicrotome (C. Reichert,
Vienna, Austria) with an ultra 45° diamond knife (Diatome, Biel, Switzerland) was used to cut sections of 70 nm, which were collected
on copper slot grids coated with 1% Formvar (TAAB). 2% uranyl acetate in dH,O and Reynold’s lead citrate were applied for on-sec-
tion contrast staining.”® A Tecnai T12 electron microscope equipped with a Ceta CMOS 16M camera (FEI Co., Eindhoven, the
Netherlands) was used for imaging of samples at 120 kV. Quantification of LDs in direct physical contact with the vacuole or the
ER as well as PMN events per section was performed manually.
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Immuno-electron microscopy

For immunogold labelling, the sample blocks were prepared and embedded in HM20 resin as described above, as this sample prep-
aration has been shown to be amenable to immune-labelling.”® Grids with 70 nm-thick sections were fixed in 1% paraformaldehyde
in PBS for 10 min and blocked with 0.1% fish skin gelatin and 0.8% BSA in PBS for 1 h. For primary antibody labeling, samples were
incubated overnight with an antibody against Vac8 (dilution 1:30, rabbit, gift from Christian Ungermann), followed by 3x wash in PBS
for 20 min and 1 h incubation with a secondary gold-conjugated antibody (anti-rabbit IgG 10 nm gold; EMS Electron Microscopy Sci-
ences). After washing with PBS, glutaraldehyde (2.5%) was applied to the sections for postfixing for 1 h, followed by contrast staining
using uranyl acetate and Reynold’s lead citrate as described above. The detection of gold particles was done automatically using the
IMODfindbeads program®’ inside of an area including 30 nm (the size of the antibody sandwich plus the gold particle) on either side of
the membranes. Special drawing tools were used to efficiently model such areas in the IMOD suite of programs, followed by auto-
mated extraction of the quantification of the gold beads per area. Vac8 labeling density was quantified at vacuolar membrane regions
in contact with LDs (vCLIP), in contact with the nER (NVJs), not in contact with other organelles (vacuolar membrane) and at the nER
excluding the NVJs. In total, 57 sections were quantified, with varying numbers of data points for the 4 membrane categories, de-
pending on their presence in respective section.

Structural modelling

To model the conservation of the Vac8 surface, a multiple sequence alignment was made that focussed on Vac8 only using 2 rounds
of HHblits, which searches into a nr30 database (non-redundant above 30% identity). After the first iteration 106 hits were included
with e-value <1072°, After the second iteration, 294 proteins were included (e-value < 10™2). This excluded other Armadillo repeat
proteins. Aligned sequences were submitted along with the solved structure of Vac8 to the ConSurf server®' to obtain conservation
scores for residues on the surface scaled between 0-10. To model the interaction of Vac8 with Ldo16, ColabFold®® was seeded with
Vac8 residues (560 residues, 19-578, missing the disordered N-terminus) and full length Ldo16 (148 residues). The structure shown in
Figure 5H is the rank 1 model, for which a version was obtained with side-chains positioned in relaxed conformations.

Vac8-Ldo16 interaction assay

E. coli BL21(DE3) cells were transformed with pCA1056 and pCA1057 that co-express Sumo- Ldo16%M*° with GST or GST-Vacs8,
respectively. Cells were grown in salt free 2xYT (1.6% tryptone and 1% yeast extract) supplemented with 50 mg/L kanamycin
and 2 mM MgSO, at 30°C until ODgog reached 0.8-1. Protein expression was induced by the addition of 0.5 mM IPTG and
300 mM NaCl. The cells were harvested after 4 h and were resuspended in LWB150 lysis buffer (40 mM Hepes-KOH pH 7.4,
150 mM KCI, 5 mM MgCl,, 5% (v/v) glycerol, 1 mM PMSF, 10 mM B-mercaptoethanol) and lysed by three passages through a
Emulsiflex-B15 homogenizer (Avestin). The lysates were centrifuged at 19 000 g for 30 min at 4°C and the supernatants were incu-
bated with Protino Glutathione Agarose 4B beads (MACHEREY-NAGEL GmbH & Co. KG) for 2 h at 4°C. The beads were washed
thrice with LWB150 buffer and eluted with the same buffer containing 10 mM reduced glutathione. The proteins levels were analyzed
by SDS-PAGE and immunoblotting.

Statistical analysis

Data are presented either as dot plots, showing individual data points, mean (line) and error bars representing standard error of mean
(SEM), or as line graphs with symbols depicting mean and SEM (survival as well as protein and mRNA level) or as line graphs depicting
a gaussian non-linear regression fit histogram (frequency distribution). Sample size, referring to independent biological replicates, is
indicated in the respective figure legends. Statistical analysis was performed using GraphPad Prism (v8.0). Shapiro-Wilk’s test and
visual inspection of Q-Q-plots was used to check for normal distribution of data, and analysis of variance (ANOVA) with Tukey’s post
hoc test was used for comparisons between multiple groups. The equality of group variances was checked with the Brown-Forsythe-
Test. Due to unequal variances of data shown in Figures 2F and 6B, a Welch’s t Test or a Welch’s ANOVA with Dunnett T3 post hoc
test was used. Where appropriate, a two-way ANOVA, corrected with Tukey’s or Bonferroni’s multiple comparisons test, was applied.
Significances are presented as ***p<0.001, **p<0.01, and *p<0.05. Details for all statistical analyses performed are listed in Table S6.
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