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Lipid droplets (LDs) are the conserved organelles for the deposit of neutral lipids, and function as reservoirs of
membrane and energy sources. To date, functional links between autophagy and LD dynamics have not been fully
elucidated. Here, we report that a vacuolar putative lipase, Atg15, required for degradation of autophagic bodies, is
crucial for the maintenance of LD amount in the yeast Saccharomyces cerevisiae in the stationary phase. Mutant
analyses revealed that the putative lipase motif and vacuolar localization of Atg15 are important for the maintenance of
LD amount. Loss of autophagosome formation by simultaneous deletion of core ATG genes cancelled the reduction in
the LD amount in ATG15-deleted cells, indicating that degradation of autophagic bodies accounts for the functional
involvement of Atg15 in LD dynamics. The reduced level of LDs in the mutant strain was dependent on Tgl3 and Tgl4,
major lipases for lipolysis in S. cerevisiae. An altered phosphorylation status of Tgl3, higher accumulation of Tgl4, and
closer associations of Tgl3 and Tgl4 with LDs were detected in the ATG15-deleted cells. Furthermore, increased levels of
downstream metabolites of lipolysis in the mutant strain strongly suggested enhanced lipolytic activity caused by loss
of ATG15. Our data provide evidence for a novel link between autophagic flux and LD dynamics integrated with Atg15

activity.

Introduction

The lipid droplet (LD) functions as a main organelle for stor-
age of neutral lipids such as triacylglycerol (TAG) and sterol ester
(SE). These neutral lipids are packed into the core of LD, and
the surface of LD is surrounded by a phospholipid monolayer."
Although LD had been simply considered as an energy-storage
organelle, recent studies, most of which addressed yeast LD
dynamics, revealed other functions of LD such as those that sup-
ply membrane sources and in maintaining lipid homeostasis.”™*
Intriguingly, this organelle was found connected with other
organelles, such as the endoplasmic reticulum (ER), mitochon-
dria, peroxisomes, vacuoles/lysosomes, and also with autophago-
somes, which implies functional associations of LDs with lipid
metabolisms in these organelles.”” It is thought that LDs are gen-
erated from the ER, where several enzymes with acyltransferase
activity (Dgal, Lrol, Arel and Are2) synthesize neutral lipids,
leading to the budding of a nascent LD.® In fact, LDs are not
formed in an arelA are2A dgalA lroIA strain.”'°
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Degradation of LDs is mainly accomplished by lipases local-
ized on LDs, through a process known as lipolysis. In mamma-
lian cells, 2 types of enzymes function in lipolysis, one termed
LIPE/HSL (lipase, hormone-sensitive) controlled by a signaling
pathway through cyclic AMP, and PNPLA2/ATGL (patatin-like
phospholipase domain containing 2)."" There are no homologs
of LIPE in yeast, where most of the triacylglycerol is degraded by
2 lipases, Tgl3, Tgl4, which are localized on LDs in S. cerevi-
siae.'>'? Tgld is the functional ortholog of PNPLA2 in yeast,
harboring a characteristic patatin domain. Lipolytic activity by
Tgl4 plays an important role in supplying membrane sources
when quiescent (Go) cells are transferred to fresh medium.'*
Both Tgl3 and Tgl4 possess enzymatic activities in addition to
those as triacylglycerol lipases; Tgl3 has acyltransferase activity'”
and Tgl4 exhibits a lipase activity toward SE as well as acyltrans-
ferase activity.'

Recently, a degradation pathway of LD by autophagy (lipoph-
agy) was discovered.'” The relationship between autophagy and
LD in mammalian cells was originally reported in a study of
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hepatocytes,'® and subsequent findings based on electron micros-
copy confirmed that LDs are surrounded by autophagosomes in
mice."” In yeast cells, a similar phenomenon (incorporation of
LDs into the vacuole) was already reported in 1979.*° Recently,
it was reported that LDs are directly incorporated into the vacu-
ole through a microautophagic pathway, when cells are grown on
oleate and then transferred to a nitrogen starvation medium, or
when the cells are grown in synthetic complete (SC) medium to
stationary phase.m‘22 This process, termed microlipophagy, was
reported to require many A7G genes that are needed for macro-
autophagy. However, to date, little is known about the functional
relationship between LD dynamics and autophagy except for the
existence of lipophagy. In this study we carried out a comprehen-
sive analysis of LDs in atg mutants, and found that Atgl5 is spe-
cifically required for the maintenance of LD amount in post-
diauxic to stationary phases.

In yeast, vesicles transported into the vacuole through macro-
autophagy (macroautophagic bodies) are lysed by Atgl5, and
then the released contents including proteins are degraded mainly
by intravacuolar proteases.”> Atgl5 is also essential for the degra-
dation of the cytoplasm to vacuole targeting (Cvt) bodies and
multivesicular body vesicles in S. cerevisiae.**® In the denoted
yeast microlipophagy, Atgl5 is required for the vacuolar degrada-
tion of the neutral lipids in LDs.*" In this study, we revealed that
Atgl5 involvement in the maintenance of LD amount was
dependent on the protein’s putative lipase motif, and was can-
celed in multiple #z¢g mutants defective in macroautophagy, sug-
gesting that the activity of Atgl5> toward
macroautophagic bodies was critical for the maintenance of LD
amount. We further discovered that the Atgl5 contribution to
LD amount was dependent on the lipolytic enzymes Tgl3 and
Tgl4, whose in vivo activities were strongly suggested to be ele-
vated by loss of Atgl5. Altogether, this study provides a novel

enzymatic

insight to autophagic flux and LD dynamics.

Results

Deletion of ATGI5 causes a decrease in LD in the stationary
phase

To study the effects of autophagy on the dynamics of LD, we
carried out the quantification of TAG levels in the set of core azg
mutants (azglA through argl 8A), Y grown in SC medium for 3
d. We found that the TAG amounts (standardized with the opti-
cal density [ODggo] of the culture) varied depending on the
mutant strains. The TAG level was notably higher in azg2A,
vps30A/arg6A, and argl4A cells (Fig. 1 A). This result seems to
correlate with several lines of data in previous studies: One report
analyzing the functions of a mammalian Atg2 homolog showed
that this protein localizes on LDs and reduces LD amount,*® and
the other study reported that knockdown of the mammalian
Atgl4 homolog, a component of the class III phosphatidylinosi-
tol 3-kinase complex together with BECN1 (Vps30/Atg6 homo-
log), elevated TAG levels in liver and serum.”’

Interestingly, unlike other #zg mutants, the TAG amount in
atgl 5A cells was significantly lower than that in its parental wild-
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type cells (Fig. 1A). We also conducted fluorescence microscopy
of LDs by staining the organelle with BODIPY 493/503. The
number of LDs in the azg/5A strain was comparable to that in
the wild-type strain when the cells were grown in SC medium for
12 h to a mid-log growth phase (Fig. 1B-D). In contrast, the
number of LDs was found to be markedly smaller at the post-dia-
uxic phase in the atg/5A cells relative to that in the wild-type
cells (Fig. 1B-D). This drop in the number of LDs in the
atgl5A cells was evident throughout the culture period thereafter
(Fig. 1C and D). In accordance with the microscopy analysis,
the amounts of TAG and SE, the main components of LDs, in
the azgl 5A cells were about half those in the wild-type cells when
they were cultured in SC medium for 48 h (Fig. 1E and F). We
confirmed the induction of autophagy under this culture period
by the detection of GFP-Atg8 fluorescence in the vacuole (fluo-
rescence microscopy), as well as the detection of a cleaved band
from GFP-Atg8 (immunoblot analysis), in the cells cultured in
SC medium for 48 h (Fig. S1A and B). In contrast, fluorescence
microscopy of the vacuolar membrane (stained with FM 4-64
dye) and LD (stained with BODIPY 493/503) visualized few
LDs inside the vacuole of the wild-type and azgI5A cells 48 h
after the start of the culture (Fig. S1C). These results demon-
strate that Atgl5 functions in the maintenance of LD amount in
cells in post-diauxic to stationary phases, when autophagic activi-
ties, but not the morphological signs of stationary-phase lipoph-
22
agy,

are detected.

Vacuolar localization and the putative lipase motif of Atgl5
are important for the maintenance of LD amount

Fluorescence microscopy observation of cells with GFP-
tagged Atgl5 showed the diffusion of GFP fluorescence in the
vacuole, confirming that Atgl5 was accumulated in this compart-
ment (Fig. 2A). A previous work showed that Atgl5 harbors a
GXSXG putative lipase motif which is required for the degrada-
tion of autophagic bodies.”® Additionally, another study reported
that when the endogenous Atgl5 was replaced by an Atgl5 deriv-
ative with an HDEL motif (an ER retention/retrieval signal in
yeast) at its C terminus, the maturation of precursor Apel, the
main cargo of Cvt vesicles, was diminished.?* To address whether
the putative lipase activity and vacuolar localization of Atgl5 are
required for its functional involvement in LD dynamics, we
expressed in azgl5A cells an Atgl5 variant mutated within the
putative lipase motif, Atg15°****, or another Atgl5 variant fused
to the HDEL sequence (Atgl5-HDEL). Both the number of LD
and TAG level were markedly reduced in the mutants expressing
Atg15°33%4 than in the corresponding wild-type cells when they
were cultured in SC medium for 48 h (Fig. 2B and C). We con-
firmed ER localization of Atgl5-GFP-HDEL expressed with its
native promoter in atg/5A cells under the same culture condi-
tions (data not shown). The LD number and TAG level were
also found decreased in the mutant cells with Atgl5-HDEL cul-
tured in SC medium for 48 h (Fig. 2B and C). Thus, these
results indicate that the putative lipase activity of Atgl5 in the
vacuole is important for the LD maintenance in stationary phase.
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| Figure 1. For figure legend, see page 1250.
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Absence of macroautophagy suppresses the deficiency of LD
in atgI5A cells

Atgl5 activity in the vacuole disintegrates multiple types of
vesicles including those generated by the multivesicular body
pathway and autophagic bodies. In order to investigate whether
the involvement of Atgl5 in LD dynamics indeed requires auto-
phagic flux, we generated azg/A atgl5A cells (Fig. 3A). The
number of LDs and TAG level in atgIA atgl5A cells after cultur-
ing the cells in SC medium for 48 h was found to be comparable
to those in wild-type cells (Fig. 3B and C), indicating a cancella-
tion of the phenotype of the A7G15-deleted strain by the simul-
taneous deletion of the ATGI gene. This suggested that an Atgl-
dependent activity is a prerequisite for the Atgl5 involvement in
LD dynamics. Similar results were obtained for other azg mutants
defective in macroautophagy, as well as for a v2c8A mutant that
exhibits a significant drop in macroautophagic activity
(Fig. 3D).?° In contrast, in deletion mutants of A7G11, ATGI9,
ATG21, or ATG32, the genes for selective autophagic path-
ways,” > the number of LD was decreased by additional disrup-
tion of ATGI5 (Fig. 3D). These results indicated that the
function of Atgl5 in LD dynamics is dependent on macroauto-
phagic flux to the vacuole, but not on selective autophagy.

Next, we investigated whether accumulation of macroauto-
phagic bodies caused by another approach led to the same pheno-
type as that seen in the azg/5A cells. For this purpose we
generated a pep4A prbIA strain that is devoid of the main pro-
teases in the vacuole and accumulates macroautophagic bodies.*
After culture in SC medium for 48 h, this mutant strain exhib-
ited a significant reduction in the amount of TAG and the num-
ber of LD in comparison with the wild-type strain, similar to
atgl5A cells (Fig. 3E and F). Further deletion of the ATGI5
gene in the pep4A prb1 A strain had no affect on the TAG level
and the number of LD (Fig. 3E and F), strongly suggesting that
the proteases and Atgl5 act in the same process, that is, degrada-
tion of macroautophagic bodies.

In order to examine whether the LD amount was affected by
blockade of the autophagy flux at another step, namely the fusion
of autophagosomes with the vacuolar membrane, we generated
ypt7A and atgI5A ypt7A strains lacking a small GTPase protein
that is required for the fusion step.”® We found that 1) the num-
ber of LDs in ypt7A cells was slightly increased similar to that in
the wild-type cells, and unlike the decreased number of LDs seen
in the argl5A strain, and 2) further deletion of the ATGI15 gene
in the ypt7A cells did not cause a remarkable decrease in the

number of LDs (Fig. 3D). From these data we concluded that
the accumulation of autophagic bodies in the vacuole, not that of
autophagosomes in the cytoplasm, caused the decrease in the
amount of LDs. And the latter result was consistent with our
finding that the autophagic flux to the vacuole is a prerequisite of
Atgl5 involvement in LD dynamics.

The decrease of LDs in atgI5A cells is dependent on Tgl3
and Tgl4

For elucidating the molecular mechanism underlying Atgl5
function in the maintenance of LD dynamics, we hypothesized 2
possibilities responsible for the reduction of LD: 1) the synthesis
of LDs is reduced in azgI5A cells, or 2) the lipolytic activity is
augmented in azgl5A cells. To investigate the biosynthetic activ-
ity of LDs, we focused on 2 major acyltransferases, Dgal and
Lrol, acting in the final step of TAG synthesis.”” We generated
Dgal-3 x HA and Lrol-3 x HA to compare the amounts of
enzymes in cells in the steady state (48 h after the onset of the
culture), but found no detectable differences between the mutant
and wild-type cells (Fig. S2A). We also generated strains express-
ing Dgal-mCherry and Lrol-mCherry. Dgal moves from the
ER to LDs to synthesize TAG from DAG in the early stationary
phase.”® In both the wild-type and azgI5A cells, the Dgal-
mCherry signal exhibited ring-shaped patterns characteristic of
its ER localization, and it was not colocalized with the signal
from BODIPY 493/503 representing LD localization, when the
cells were cultured in SC medium for 48 h (Fig. S2B). In a pre-
vious study Lrol was found localized adjacent to LDs at the dia-
uxic phase.’® In contrast, fluorescence from Lrol-mCherry in the
48 h-cultured cells was not detected juxtaposed to LDs repre-
sented by the BODIPY 493/503 signal (Fig. S2B). Based on
these observations, the biosynthesis process of LDs was shown to
be inactivated both in the wild-type and azgI5A cells under the
conditions used for our analysis.

To investigate whether loss of Atgl5 caused a reduction in LDs
through lipolysis, we generated several mutants lacking the lipolysis
enzymes. Fluorescence microscopy of LDs in these mutant strains
indicated that while the numbers of the LDs in #g/3A and/or tg/4A
mutants were comparable to that in the wild-type strain, the sizes of
the LDs were augmented in the mutant strains. Notably, fluores-
cence microscopy with BODIPY 493/503-stained cells showed that
the numbers of LDs in atgl5A tl3A, atgl5A tgl4A and argl5A
tgl3A tgl4A were similar to that in the #g/3A, tg/4A, and tg[3A tgl4A
strains, respectively (Fig. 4A and B). The determination of TAG

as mean =+ SD. The asterisk indicates a P-value < 0.01.

Figure 1 (See previous page). Decreases in the amounts of LDs and neutral lipids by loss of Atg15 evident in the cells in post-diauxic to stationary
phases. (A) Relative TAG amounts in ATG gene-deletion mutants. Cells were harvested after growth in SC medium for 72 h, and the total lipids were
extracted for determination of TAG amount. The TAG amount was standardized with the optical density (ODgqo) of the culture, and the percentages of
the value relative to that of the wild-type strain were presented. Three independent experiments were plotted as mean =+ SD. (B) Representative growth
curves of wild-type (o) and atg15A (O) cells grown in SC medium. (C) LDs in the wild-type and atg15A cells grown in SC medium for the indicated time
periods were stained with BODIPY493/503 for fluorescence microscopy. The corresponding lightfield (DIC) images are also shown. Scale bar: 5 pm. (D)
Quantifications of LD numbers per cell in the wild type (e) or atg15A () strain during culturing in SC medium. Values represent means + SD. At least
100 cells were used for the calculation. (E) Comparison of TAG levels in the wild-type and atg15A cells grown in SC medium for 48 h. Three independent
experiments were plotted as mean =+ SD. The asterisk indicates that the difference between the mutant and wild-type cells is statistically significant (P-
value< 0.01). (F) Comparison of SE levels in the wild-type and atg15A cells grown in SC medium for 48 h. Three independent experiments were plotted
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levels also showed that deletion of 7GL3
and/or TGL4 cancelled the diminish-
ment of LD abundance caused by dis-
ruption of ATG15 (Fig. 4B). Thus,
Tgl3 and Tgl4 were found responsible
for the degradation of LDs in atgl5A
cells.

Next we compared the expression
levels of Tgl3 and Tgl4 between the
wild-type and azgI5A cells. Immuno-
blot analysis of Tgl3-3 x HA after nor-
mal SDS-PAGE showed no differences
in the protein amount between wild-
type and azgl5A cells at any growth
phases (Fig. 4C). However, when the
cell lysates were applied to Phos-tag
SDS-PAGE for better separating the
phosphorylated and nonphosphory-
lated populations of Tgl3-3 x HA, we
detected only the phosphorylated form
(possessing less mobility during the
electrophoresis) in the wild-type, and
both phosphorylated and nonphos-
phorylated forms of the protein in the
atgl 5A samples derived from 18-h and
24-h cultured cells (Fig. 4D). Since
these time periods corresponded to
those when a more remarkable decrease
in the LD amount was induced in
atgl5A  cells (Fig. 1D), this result
implied that loss of ATGI5 affected
the phosphorylation status of Tgl3,
leading to further activation of the
enzyme.

While the protein abundance of
Tgl4-3 x HA was found gradually
decreased during the culture period in
both the wild-type and azgl5A cells,
the decline of the Tgl4-3 x HA
amount was delayed in the azg/5A cells
(Fig. 4C). Thus, the enhanced degra-
dation of LDs in ag5A cells correlates
with a higher amount of Tgl4 in the
mutant than in the wild-type cells, as
well as with a different phosphoryla-
tion status of Tgl3.

In order to address the localizations
of the lipolytic enzymes, we carried out
fluorescence microscopy of Tgl3 and
Tgl4 tagged with mCherry after 48 h
culture in SC medium (Fig. 4E). The
signals from Tgl3-mCherry and Tgl4-
mCherry were found as grain-like pat-
terns in both wild-type and atgl5A
cells, but the colocalization frequencies

with LDs (stained with BODIPY 493/
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Figure 2. Enzymatic activity and vacuolar localization of Atg15 are required for the maintenance of LD
dynamics. (A) ATG15-deleted cells co-expressing GFP-tagged Atg15 and Vph1 tagged with mCherry (a
vacuole marker) under their own promoter regulations were grown in SC medium for 48 h. The cells
were harvested and subjected to fluorescence microscopy. The merged image consists of a green
image representing the GFP signal and a red image for the mCherry signal. The corresponding light-
field (DIC) image is also shown. Scale bar: 5 um. (B) Visualization of LDs in atg15 mutants by fluores-
cence microscopy. LDs were stained with BODIPY 493/503 after the cells were grown in SC medium for
48 h. Vector means the backbone plasmid for the expression of Atg15 variants (pRS316). The corre-
sponding lightfield (DIC) images are also shown. Scale bar: 5 um. (C) (Left columns) The relative
amounts of TAG in the denoted strains after 48 h culture in SC medium were determined and shown
so that the TAG level in the wild-type strain was presented as 100% and other values were normalized.
The error bars indicate SD values. (Right columns) The numbers of LDs in the cells shown in (B) were
counted and presented with SD values. At least 100 cells were used for the calculation. Statistical signif-
icance of the differences relative to the values of the atg715A strain harboring the vector was shown
with asterisks (P< 0.01) and dagger symbols (P < 0.05).
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503) were significantly higher in the azg/5A cells than in the
wild-type cells (Fig. 4E). This result showed consistency with the
decrease in LD amounts in the azg/5A cells.

Enhancement of lipolysis affects lipid metabolism
in atgI5A cells

In order to verify the upregulation of lipolytic activity in
atgl5A cells, we next carried out quantitative comparisons of
metabolites related to mobilization of TAG, between the wild-
type and atgl5A cells. As shown in Figure 5A, atgl5A cells cul-
tured in SC medium for 48 h contained higher levels of
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diacylglycerol (DAG) than wild-type cells under the same culture
conditions. The amount of free fatty acids (FFAs) was also higher
in azg15A cells than in the wild-type cells (Fig. 5B).

Next, we speculated that the increase in the products of
lipolysis (DAG and FFAs) could lead to enhanced production
of phospholipids in the ER. To address this question, we
quantified phospholipids in wild-type and azgl5A cells. We
found that the cellular phospholipid amount was higher in
atgl5A cells than that in wild-type cells (Fig. 5C). Since we
could not exclude the possibility that the higher level of phos-
pholipid amount in azgl5A cells was caused by accumulation
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Figure 4. For figure legend, see page 1254.

of autophagic bodies inside the vacuole, we also analyzed the
phospholipid amount in the microsomal (ER) fraction pre-
pared by subcellular fractionation. The phospholipid amount
in the fraction was also higher in azgl5A cells than in wild-
type cells (Fig. 5D). Additionally, we observed the localization
of Opil, a negative regulator of enzymes for phospholipid
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synthesis.*® This protein is localized on the ER when phospha-
tidic acid is abundantly present in the organelle. Opil-GFP
was observed on ER membrane only in the azg/5A cells, 48 h
after culturing in SC medium (Fig. 5E). These results indi-
cated that the mobilization of neutral lipids and the synthesis
of phospholipids are activated in azgl5A cells.
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Finally, we investigated whether the changes in lipid metabo-
lism by loss of Atgl5 affected the physiological state of the cells,
by comparing cell viabilities of the strains lacking ATGI, ATG15
and/or TGL3. While the cell viabilities of all the tested strains
were comparable up to 5 d after the start of the culture in SC
medium, the azgl5A strain exhibited a more remarkable loss of
viability than the wild type or even atg/A cells, after a prolonged
culture for 7 to 9 d (Fig. 5F). This result was consistent with a
previous study that investigated the cell viability of the azgl5A
strain under a nitrogen-starved condition.?® Of note, the loss of
viability found in the agl5A strain was partially suppressed by
further deletion of the 7GL3 gene (argl5A rgl3A; Fig. 5F), sug-
gesting that the enhanced lipolysis in the azg/5A strain contrib-
uted to the loss of viability of this mutant strain to some extent.

Discussion

Atgl5 was previously identified as the sole putative vacuolar
lipase for degradation of autophagic bodies in S. cerevisiae.***
To our knowledge, the only functional association of Atgl5 with
LD metabolism unveiled in S. cerevisiae was the enzyme’s partici-
pation in the final step of lipophagy.?' This previous study had
shown higher accumulation of TAG and lowered lipase activities
in the vacuoles of azg15A cells.”' In the present work, we revealed
that the number of LDs and the amount of neutral lipids were
remarkably lower in the azg15A strain, in comparison to the wild
type and the other tested @zg mutant strains cultured to stationary
phase (Fig. 1). Results from these 2 studies are not contradictory
to each other, since impairment of lipase activities in the vacuole
of the mutant may provide a signal resulting in enhancement of
lipolytic activity outside the organelle, leading to reduction in the
LD amount as a whole. It is also notable that under our culture
conditions, we were not able to detect the intravacuole popula-
tion of LDs reported in a previous report on lipophagy in the sta-
tionary phase,”” in the wild-type nor azgl5A cells (Fig. S1C).
Since we utilized a different medium from that used in the previ-
ous study and observed the LD dynamics at earlier time points
(up to 3 d) instead of the observation up to 7 d after the start of
the culture in the previous study, the phenotype of the azgl5A

strain found in this study was thought to be independent from
the outcome of lipophagy in the stationary phase.

Our findings uncovered the putative lipase’s important role in
the degradation of macroautophagic bodies in the stationary
phase, as the phenotype of the azg15A cells was suppressed by the
simultaneous deletion of A7G genes required for macroautoph-
agy (Fig. 3). The failure to degrade macroautophagic bodies is
thought to cause pleiotropic effects on the cell status. The most
plausible consequence from this failure is deficiencies of com-
pounds for the biosynthesis of cellular components, due to lack
of recycling flow from the vacuole. Another possibility is that the
remnant autophagic bodies inside the vacuoles of the mutant cells
alter the intravacuolar environments, rendering the cells exposed
to more stresses. Indeed, we detected a higher ROS accumulation
in argl5A cells than in the wild-type cells grown to stationary
phase (data not shown). These outcomes may cause signaling
events to enhance lipolytic activities as discussed below.

Atgl5 function in LD dynamics was investigated from the
viewpoints of biosynthesis and degradation of the organelle. We
could not detect any active populations of the TAG-synthesising
enzymes (Dgal and Lrol) under our culture conditions, or any
differences in protein abundance and localization of these
enzymes between the wild-type and azgl5A cells (Fig. S2). In
contrast, deletion of genes for lipolysis, 7GL3 and/or TGL4, sup-
pressed the reduction in LD and TAG amount in azgl5A cells
(Fig. 4A and B). Although the abundance of Tgl3 was found
constant during the culturing to stationary phase and no differ-
ence in the amount of the enzyme was detected between the
wild-type and azgl5A cells (Fig. 4C), the phosphorylation status
and localization of the protein were affected by loss of Atgl5: in
the argl5A strain, a nonphosphorylated population of the
enzyme was detected, but not in the wild-type cells, and Tgl3-
mCherry was found more closely associated with LDs in azgl5A
cells (Fig. 4D and E). A pioneering study on Tgl4 identified
phosphorylation events leading to activation of the enzyme.'* A
similar regulation may also exist for Tgl3 in the cells cultured to
stationary phase, and the detailed mechanism should be
addressed in the future.

In contrast to the constant expression of Tgl3, the intra-
cellular amount of Tgl4 declined after the diauxic shift

Figure 4 (See previous page). Tgl3 and Tgl4 are responsible for LD reduction in atg15A cells. (A) Fluorescence microscopy of LDs in the denoted lipoly-
sis mutant strains stained with BODIPY 493/503 after culturing in SC medium for 48 h. The corresponding lightfield (DIC) images are also shown. Scale
bar: 5 pm. (B) (Left columns) The relative amounts of TAG in the denoted strains after 48 h culturing in SC medium were determined and shown so that
the TAG level in the wild-type strain was presented as 100% and the other values were normalized. (Right columns) The numbers of LDs in the cells
shown in (A) were presented with SD values. At least 100 cells were used for the calculation. The asterisk and dagger symbols indicate that the differen-
ces of the values in comparison with the wild-type strain are statistically significant (P < 0.01) and the double asterisk indicates a P-value < 0.01. (C)
Wild-type and atg15A cells expressing Tgl3-3 x HA and Tgl4-3 x HA under their own promoter regulations were cultured in SC medium for the indicated
time periods and analyzed by immunoblot analysis with anti-HA and anti-Act1 (8 actin) antibodies. (D) Analysis of Tgl3-3 x HA phosphorylation status in
wild-type and atg15A cells. Protein extracts acquired after culturing in SC medium for the indicated time periods were separated by SDS-PAGE supple-
mented with 20 wM Phos-tag acrylamide, and then subjected to immunoblot analysis with anti-HA antibody. (E) Localizations of Tgl3-mCherry and Tgl4-
mCherry in wild-type and atg15A cells after 48 h culturing in SC medium are shown along with the LD patterns (stained with BODIPY 493/503). The
merged images are composed of green images representing the BODIPY 493/503 signal and red images for the mCherry signal. The corresponding light-
field (DIC) images are also shown. More than 200 dot patterns of the mCherry signal were assessed for their colocalization with the dot patterns of the
BODIPY 493/503 signal. The percentage of the mCherry dots showing complete colocalization with, partial association with, or separation from the BOD-
IPY 493/503 dots were presented in the top, middle, and bottom rows in the colocalization sections.
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(Fig. 4C), and the kinetics of Tgl4 diminishment were found
to be slower in atgI5A cells than in the wild-type cells
(Fig. 4C). In a mammalian experimental system, the amount
of PNPLA2 (the ortholog of Tgl4) is regulated by degrada-
tion via the ubiquitin-proteasome pathway.*' Thus, it is pos-
sible that yeast Tgl4 is also degraded by the ubiquitin-
proteasome pathway, whose activity is downregulated in
atgI5A cells after the diauxic phase.
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Figure 5. Increased levels of DAG, FFAs, and phospholipids in atg75A
cells. (A) Quantification of DAG amount in wild-type and atg715A cells
grown in SC medium for 48 h. The values from 3 independent experi-
ments were plotted as mean =+ SD. The asterisk indicates that the differ-
ence is statistically significant (P-value <0.05). (B) Quantification of FFA
amounts in wild-type and atg15A cells grown in SC medium for 48 h.
The values from 3 independent experiments were plotted as mean =+
SD. The asterisk indicates that the difference is statistically significant (P-
value <0.05). (€) Quantification of phospholipid amounts in wild-type
and atg15A cells grown in SC medium for 48 h. The values from 3 inde-
pendent experiments were plotted as mean £ SD. The double asterisk
indicates that the difference is statistically significant (P-value <0.005).
(D) Quantification of phospholipid amounts in microsome fractions of
wild-type and atg715A cells grown in SC medium for 48 h. The values
from 3 independent experiments were plotted as mean =+ SD. The aster-
isk indicates that the difference is statistically significant (P-value <0.05).
(E) Wild-type and atg715A cells expressing Opil tagged with GFP under
its own promoter regulation were cultured in SC medium for 48 h. Cells
were harvested and subjected to fluorescence microscopy. The GFP
images along with the corresponding lightfield (DIC) images are shown.
The arrows indicate Opi1-GFP signals exhibiting an ER-localization pat-
tern. Scale bar: 5 wm. (F) Cell viabilities of the denoted strains cultured in
SC medium for the indicated time periods were calculated by fluores-
cence microscopy of dead cells stained with phloxine B. The error bars
represent SD values.

A previous study revealed that mobilization of TAG by lipoly-
sis supported efficient biosynthesis of phospholipids in the ER.*?
Indeed, our data indicated a higher accumulation of phospholi-
pids in the ER of azgI5A cells, concomitant with the enhance-
ment of mobilization of TAG in the mutant (Fig. 5A-D). Opil,
a negative regulator of many phospholipid synthesis enzymes
that acts by sensing the abundance of phosphatidic acid at the
ER, % was localized on ER membranes in atgl 5A cells, but not in
the wild-type cells (Fig. 5E), validating the accumulation of the
phospholipid in azgl5A cells. While the enhanced accumulation
of phospholipids was deemed to be a consequence from the upre-
gulation of lipolysis, we could not exclude the possibility that the
other properties of Tgl3 and Tgl4, namely the acyltransferase
activities of these enzymes,">'® contributed to the elevated levels
of phospholipids in azgl5A cells. Such alternations in lipid
metabolism by loss of Atgl5 may have significant physiological
impacts, since atgl5A cells lose their viability during prolonged
culture in SC medium more quickly than the wild-type, or even
than azgIA cells, which was partially reversed by the loss of Tgl3
(Fig. 5F).

Although the association of Atgl5 in lipophagy was recently
analyzed,”' few studies have addressed the relation between gen-
eral autophagy and lipolysis. Altogether, our data presented in
this study suggested that degradation of autophagic bodies in the
vacuole by Atgl5 suppresses lipolysis after the diauxic shift.
These findings provide novel insight into the regulatory network
of lipid metabolism and autophagy.

Materials and Methods
Yeast strains, plasmids, and culture conditions

Saccharomyces cerevisine BY4741 (MATa his3AI  leu2A0
met15A0 ura3A0) was used as the parental wild-type strain. Cells
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were grown in SC medium containing 0.67% yeast nitrogen base
without amino acids (BD, 291940), 2% glucose, and 0.192%
(w/v) yeast synthetic drop-out medium supplements without
tryptophan (Sigma-Aldrich, Y1876-20G). All the strains and
plasmids used in this study are listed in Table S1 and Table S2.
The construction of plasmids for expressing Atgl5, Atgl5°>***
or Atgl5-HDEL in yeast cells was done as follows: The genomic
sequence covering the 5’ promoter, open reading frame, and 3'-
untranslated regions of ATG15 was amplified by PCR using pri-
mers as follows, forward; 5'-GCGTTCACAGTTCTCATTTA-
CACTGTAC-3, reverse; 5'~-GCATCCATTAGTTGATCTAG
ACCAGAAG-3/, then digested with Xbal and Xhol, and ligated
into Xbal/Xhol-digested pRS316, yielding the pMB100 plasmid.
Plasmids for expressing Atgl5°>*** or Atgl15-HDEL were gener-
ated by the inverse PCR method using pMB100 as a template,
which yielded pMB101 (encoding Atg15°****) and pMB102
(encoding Atgl5-HDEL). The plasmid for expression of Atgl5-
GFP was generated by the gap-repair cloning method:** a GFP-
coding DNA fragment was amplified by PCR and cotransformed
into yeast cells with a gene fragment that was amplified with
pMB100 as a template. The resultant plasmid encoding Atgl5-
GFP (pMB103) was retrieved form the yeast cells. The yeast
gene-deletion strains and the strains expressing the epitope-
tagged proteins other than Atgl5-GFP were obtained from
EUROSCARF or generated by a PCR-based transformation
method.* The construction of the double gene-deletion strain
was performed as described previously.* Successful gene disrup-
tions were verified by PCR.

The culturing of the cells in SC medium was done at 28°C
with a starting ODgpo = 0.1.

Lipid extraction and lipid analyses

Two ODgqp units of the cells grown in SC medium were har-
vested by centrifugation, washed once with distilled water, resus-
pended in 280 pL of 50 mM Tris-HCI buffer (pH 7.0), and
subjected to glass-bead disruption. Extraction of lipids from the
cell lysate was performed by the Bligh and Dyer method with
some modifications.“° Briefly, to the cell lysate obtained after the
glass-bead disruption, 1 ml of chloroform/methanol (1:2),
350 wl of chloroform, and 200 pl of distilled water were
successively added and mixed. The samples were centrifuged at
1,000 x g for 10 min and the organic phase was retrieved and
dried. For separations of neutral lipids, the dried samples were
dissolved in chloroform/methanol (2:1) and applied to thin layer
chromatography. TAG and SE were separated using silica gel
60 plates (Merck Millipore, 1.05721.0001) and solvent systems
of light petroleum:diethyl ether:acetic acid (30:70:2) followed by
light petroleum:diethyl ether (49:1).” For separations of DAG
and FFA, a mixture of chloroform:acetone:acetic acid (90:8:1)
was utilized as the solvent system. The separated lipids were visu-
alized by immersing the plates in 10% CuSO4 (w/v) solution
containing 10% H3PO4 (v/v) and by heating them to 120°C for
30 min. The quantifications of the lipid amounts were done by
densitometry using Image] software (NIH).“®

Quantifications of total phospholipids were conducted
according to the method established by Broekhuyse.* Briefly,
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total cell lipid extracts were applied to 2-dimensional thin layer
chromatography using chloroform:methanol:25% ammonia
(65:35:5) as the solvent system for the first dimension, and chlo-
roform:acetone:methanol:acetic acid:water (50:20:10:10:5) for
the second dimension. The spots for 5 phospholipids (phospha-
tidic acid, phosphatidylcholine, phosphatidylethanolamine,
phosphatidylinositol, and phosphatidylserine) visualized by stain-
ing with iodine vapor were scraped off from the plate, and sub-
jected to determinations of phosphorus.

Fluorescence microscopy

Cells were stained with BODIPY 493/503 (Invitrogen, D-
3922) in the dark for 10 min at room temperature, washed twice
with phosphate-buffered saline (137 mM NaCl, 10 mM
Na,HPOy, 2.7 mM KCl, and 1.8 mM KH,POy, pH adjusted
to 7.0 with HCI), and immediately subjected to microscopy.
Fluorescence microscopy was performed using an IX81 inverted
microscope (Olympus) equipped with Uplan Apo 100 x 1.35
oil iris objective lens. A XF104-3 filter set (Omega Optics) was
used for acquiring signals from BODIPY 493/503 and GFP, and
mCherry was visualized with a 546/512-nm bandpass excitation
filter, a 560-nm dichromatic mirror and a 575/640-nm bandpass
emission filter (Omega Optics). Images were processed by Adobe
Photoshop software.

For determinations of LD numbers, we manually counted the
grain-shaped signals from BODIPY 493/503 staining; when we
could discern several grain-shaped structures in one chunk of the
signal, we counted the chunk as several LDs.

Immunoblot analyses

Total cell lysates for the immunoblot analyses were prepared
as follows: Briefly, the cells were centrifuged, washed with dis-
tilled water, and resuspended in 0.2 M NaOH solution contain-
ing 100 mM dithiothreitol (DTT) for 10 min on ice. The
samples were mixed with 1/9 volume of trichloroacetic acid
(100% w/v), and after an additional incubation for 15 min on
ice, they were subjected to centrifugation at 13,000 x g for
5 min at 4°C. The pellet fractions were resuspended in acetone
and subjected to centrifugation at 13,000 x g for 5 min at 4°C.
The resultant pellet fractions were dried and resuspended in 1 x
SDS sample buffer (0.1 M Tris-HCI, pH 7.5, 2% SDS [Wako,
191-07145], 10% glycerol, 20 mM DTT, trace amount of bro-
mophenol blue), incubated for 5 min at 60°C, and then boiled
for 3 min. After centrifugation at 10,000 x ¢ for 1 min at room
temperature, the supernatant fractions were resolved by SDS-
PAGE. To detect phosphorylation-dependent mobility shifts of
Tgl3-3 x HA, the whole cell extracts were loaded onto 5.5%
SDS-PAGE gels containing 20 M Phos-tag acrylamide (Wako,
304-93521) and 100 pM MnCl,. The proteins separated by
SDS-PAGE were transferred to Immobilon P polyvinylidene
difluoride membrane (Merck Millipore, IPVH00010) using a
Trans-Blot SD semi-dry transfer cell (Bio-Rad, 170-3940JA),
and detected with the indicated antibodies: anti-HA antibody
(F-7) (Santa Crutz Biotechnology, sc-7392); anti-Actl anti-
body (Abcam, ab8224); anti-GFP monoclonal antiserum
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(Clontech, 632381); anti-mouse IgG conjugated with HRP
(MBL, PM009-7).

Chemiluminescence detection was done with the Western
Lightning kit (Perkin-Elmer Life Science, NEL105001EA) and
the signals were analyzed with Light-Capture II (ATTO,
2104451).

Cell fractionation

For the preparation of spheroplasts, cells were harvested by
centrifugation at 4,000 x ¢ for 5 min and washed twice with
sterilized water. The cells (0.5 g wet weight/ml) were resus-
pended in buffer A (Tris-HCI, pH 9.4, 10 mM DTT) and incu-
bated at 30°C for 20 min. Afterwards cells were washed once
with 1.2 M sorbitol (Wako, 198-03755) and suspended in buffer
B (1.2 M sorbitol, 20 mM phosphate potassium buffer, pH 7.4).
Zymolyase-100T (Nacalai Tesque, 07665-55) was added at a
concentration of 2 mg/g wet weight of the cells. The suspension
was incubated at 30°C with gentle shaking for 60 min. Sphero-
plasts were collected by centrifugation for 5 min at 1,500 x g,
and washed twice with 1.2 M sorbitol.

For microsome isolation, the spheroplasts were resuspended in
buffer C (5 mM MES-KOH, pH 6.0, 0.6 M sorbitol, 1 mM
KCl, 0.5 mM EDTA, 1 mM PMSF, and protease inhibitor
cockail [Roche, 11873580001]) and chilled on ice. The sphero-
plasts were homogenized with a Dounce homogenizer by apply-
ing 20 strokes using a tight fitting pistil. After centrifugation at
3,000 x ¢ for 5 min at 4°C to remove cell debris and nuclei, the
supernatant fractions were collected, and homogenized again,
and subjected to ultracentrifugation at 27,000 x g for 15 min at

4°C in a SW41Ti rotor (Beckman). The floating layers were
transferred to a new tube, and were subjected to ultracentrifuga-
tion at 40,000 x g for 30 min at 4°C in the SW41Ti rotor. The
pellet fractions consisting of highly enriched microsomes were
collected, resuspended in 100 mM phosphate-potassium buffer
(pH 7.9) and reserved at —80°C until use.

Assessment of cell viability

The cell viabilities were assayed by staining the cultured cells
with phloxine B (Nacalai Tesque, 27514-92) and fluorescence
microscopy, as described previously.”®
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