ARTICLE

¥
d QD Journal of
D9 Cell Biology

A novelinvitro assay reveals SNARE topology and the
role of Ykt6 in autophagosome fusion with vacuoles

Jiegiong Gao*, Fulvio Reggiori?®, and Christian Ungermann®3®

Autophagy is a catabolic pathway that delivers intracellular material to the mammalian lysosomes or the yeast and plant
vacuoles. The final step in this process is the fusion of autophagosomes with vacuoles, which requires SNARE proteins, the
homotypic vacuole fusion and protein sorting tethering complex, the RAB7-like Ypt7 GTPase, and its guanine nucleotide
exchange factor, Mon1-Ccz1. Where these different components are located and function during fusion, however, remains
to be fully understood. Here, we present a novel in vitro assay to monitor fusion of intact and functional autophagosomes
with vacuoles. This process requires ATP, physiological temperature, and the entire fusion machinery to tether and fuse
autophagosomes with vacuoles. Importantly, we uncover Ykt6 as the autophagosomal SNARE. Our assay and findings thus
provide the tools to dissect autophagosome completion and fusion in a test tube.

Introduction

Macroautophagy, hereafter referred to as autophagy, is an in-
tracellular degradation and recycling pathway highly conserved
among eukaryotes. During autophagy, cellular material such as
organelles and other cytosolic components are sequestered by a
double-membrane vesicle, the autophagosome, and then exposed
to lysosomal luminal content (Lamb et al., 2013b; Ge et al., 2014;
Shibutani and Yoshimori, 2014). In yeast, autophagosome diam-
eters typically range from ~300 to 900 nm (Baba et al., 1994).
Flux through the pathway culminates with autophagosome-
vacuole fusion, where the external autophagosomal membrane
fuses with the vacuole, releasing the inner single-membrane
vesicle into the lumen of this organelle. The generated auto-
phagic body is degraded by the resident hydrolases and the re-
sulting metabolites are then exported to the cytoplasm for reuse
(Klionsky et al., 2016).

How the autophagosome fuses with the vacuole (or the lyso-
some in metazoan cells) has not been fully characterized. It has
been assumed that their fusion follows a similar pathway as al-
most all fusion events involved in intracellular trafficking, which
includes requirements for a specific Rab GTPase, a tethering fac-
tor, and membrane-bound SNARE proteins (Lamb et al., 2013a;
Reggiori and Ungermann, 2017).

Rab GTPases are switch-like proteins with a C-terminal pre-
nyl anchor that require a guanine nucleotide exchange factor
(GEFs) to localize to a specific membrane. GEFs then trigger
exchange of bound GDP for GTP, which enables the Rab to bind

effector proteins (Goody et al., 2017). On vacuoles, the RAB7-like
Ypt7 binds to the homotypic vacuole fusion and protein sorting
(HOPS) tethering complex, a large hexameric complex with two
Ypt7-binding sites at opposite ends (Seals et al., 2000; Brcker
etal., 2012). HOPS can tether Ypt7-positive membranes (Hickey
and Wickner, 2010; Ho and Stroupe, 2015; Liirick et al., 2017),
but it also interacts with SNARESs, promoting their assembly and
lipid bilayer mixing of closely opposed membranes (Lobingier
and Merz, 2012; Baker et al., 2015; D’Agostino et al., 2017;
Orr et al., 2017).

Previous studies demonstrated that the biogenesis and fusion
of autophagosomes with the vacuole requires Ypt7, its GEF Monl-
Cczl; HOPS; the Q-SNARESs Vam3 (Q,), Vtil (Qy), and Vam7 (Q.);
the R-SNARE Ykt6; and the SNARE recycling machinery of Sec18
and Secl7 (Ishihara et al., 2001; Reggiori and Ungermann, 2017;
Gao et al., 2018). However, other SNAREs have also been impli-
cated in autophagosome biogenesis and fusion (Nair et al., 2011).
Given that essential SNAREs like Ykt6 and Vitil function in ER and
Golgi biogenesis as well (McNew et al., 1997; Fischer von Mollard
and Stevens, 1999; Dilcher et al., 2001), in vivo analyses of SNARE
mutants could cause indirect defects, which may be misleading
in the identification of the autophagosomal SNARE. We re-
cently demonstrated that Monl-Cczl is specifically recruited to
autophagosomes by LC3-like Atg8, where it loads Ypt7 onto the
autophagosomal membrane (Gao et al., 2018). Ypt7 on autopha-
gosomes could then allow vacuole-bound HOPS to tether and fuse
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autophagosomes with vacuoles. This process very likely func-
tions in a similar manner in metazoan cells (Hegediis et al., 2016).

Several assays have been established to follow autophagy in
vivo (Noda et al., 1995; Kirisako et al., 1999; Torggler et al., 2017).
Although they can point to the involved proteins, these assays
fail to dissect the specific requirements of proteins on mem-
branes. One major advantage of an in vitro assay with purified
components and organelles is the accessibility to the organelle
surface and the possibility to quantitatively alter the amounts of
specific proteins, which has been instrumental to unravel, for
example, the mechanism of homotypic fusion between vacuoles
(Wickner, 2010).

To unveil the mechanism of autophagosome-vacuole fusion
and the involved proteins, we have developed a reliable in vitro
autophagosome-vacuole fusion assay with purified organelles.
This assay allowed us to confirm the direct involvement of Ypt7,
HOPS, and Cczl-Monl in this event and identified Ykt6 as the au-
tophagosomal SNARE.

Results
Preparation of an autophagosome-enriched fraction
Autophagosomes fail to fuse with the vacuole and accumulate
in the cytoplasm upon deletion of VAM3 or YPT7 (Darsow et al.,
1997; Wurmser et al., 2000). These autophagosomes carry the
transmembrane autophagy protein Atg9 (Cebollero et al., 2012;
Yamamoto et al., 2012). To enrich autophagosomes from yeast,
we thus tagged Atg9 with 3xFLAG in vam3A and ypt7A cells, and
membranes from starved cells were separated by differential cen-
trifugation at 15,000 g. Atg9 accumulated in this pellet fraction
that contained high-density membranes when vam3A and ypt7A
strains, but not wild-type cells, were nitrogen starved (Fig. 1 A),
indicating that autophagosomes are enriched in this fraction.

As Vam3 is a bona fide vacuolar SNARE that arrives at vacu-
oles from the Golgi via the AP-3 pathway (Darsow et al., 1998), we
reasoned that autophagosomes from this mutant should have all
required fusion factors on their surface. We then enriched auto-
phagosomes as before, applied the corresponding P15 fraction to
an iodixanol step gradient, and collected fractions after centrif-
ugation. To biochemically and visually follow autophagosomes,
endogenous Atg8 was N-terminally fused with GFP (Kirisako et
al., 1999). All makers of autophagosomes (Atg9, Apel, and Atg8)
were enriched in the 10-20% interface of the iodixanol gradient
(Fig. 1 C). We collected this fraction and incubated it with an-
ti-FLAG agarose beads to further concentrate autophagosomes
by immunoisolation (Fig. 1, B and C). Upon elution with FLAG
peptide, we detected the autophagosome marker proteins in the
eluates, showing that these fractions indeed contained autopha-
gosomes (Fig. 1 C). Importantly, this preparation also presented
significant amounts of Ypt7, whereas organelle protein markers
for endosomes (Pep12), ER (Sec61), vacuoles (Pho8), Golgi (Sec7),
or mitochondria (Mgel) were depleted. We also observed the
SNAREs Vtil and Ykt6 in the eluate. These data show that auto-
phagosomes can be enriched following our procedure.

To determine whether the purified autophagosomes from
vam3A cells are intact, we performed a protease protection assay
(Fig. 1 D; Klionsky et al., 2016). If autophagosomes are closed,
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Figurel Purification of an autophagosome-enriched fraction. (A) Detec-
tion of autophagosomes by subcellular fractionation assay. The vam34 and
ypt7A mutants expressing 3xFLAG-tagged Atg9 were grown in YPD medium
and starved in SD-N medium for 3 h. Cells were opened, and proteins present
in the 15,000 g pellet (P15) fraction were analyzed by Western blot (see Mate-
rials and methods). (B) Scheme for autophagosome fusion on iodixanol gra-
dients. IP, immunoprecipitation. (C) Purification of autophagosomes. vam34
cells expressing 3xFLAG-tagged Atg9 and GFP-tagged Atg8 were grown in YPD
medium and then starved in SD-N medium for 3 h. P15 fractions were applied
to iodixanol density gradient centrifugation, and autophagosome-enriched
fractions were incubated with anti-FLAG beads. Bound autophagosomes were
eluted using the FLAG peptide. Eluates were collected, boiled in SDS sam-
ple buffer, and analyzed by SDS-PAGE and Western blotting against selected
proteins. Atg9, prApel, and Atg8 are autophagosome marker proteins. The
other marker proteins of organelles are endosomes (Pep12), ER (Sec61), vac-
uoles (Pho8), Golgi (Sec7), and mitochondria (Mgel), Golgi, and endosome/
vacuole (Vtil and Ykt6). FT, flow through. (D and E) Protease protection
assay. Autophagosome-enriched fractions were incubated with or without
proteinase K (PK) and/or Triton X-100 (TX100). Reactions were stopped by
addition of PMSF, boiled in SDS sample buffer, and analyzed by SDS-PAGE and
Western blotting. All data are representatives of at least three independent
experiments (C-E).
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then membrane proteins such as Atg8 are present on the auto-
phagosomal surface and luminal leaflet, and thus only part of it
is accessible by externally added protease (Klionsky et al., 2016).
We therefore treated autophagosomes with proteinase K in the
presence or absence of Triton X-100. In the absence of Triton
X-100, approximately half of GFP-tagged Atg8 disappeared and
was almost completely turned over in the presence of detergent
(Fig. 1D). In contrast, GFP-Atg8 disappeared completely, regard-
less of detergent addition, when we analyzed the open auto-
phagosomes obtained from a vam3A strain also lacking Atgl8,
a protein essential for autophagosome formation (Rieter et al.,
2013). We thus conclude that our procedure leads to the purifi-
cation of intact autophagosomes. We noticed that the detected
amount of GFP-Atg8 in the load was much less upon deletion of
Atgl8 than in the vam3A strain, showing that knockout of ATGI8
results in a block in the generation of autophagosomal structures
as expected (Barth et al., 2001; Guan et al., 2001).

We recently reported that Monl-Cczl is specifically recruited
to the preautophagosomal structures under starvation condi-
tions (Gao et al., 2018). To confirm that Monl-Cczl and Ypt7 are
present on complete autophagosomes, we traced both Cczl and
Ypt7 during autophagosome purification before conducting a
proteinase K protection assay as above. Although GFP-Atg8 was
still detectable in preparation exclusively exposed to proteinase
K, both Cczl and Ypt7 were completely degraded by the same
treatment (Fig. 1 E). These data indicate that complete autopha-
gosomes, ready to fuse with vacuoles, present Ypt7 and Monl-
Cczl on their surface.

Novel visual assay to monitor autophagosome-vacuole fusion
To establish an in vitro autophagosome-vacuole fusion assay,
we endogenously tagged the vacuolar membrane protein Vac8
with 3xmCherry in the protease-deficient pep4A strain and pu-
rified vacuoles following an established protocol (Haas, 1995).
Autophagosomes were purified from vam3A cells carrying GFP-
tagged Atg8 as before. We reasoned that the strongly reduced
vacuolar proteolytic activity in the pep4A cells should lead to an
accumulation of autophagic bodies carrying GFP-Atg8 within the
vacuole lumen during autophagosome-vacuole fusion (Fig. 2 A).

For our fusion assay, we used the established buffer conditions
for vacuole-vacuole homotypic fusion (Haas, 1995) and incubated
vacuoles with purified autophagosomes at 26°C in the presence
of ATP. At the indicated time points, samples were analyzed by
fluorescence microscopy to quantify the green fluorescent sig-
nal within vacuoles, marked by Vac8-3xmCherry (Fig. 2, A and
B). We interpreted the green fluorescence in the vacuole lumen
as rapidly moving autophagic bodies. We observed two distinct
events: (1) the association of autophagosomes to vacuoles, visible
as green puncta proximal to the red vacuoles, likely reflecting the
tethering between these two organelles, and (2) the accumulation
of green fluorescence within the vacuole lumen. The increase of
green fluorescence in the vacuole lumen depended on both tem-
perature and ATP, and it was completed after 60 min, similarly
to what was observed for homotypic vacuole fusion (Haas et al.,
1994; Fig. 2, B and C). These results strongly suggest that auto-
phagosomes initially tether and then fuse with the vacuole in our
in vitro reaction.

Gao etal.

Ykt6 in autophagosome fusion

To test the specificity of this reaction, we focused on the fu-
sion event and therefore used specific antibodies and established
inhibitors of vacuole fusion. In vivo analyses revealed that au-
tophagosome fusion with vacuoles requires the SNARE proteins
Vtil, Ykt6, Vam3, and Vam?7 (Fischer von Mollard and Stevens,
1999; Dilcheretal., 2001; Ishihara et al., 2001; Ohashi and Munro,
2010). However, it had not yet been established whether the es-
sential SNAREs Vtil and Ykt6 might have already affected ear-
lier steps of autophagosome formation. Importantly, and in
agreement with the observed fusion block in vivo, antibodies to
Vam3, Vam7, Ykt6, and Vtil strongly decreased the appearance
of intravacuolar green fluorescence, indicating impairment
in autophagosome-vacuole fusion (Fig. 2, C and D). This result
demonstrates that Vtil and Ykt6 are indeed directly involved in
fusion between autophagosomes and vacuoles. In contrast, an-
tibodies to the vacuolar SNARE Nyvl, which block vacuole ho-
motypic fusion (Ungermann et al., 1999), did not interfere with
this event (Fig. 2 D), in agreement with the fact that Nyv1 has
been shown to not be involved in autophagy (Fischer von Mollard
and Stevens, 1999). To further determine whether the autopha-
gosome-vacuole fusion depends on the Rab Ypt7, we used a pro-
miscuous and catalytic Rab GTPase-activating domain of Gypl,
named Gypl-46, which blocks fusion of vacuoles by inhibiting
Ypt7 (Brett et al., 2008; Zick and Wickner, 2012). This construct
also blocked autophagosome-vacuole fusion, as did an antibody
to Ypt7 (Fig. 2 D). Altogether, these data suggest that we estab-
lished a specific in vitro fusion assay that recapitulates the in vivo
fusion of autophagosomes with vacuoles.

HOPS and Mon1-Ccz1 drive tethering and fusion

The Ypt7 GTPases requirement implies that the HOPS tether-
ing complex promotes tethering and fusion of autophagosomes
with vacuoles. To assess the direct role of HOPS in autophagy,
we first analyzed autophagy in vivo. Previously, two tempera-
ture-sensitive (ts) alleles in the HOPS subunit Vpsl1 (i.e., vpsil-I
and vpslI-3) have been characterized (Peterson and Emr, 2001).
Vpsllis also present in the endosomal CORVET (class C core vac-
uole endosome tethering) complex, which shares four subunits
with HOPS (Balderhaar and Ungermann, 2013). Whereas the
vpsli-1allele impairs all HOPS functions, the vpslI-3affects spe-
cifically the endosomal pathway (Peterson and Emr, 2001), and
thus likely CORVET.

To monitor autophagy, we starved vpsll mutant cells express-
ing GFP-tagged Atg8 at permissive (24°C) or restrictive (37°C)
temperature and monitored delivery of GFP-Atg8 to the vacuole
lumen. Whereas vpsiI-3 cells were functional at both tempera-
tures, vpsli-1 cells accumulated GFP-Atg8 in large dots proxi-
mal to the vacuole if incubated at 37°C (Fig. 3 A). This indicates
that HOPS is indeed required for this fusion as implied before
(Wurmser et al., 2000; Gao et al., 2018).

To determine whether the HOPS complex promotes tethering
and fusion, we added the purified complex to the autophagosome-
vacuole fusion assay. In both the presence and absence of ATP,
HOPS promoted strong association of GFP-positive autophago-
somes with vacuoles (Fig. 3, Band C) and fusion (Fig. 3 D). The opti-
mal concentration of 50 nM was in the range of what was observed
for HOPS-stimulated vacuole-vacuole fusion (Liirick et al., 2017),
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whereas higher concentrations were inhibitory (Fig. 3 D). The Ypt7
GEF Monl-Ccz1 also stimulated fusion, but to a lesser extent than
HOPS (Fig. 3 D), which islikely limited by available Ypt7 and HOPS.

Ykt6 is present on autophagosomes

Autophagosome fusion with vacuole requires an autophagosomal
SNARE protein. In higher eukaryotes, this SNARE is Syntaxinl7
(Ttakura etal., 2012; Takéts et al., 2013). As shown here and impli-
cated by in vivo analyses previously (Darsow et al., 1997; Fischer
von Mollard and Stevens, 1999; Ishihara et al., 2001), yeast au-
tophagosome-vacuole fusion requires the SNAREs Vam3, Vam?7,
Vtil, and Ykt6, though it had not been clarified which SNARE is
on autophagosomes. We excluded the Q,-SNARE Vam3, which is
delivered to vacuoles via the AP-3 pathway (Darsow et al., 1998),
as autophagosomes from vam3A cells are fusion competent.

Gaoetal.
Ykt6 in autophagosome fusion
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Figure 2. Establishment of in vitro autopha-
gosome-vacuole fusion assay. (A) Scheme of
the autophagosome-vacuole fusion (top). Auto-
phagosomes were purified from vam3A cells
expressing Atg9-3xFLAG, and GFP-Atg8 were
starved for 3 h (bottom left). Vacuoles were
isolated from pep4A cells expressing Vac8-3xm-
Cherry (bottom middle), and then incubated with
autophagosomes at 26°C for 1 h with ATP (bot-
tom right). Fusion was analyzed by fluorescence
microscopy. Scale bar, 2 um. (B) Time course of
autophagosome-vacuole fusion. Autophago-
somes and vacuoles were purified as in A and
incubated at 26°C with ATP for the indicated
time. Fluorescence intensity of GFP-Atg8 in the
vacuolar lumen was quantified by Image) using
the region of interest manager tool. Separate
channels for GFP-Atg8 and Vac8-3xmCherry are
shown. Error bars represent standard deviations
of three independent experiments. Scale bar,
2 um. (C) Autophagosomes and vacuoles were
purified as in A and incubated at 26°C for 1 h with
or without ATP and with the indicated inhibitors.
Analysis was performed as in B. (D) Quantifi-
cation of the time course fusion experiments.
Error bars represent standard deviations of three
independent experiments. **, P < 0.01 (Student’s
ttest). All data are representative of at least three
independent experiments.
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Vam?7, a Q.-SNARE, was also unlikely because it lacks a trans-
membrane domain and specifically binds to phosphatidylinosi-
tol-3-phosphate on the limiting membrane of vacuoles via its
Phox homology domain (Cheever et al., 2001). We considered
it likely that yeast autophagosomes receive their SNAREs via
ER or Golgi-derived vesicles and thus focused on the promis-
cuous Q,-SNARE Vtil and the R-SNARE Ykt6, which have been
shown to function in multiple pathways (von Mollard et al., 1997;
Fischer von Mollard and Stevens, 1999; Dilcher et al., 2001). Both
SNAREs have the necessary membrane anchor (i.e., Vtil has a
transmembrane domain, whereas Ykt6 is bound to membranes
via C-terminal prenyl and palmitoyl anchors; von Mollard et al.,
1997; Fukasawa et al., 2004; Veit, 2004).

To determine which SNARE is present on autophagosomes,
we colocalized mCherry-tagged Ykt6 and Vtil with GFP-tagged
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Figure3. HOPSand Monl-Cczl mediate autophagosome-vacuole fusion. (A) A HOPS-specific mutant blocks in autophagy defects. Cells were transformed
with a centromeric plasmid expressing GFP-Atg8 under the control of the CUPI promoter (Gao et al., 2018), grown at 24°C in synthetic dextran complete
medium without uracil (SDC-URA), and then shifted to SD-N (N starved) for 2 h at 24°C or 37°C. Vacuoles were stained with FM4-64 and analyzed relative
to GFP-Atg8 by fluorescence microscopy. Scale bar, 2 um. (B) HOPS and Mon1-Ccz1 stimulates the fusion between autophagosomes and vacuoles. Purified
autophagosomes and vacuoles were incubated as in Fig. 2 in the presence or absence of 50 nM HOPS and 300 nM Mon1-Cczl. Scale bar, 2 um. (C) Tethering
is triggered by HOPS. Autophagosomes and vacuoles were incubated as in B, and Atg8-positive dots proximal to the vacuole were scored (n = 3). **, P < 0.01
(Student’s t test). (D) Titration of HOPS and Mon1-Ccz1 into the fusion assay. Fusion as observed in B was quantified. Error bars represent standard deviation

of three independent experiments. **, P < 0.01 (Student’s t test).

Atg8 in the same vam3A cells in vivo. Ykt6 appeared completely
cytosolic in nutrient-rich conditions (Fig. 4 A) but localized in
weak, yet distinct, puncta upon nitrogen starvation. Most of
these puncta were positive for GFP-Atg8 puncta. In contrast, we
observed no colocalization between Vtil and Atg8 puncta before
and after starvation (Fig. 4, A and B). These data show that Ykts,
but not Vtil, is recruited to autophagic membranes. We reasoned
thatbetter localization could be achieved if Ykt6 is overproduced.
We thus used a strain in which GFP-tagged Ykt6é was overpro-
duced from a GALI promoter (Meiringer et al., 2008). We in-
deed observed significant colocalization between GFP-Ykt6 and
mCherry-Atg8 puncta under starvation conditions in wild-type
cells (Fig. 4, C and D). The same was observed in a strain lacking
Vam3 (Fig. 4, C and D). Altogether, our results reveal that Ykt6
localizes to autophagosomes.

Gao etal.

Ykt6 in autophagosome fusion

To confirm that Ykt6 indeed localizes to autophagosomes, we
isolated these vesicles from our vam3A tester strain expressing
either endogenously tagged mCherry-Vtil or mCherry-Ykte.
When we colocalized these two SNAREs with GFP-Atg8 by flu-
orescence microscopy, only Ykté displayed significant overlap
with Atg8, whereas Vtil was only proximal to autophagosomes
and likely on contaminating endosomal and/or Golgi mem-
branes (Fig. 4, E and F). To further substantiate these observa-
tions, we added an antibody against either Ykt6 or Vtil to the
same autophagosome preparations. The addition of the Ykt6 an-
tibodies caused a clustering of the GFP-Atg8-positive autopha-
gosomal membranes, which was concomitantly accompanied
by a clustering and colocalization of the mCherry-Ykt6 signal.
For mCherry-Vtil, we observed just clustering without display-
ing significant overlap with GFP-Atg8 dots (Fig. 4, E and F). In
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Figure 4. Ykt6islocated onautophagosomes. (A) Localization of Atg8 relative to Ykt6 during normal growth and nitrogen starvation. vam34 cells expressing
GFP-tagged Atg8 and either mCherry-tagged Ykt6 or Vtil were grown in YPD or SD-N for 2 h and analyzed by fluorescence microscopy. Single planes of stacks
are shown. Scale bar, 5 pm. (B) Percentage of Ykt6 or Vtil puncta colocalizing with Atg8 under both conditions. The data were quantified from A. Error bars
represent standard deviation of three independent experiments. **, P < 0.01 (Student’s t test). (C) Cells expressing GFP-tagged Ykt6 under the control of the
GAL1 promoter were transformed with a centromeric plasmid expressing mCherry-Atg8 under the control of the TP/ promoter. Cells were grown in SGC-LEU or
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contrast, the antibody to Vtil did not lead to a colocalization of the
signals, which indicates that Vtil only clusters other membranes
that copurified with autophagosomes. Our combined in vivo and
in vitro data thus strongly support the notion that Ykt6 is present
on autophagosomes.

Ykt6 is required for the fusion of

autophagosomes with vacuoles

The localization of Ykt6 to autophagosomes prompted us to an-
alyze whether Ykt is also required for autophagosome-vacuole
fusion in vivo. ts mutants of Ykt6 have been characterized pre-
viously (Kweon et al., 2003). Among these, the ykt6-11 mutant
impairs the transport of CPY from the late Golgi to the vacuole
and possibly autophagy. To monitor autophagy, we expressed
GFP-tagged Atg8 in ykt6-11 cells and then starved the cells at ei-
ther the permissive (24°C) or restrictive (37°C) temperature. At
permissive temperature, GFP-Atg8 was sorted efficiently to the
vacuole lumen. However, at the restrictive temperature of 37°C,
GFP-Atg8 accumulated in dots proximal to the vacuole, which
sometimes showed a lumen (Fig. 5 A), similar to that observed
for the HOPS vpslI-I mutant (Fig. 3 A). These data agree with
our model that this mutant accumulates autophagosomes before
fusion with the vacuole, indicating that Ykt6 functions in auto-
phagosome-vacuole fusion.

To further confirm that Ykt6 is the autophagosomal SNARE
responsible for fusion with vacuoles in yeast, we purified au-
tophagosomes from either vam3A or ykté ts strains before per-
forming the fusion assay. We previously observed that some ts
mutants display their phenotype already without heat shock
due to the purification procedure (Ungermann et al., 1999). In
agreement, fusion was blocked when autophagosomes from ykt6é
ts mutant cells were used (Fig. 5, Band C). Our data are thus con-
sistent with our interpretation that Ykt6 is located on autopha-
gosomes and is required for fusion with the vacuole.

On membranes, Ykt6 is both prenylated and palmitoylated
(Fukasawa et al., 2004). We thus asked whether palmitoylation
is important for autophagy, taking into consideration that Ykt6
is so far the only factor among the Atg proteins that may require
this modification. Almost all palmitoylation in yeast is mediated
by seven polytopic membrane proteins with a central DHHC con-
sensus motif (Roth etal., 2006). To test the role of palmitoylation
in autophagy, we monitored GFP-Atg8 sorting by autophagy to
the vacuole lumen in several DHHC mutants (Fig. 5 D). Whereas
single deletions of the ER-localized Erf2 had no effect on auto-
phagy, deletions of five or six DHHC proteins (Roth et al., 2006)
strongly impaired autophagy (Fig. 5 D). Even though indirect,
these data agree with a requirement of palmitoylation of proteins
(such as Ykt6) for autophagy.

Finally, we used an in vivo assay to exclude Vtil as the autopha-
gosomal SNARE. It has been shown that transmembrane domains

of some SNAREs are dispensable, as long as the other SNAREs
that they are in complex with are firmly anchored to membranes
(Zick and Wickner, 2013; Chen et al., 2016). Cells expressing the
essential Vtil without a transmembrane domain (VtilATMD) are
viable (Chen et al., 2016), and we found that they also sustain
autophagy as monitored by starvation-induced migration of GFP-
Atg8 to the vacuole lumen (Fig. 5 E). Altogether, these data reveal
that Ykt6 is the autophagosomal SNARE in yeast.

Discussion

Autophagosomes need to acquire the machinery for their fusion
with lysosomes as they form de novo. Several studies identified
the involved machinery using in vivo experiment (Reggiori and
Ungermann, 2017), yet only in vitro assays allow us to unravel the
precise molecular function of all the participating factors, their
topology, and their regulatory crosstalk. Here, we present the de-
velopment of a novel in vitro assay to study the fusion between of
autophagosomes and the lysosome-like vacuoles. The assay relies
on a visual inspection of delivery of GFP-Atg8 into the vacuole
lumen after fusion, which we detect and quantify by fluorescence
microscopy. Our analysis reveals that autophagosome-vacuole
fusion requires the Rab Ypt7 GTPase, its GEF Monl-Cczl, the
HOPS tethering complex, and the SNAREs Vam3, Vam?7, Vtil, and
Ykt6, in line with previous in vivo analyses (Darsow et al., 1997;
Wurmser et al., 2000; Dilcher et al., 2001; Ishihara et al., 2001;
Peterson and Emr, 2001; Gao et al., 2018). Visual inspection of
the fusion reaction also allowed us to distinguish tethering of
autophagosomes to vacuoles, which depends on HOPS (Fig. 3),
and thus Ypt7 and its GEF, Mon1-Cczl (Nordmann et al., 2010;
Brécker et al., 2012; Langemeyer et al., 2018), and their final fu-
sion, which also requires SNAREs. By combining biochemical and
genetic analyses, we demonstrate that Ykt6 is the autophagoso-
mal SNARE. These findings nicely agree with the observations
of Bas et al. in this issue on the mechanism of autophagosome-
vacuole fusion.

Our observations agree with our working model on autopha-
gosome-vacuole fusion (Fig. 5 F). We recently showed that the
Monl-Cczl GEF requires Atg8 for its recruitment onto autopha-
gosomes (Gao etal., 2018), in line with observations in Drosophila
melanogaster (Hegediis et al., 2016). Once localized, Mon1-Cczl
recruits Ypt7 (or Rab7 in D. melanogaster) to autophagosomes.
This overall principle of autophagosome-vacuole tethering is
thus very similar to the one occurring between late endosomes
and vacuoles. In both cases, Ypt7isloaded on the incoming organ-
elle and is recognized by the vacuolar HOPS complex (Brécker et
al., 2012; Liirick et al., 2017).

Our in vitro and in vivo data show that Ykt6 is the autopha-
gosomal SNARE. Unlike many SNAREs, Ykt6 does not have a
transmembrane domain, but does contain C-terminal prenyl and

SG-N for 2 h and analyzed by fluorescence microscopy, and are shown as individual slices. Scale bar, 5 um. (D) Percentage of Ykt6 puncta colocalizing with Atg8
under both conditions. Data were quantified from C. Error bars represent standard deviation of three independent experiments. **, P < 0.01 (Student’s t test).
(E) Ykt6 localizes with Atg8 on purified autophagosomes. The vam3A mutant expressing 3xFLAG-tagged Atg9, GFP-tagged Atg8, and mCherry-tagged
Ykt6 or Vtil were grown in YPD medium and then starved in SD-N medium for 3 h. Isolated autophagosomes were then incubated with or without an
antibody against Ykt6 or Vtil. Scale bar, 2 um. (F) Quantification of Fig. 4 E. Error bars represent standard deviation of three independent experiments.

** P <0.01(Student’s ttest).
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Figure 5. Ykt6 is required for fusion of autophagosomes with vacuoles. (A) ykt6 mutant cells have impaired autophagosome-vacuole fusion. ykt6-11
ts cells expressing GFP-tagged Atg8 were grown at 24°C in YPD and then shifted to SD-N for 2 h at 24°C or 37°C. Vacuoles were stained with FM4-64 and
analyzed by fluorescence microscopy and are shown as individual slices. Scale bar, 5 pm. Scale bar for the inset, 0.5 um. (B) Purified autophagosomes from
ykt6 ts mutant cells cannot fuse with vacuoles in vitro. The vam3A or ykt6 ts strain expressing Atg9-3xFLAG and GFP-Atg8 were starved for 3 h before purify-
ing autophagosomes. Vacuoles were isolated from pep44 cells expressing Vac8-3xmCherry and then incubated with autophagosomes at 26°C for 1 h with or
without ATP. Scale bar, 2 um. (C) Quantification of Fig. 5 B. Error bars represent standard deviation of three independent experiments. **, P < 0.01 (Student’s
t test). (D) Palmitoylation is required for autophagy. Cells were transformed with a centromeric plasmid expressing GFP-Atg8 under the control of the CUPI
promoter (Gao et al., 2018), grown in SDC-URA, and then shifted to SD-N for 2 h. Data were analyzed by fluorescence microscopy, and a single plane from an
image stack is shown. (E) Autophagy is functional in cells expressing Vtil without a transmembrane domain (VtilATMD). Cells with the wild-type and VtilATMD,
expressing mCherry-tagged Atg8, were grown in rich medium and then shifted to SD-N for 2 h. Top: Western blot of whole-cell lysates of the indicated strains
using antibodies against Vtil and Vac8. Bottom: Fluorescence microscopy images of the indicated cells. Scale bars for D and E, 5 um. (F) Working model of
autophagosome-vacuole (AV) fusion. Red lines indicate the involved R-SNARE Ykt6 and Q,,-SNAREs (Vam3, Vam7, and Vtil). Mon1-Ccz1 and Ypt7 are on the
autophagosomes, and Ypt7 is shown to be associated with the HOPS complex.

palmitoyl anchors. It was initially thought that Ykt6 would not
be sufficient to promote complete fusion, as a lipid anchor spans
just one leaflet of a membrane (McNew et al., 2000). However,
even fusion of transmembrane-anchored SNAREs fails if their
concentration on membranes is too low, suggesting the need of
additional machinery (Zick and Wickner, 2016). Reconstitution
of vacuole-vacuole fusion and fusion of synaptic vesicles with
the plasma membrane unraveled that SNAREs at their physio-
logical concentrations function together with large tethering
complexes and Secl/Muncl8 proteins (Zick and Wickner, 2016;
Lai et al., 2017; Wickner and Rizo, 2017). These tethering com-
plexes also provide the essential volume to trigger the transition
from hemifusion to fusion and thus have to be considered as an
essential component of the fusion machinery, which cooperates
with SNAREs (D’Agostino et al., 2017). Lipid-anchored SNAREs
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are therefore as functional as transmembrane SNAREs (Rohde
etal., 2003; Xu et al., 2011). In agreement with this, we observed
defective autophagy if palmitoylation is compromised (Fig. 5D),
which could reflect inefficient Ykt6 palmitoylation.

Ykt6 is a highly conserved eukaryotic R-SNARE and func-
tions in SNARE-mediated fusion at the ER, Golgi, endosomes,
and vacuole (McNew et al., 1997; Ungermann et al., 1999; Tsui
and Banfield, 2000; Dilcher et al., 2001; Hasegawa et al., 2003;
Dietrich etal., 2005; Meiringer et al., 2011). As autophagosomes
form from multiple membrane sources, Ykt6 likely arrives on
autophagosomes via ER- or Golgi-derived vesicles, but a differ-
ent origin cannot be excluded. Ykt6 requires palmitoylation
for function, which likely occurs at the ER or Golgi via the re-
dundantly acting DHHC acyltransferases (Mitchell et al., 2006;
Linder and Jennings, 2013). Considering that Ykt6 transport
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Table 1. Strains used in this study

Strains Genotype Source
BY4741 MATa his3A1 leu2A0 met15A0 ura3A0 Euroscarf Library
SEY6210 MATa leu2-3 leu2-112 ura3-52 his3-A200 trp1-A101 lys2-801 suc2-A9 GAL F. Reggiori
BJ3505 MATa pep4A::HIS3 prb1-A1.6R lys2-208 trp1A101 ura3-52 gal2 B. Jones, Carnegie Mellon
University, Pittsburgh, PA
CUY10047 BY4741; ATG9-3xFLAG::hphNT1 This study
CUY10048 BY4741; vam3A::kanMX ATG9-3xFLAG::hphNT1 This study
CUY10049 BY4741; ypt7A::kanMX ATG9-3xFLAG::hphNT1 This study
CUY10050 BY4741; ATG9-3xFLAG::hphNT1 pRS416-pCuGFP-ATGS8::URA This study
CUY10051 BY4741; vam3A::kanMX ATG9-3xFLAG::hphNT1 pRS416-pCuGFP-ATG8::URA This study
CUY10052 BY4741; ypt7A::kanMX ATG9-3xFLAG::hphNT1 pRS416-pCuGFP-ATG8::URA This study
CUY10171 BY4741; vam3A::kanMX ATG9-3xFLAG::hphNT1 GFP-ATG8::natNT2 This study
CUY10447  BJ3505; VAC8-3xmCherry::natNT2 This study
CUY10922 BJ3505; VAC8-3xmCherry::natNT2 atg15A::TRP This study
CUY10923 BY4741; vam3A::kanMX ATG9-3xFLAG::hphNT1 GFP-ATG8::natNT2 atg15A::HIS This study
CUY13332  SEY6210; mel-ykt6-12 ATG9-3xFLAG::hphNT1 This study
CUY11466 SEY6210; mel-ykt6-11 pRS416-pCuGFP-ATGS8::URA This study
CUY11467 BY4741; ykt6A::MET pRS403-GAL1pr-YKT6-GFP::HIS vam3A::natNT2 This study
CUY11468 BY4741; ykt6A::MET pRS403-GALIpr-YKT6-GFP::HIS vam3A::natNT2 pRS415-pmCherry-V5-ATG8::LEU This study
CUY11469 BY4741; ykt6A::MET pRS403-GAL1pr-YKT6-GFP::HIS pRS415-pmCherry-V5-ATG8::LEU This study
CUY11470  MATa his3A leu2A ura3A pRS416-pCuGFP-ATGS8::URA This study
CuY11471 MATa his3A leu2A ura3A erf2A pRS416-pCuGFP-ATGS8::URA This study
CUY11472  MATa his3A leu2A ura3A akr1A ark2A pfa5A:G418R YCK2(CCIIS)::Lys2 pfa3A::LEU pfad/ This study
PRS416-pCuGFP-ATGS::URA
CUY11473  MATa his3A leu2/ ura3A akr1A ark2A pfa5A::G418R YCK2(CCIIS)::Lys2 pfa3A pfadA GAL-ERF2 This study

pRS416-pCuGFP-ATG8::URA

requires an intact endomembrane system, any fusion defect at
the Golgi or ER could potentially cause an impairment of auto-
phagy. The same will apply to the only conserved transmem-
brane protein of autophagy, Atg9. Interestingly, metazoan cells
use a different SNARE, Syntaxinl7, which is recruited onto au-
tophagosomes after their completion and likely requires a spe-
cific machinery for its targeting to autophagosomes (Itakura
et al., 2012; Takéts et al., 2014; Arasaki et al., 2015; Kumar et
al., 2018). However, two recent studies, which were published
while this study was under review, also demonstrate a role of
YKT6 in autophagosome-lysosome fusion in metazoan cells
(Matsui et al., 2018; Takéts et al., 2018). Both studies find defec-
tive fusion in the absence of YKT6 and detect YKT6 on autopha-
gosomes in either D. melanogaster or mammalian cells yet differ
in their interpretation of the protein’s function in fusion. While
Takats et al. (2018) suggest a regulatory role of YKT6 in Syn-
taxinl7-dependent fusion, Matsui et al. (2018) have evidence
for a direct role of YKT6 as an alternative SNARE in fusion. Our
results also suggest that Ykt6 is the SNARE of autophagosomes
in yeast, which could be the more ancient role of Ykt6 in auto-
phagy. This does not exclude an additional function of YKT6 as
a supporting SNARE in Syntaxinl7-mediated fusion (Takats et
al., 2018), which deserves further exploration.

Gaoetal.
Ykt6 in autophagosome fusion

In vitro fusion assays have been of fundamental importance
to dissect the involved machinery in homotypic vacuole fusion
(Wickner and Rizo, 2017) and recently in endosome-vacuole fu-
sion (Karim and Brett, 2018; Karim et al., 2018). While enzymatic
assays facilitate manipulation, visual assays allow the direct in-
spection of tethering and fusion. Our work, together with the
study of Bas et al. (2018), provides a novel assay to address fun-
damental questions regarding the mechanism and regulation of
autophagosome-vacuole fusion and may even be extended to the
analysis of autophagosome completion before fusion.

Materials and methods

Yeast strains, molecular biology, and antibodies

Strains used in this study are listed in Table 1. Deletions and
tagging of genes were done by PCR-based homologous recom-
bination with appropriate primers (Puig et al., 1998; Janke et al.,
2004). pRS416-pCuGFP-ATGS and pRS415-pmCherry-V5-ATGS
were generated in the Reggiori laboratory.

Antibodies against Vam?7, Vitil, Ykt6, Vam3, Atg8, and Apel have
been described (Ungermann and Wickner, 1998; Ungermann et
al., 1998, 1999; Mari and Reggiori, 2010). Antibodies against Ypt7
and Sec61 were gifts from William Wickner (Dartmouth Medical
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School, Hanover, NH), against Mgel from Walter Neupert (Uni-
versity of Munich, Munich, Germany), against Pepl2 from Scott
Emr (Cornell University, Ithaca, NY), and against Sec7 from Chris
Fromme (Cornell University, Ithaca, NY). Antibodies against GFP
were obtained from Roche.

Purification of proteins

HOPS and Monl-Cczl were purified from an overexpression
strain via the tandem affinity tag as described before (Liirick
et al., 2017; Gao et al., 2018). Yeast cells were grown in YPG (1%
yeast extract, 1% peptone, and 2% galactose) at 30°C to an ODgpg
of 6, harvested, and lysed in lysis buffer (300 mM NaCl, 50 mM
Hepes-NaOH, pH 7.4, 1.5 mM MgCl,, 1xFY protease inhibitor mix
[Serva], 0.5 mM PMSF, and 1 mM DTT). After centrifugation of
lysates for 1h at 100,000 g, the supernatant was incubated with
IgG Sepharose beads (GE Healthcare) for 2 h at 4°C with in lysis
buffer containing 10% glycerol. Collected beads were washed with
ice-cold 15 ml lysis buffer containing 10% glycerol and 0.5 mM
DTT. Bound proteins were eluted by tobacco etch virus protease
cleavage overnight at 4°C (Mon1-Ccz1) or 1 h at 16°C (HOPS). Pu-
rified proteins were analyzed on SDS-PAGE. Purification of His-
Sec18 was done as described previously (Liirick et al., 2017).

Light microscopy and image analysis

Yeast cells were cultured in YPD (1% yeast extract, 2% peptone,
and 2% glucose) medium to log phase before to be transferred
into synthetic minimal medium lacking nitrogen (SD-N; 0.17%
yeast nitrogen base without amino acids and ammonium sul-
fate and 2% glucose) for the indicated times to induce autoph-
agy. Cells or purified organelles were imaged on a Deltavision
Elite imaging system based on an inverted microscopy, equipped
with 100x NA 1.49 and 60x NA 1.40 objectives, a sSCMOS camera
(PCO), an Insight SSI (TM) illumination system, and SoftWoRx
software (Applied Precision). Stacks of six or eight images with
0.2-pm spacing were collected. For purified autophagosmes and
vacuoles, no Z stacks were recorded to avoid the bleaching of the
fluorescence signal.

Isolation of autophagosomes

Yeast cells (i.e., the vam3A strain expressing GFP-Atg8 and Atg9-
3xFLAG) were first grown to an ODgy of ~1.0 in 1 liter of YPD
medium and then nitrogen starved in SD-N medium for 3 h to
induce autophagy. Cells were harvested by centrifugation. The
resulting pellets were resuspended in the 0.1 M Tris/HCI, pH 9.4,
buffer containing 10 mM DTT and incubated for 15 min at 30°C.
Cells were centrifuged again and incubated with the spheroplas-
ting buffer (0.16x SD-N, 0.6 M sorbitol, and 50 mM KPi, pH 7.4)
and 0.3 mg/ml lyticase for 30 min at 30°C. Spheroplasts were
collected by centrifugation at 1,000 g for 3 min and resuspended
in lysis buffer (0.2 M sorbitol, 50 mM KOAc, 2 mM EDTA, and
20 mM Hepes/KOH, pH 6.8) containing a protease inhibitor cock-
tail (0.1 mg/ml of leupeptin, 1 mM o-phenanthroline, 0.5 mg/ml
of pepstatin A, and 0.1 mM Pefabloc), 1 mM PMSF, and 1 mM DTT.
The resuspended cells were incubated with 0.04 mg/ml DEAE
Dextran (Sigma-Aldrich) on ice for 5 min and then heat shocked
for 2 min at 30°C. These suspensions were then centrifuged at
400 g for 10 min at 4°C. After centrifugation, the supernatant
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was centrifuged again at 15,000 g for 15 min at 4°C, and then the
pellets were resuspended in 1 ml lysis buffer. These suspensions
were layered onto discontinuous iodixanol gradients (1.5 ml of
20%, 6 ml of 10%, and 4 ml of 5%) in an SW40 tube (Seton). Loaded
gradients were spun at 100,000 g for 60 min at 4°C. Fractions at
the 10-20% interface (1 ml) were collected and incubated with
anti-FLAG beads (Sigma-Aldrich) overnight. Beads were washed
with 2 ml ice-cold lysis buffer. Bound autophagosomes were
eluted with 150 pl lysis buffer containing 0.25 pg/ul FLAG-pep-
tide, and the suspension containing the eluate was collected by
centrifugation at 30 g for 2 min at 4°C. The concentration of au-
tophagosomes was determined by the method of Bradford with
RotiQuant-solution (Roth) using bovine serum albumin as the
reference standard.

Proteinase K protection assay

5 mg of purified autophagosomes were first treated with and
without 1% Triton X-100 and then immediately incubated with
0.1 mg/ml proteinase K on ice for 20 min (total volume, 30 pl).
The reactions were terminated by addition of 2 mM PMSF. Sam-
ples were dissolved in SDS-PAGE sample buffer, separated on
SDS-PAGE gels, and subjected to immunoblot analysis.

Isolation of vacuoles

Yeast cells (i.e., the pep4A strain expressing Vac8-3xmCherry)
were grown to an ODggg of ~0.9 to 1.0 in 1 liter of YPD medium.
After harvesting cells by centrifugation (5 min, 2,000 g), pellets
were resuspended in buffer containing 0.1 M Tris/HCl, pH 9.4,
and 10 mM DTT, and incubated for 10 min at 30°C. Cells were
centrifuged as before and resuspended in the 25-ml spheroplas-
ting buffer containing 0.3 mg/ml lyticase and then incubated for
25 min at 30°C. Spheroplasts were collected by centrifugation
at 1,000 g for 3 min at 4°C and resuspended in 2.5 ml 15% Ficoll
(15% wt/vol Ficoll in 0.2 M sorbitol and 10 mM Pipes/KOH, pH 6.8
[GE Healthcare]). After slow resuspension, cells were incubated
with 0.02 mg/ml DEAE Dextran (Sigma-Aldrich) on ice for 5 min
and then heat shocked for 2 min at 30°C. These suspensions were
transferred to SW40 tube (Seton), and sequential layers of Ficoll
solution in the aforementioned buffer (0.2 M sorbitol and 10 mM
Pipes/KOH, pH 6.8; 3 ml of 8%, 3 ml of 4%, fill with 0%) were
slowly added on top of the suspensions. Gradients were centri-
fuged at 100,000 g for 90 min at 4°C in an SW40 rotor. Vacuoles
were collected at the 0-4% interface. The concentration of vac-
uoles was measured in the same way as described for purified
autophagosomes.

Autophagosome-vacuole fusion assay

Yeast cells used for vacuole preparation (from the pep4A strain
carrying Vac8-3meherry) were first grown to ODggo=~1.0 in 1
liter YPD medium before being nitrogen starved in SD-N medium
for 3 h to induce autophagy. Vacuoles were purified via Ficoll gra-
dient centrifugation as previously described (Haas, 1995). Vacu-
oles and autophagosomes were then diluted to 0.3 mg/ml and 1.5
mg/ml, respectively, with 0% Ficoll buffer (10 mM Pipes/KOH,
pH 6.8, 200 mM sorbitol, and 0.1x protease inhibitor cocktail).
A standard fusion reaction contained 3 pg of vacuoles and 15 pg
of autophagosomes. Reactions were incubated in fusion buffer
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(125 mM KCl, 5 mM MgCl,, 20 mM sorbitol, and 1 mM Pipes/KOH,
pH 6.8) containing 10 uM CoA, 0.01 pg of 6xHis-Secl8, and an
ATP-regenerating system (5 mM ATP, 1 mg/ml creatine kinase,
400 mM creatine phosphatase, 10 mM Pipes/KOH, pH 6.8, and
0.2 M sorbitol) at 26°C for 30 min. Fusion efficiency was finally
assessed by fluorescence microscopy.
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