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ABSTRACT In autophagy, the double-membrane autophagosome delivers cellular compo-
nents for their degradation in the lysosome. The conserved Ypt/Rab GTPases regulate all
cellular trafficking pathways, including autophagy. These GTPases function in modules that
include guanine-nucleotide exchange factor (GEF) activators and downstream effectors. Rab7
and its yeast homologue, Ypt7, in the context of such a module, regulate the fusion of both
late endosomes and autophagosomes with the lysosome. In yeast, the Rab5-related Vps21 is
known for its role in early- to late-endosome transport. Here we show an additional role for
Vps21 in autophagy. First, vps21A mutant cells are defective in selective and nonselective
autophagy. Second, fluorescence and electron microscopy analyses show that vps21A mutant
cells accumulate clusters of autophagosomal structures outside the vacuole. Third, cells with
mutations in other members of the endocytic Vps21 module, including the GEF Vps9 and
factors that function downstream of Vps21, Vac1, CORVET, Pep12, and Vps45, are also de-
fective in autophagy and accumulate clusters of autophagosomes. Finally, Vps21 localizes to
PAS. We propose that the endocytic Vps21 module also regulates autophagy. These findings
support the idea that the two pathways leading to the lysosome—endocytosis and au-
tophagy—converge through the Vps21 and Ypt7 GTPase modules.
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INTRODUCTION

Autophagy is a process in which cellular components are delivered
to the lysosome for degradation and reuse of their building blocks.
Whereas nonselective autophagy is induced by stress, selective
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autophagy targets specific cellular components and is important for
cell homeostasis. Both selective and nonselective autophagy start
with the formation of the double-membrane organelle termed the
autophagosome (AP). Autophagosomal formation begins with as-
sembly of the preautophagosomal structure (PAS), proceeds through
extension to engulf parts of the cytoplasm, goes through the vague
process of maturation, and finally fuses with the lysosome
(Nakatogawa et al., 2009; Reggiori and Klionsky, 2013). The origin
of the autophagosomal membrane has been a source of ongoing
debate. Whereas the endoplasmic reticulum (ER) is considered a
major contributor for AP membrane, nearly all other membrane-
bound compartments have been implicated too, including mito-
chondria, Golgi, the plasma membrane (PM), and endosomes (Lamb
et al., 2012; Rubinsztein et al., 2012).

A set of conserved proteins, known as Atgs, is specifically re-
quired for autophagy (Xie and Klionsky, 2007; Mizushima et al.,
2011). Additional factors involved in other cellular processes are
also required for autophagy. The latter factors include Ypt/Rab
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GTPases, which regulate all membrane-trafficking events in eukary-
otic cells (Segev, 2001b; Stenmark, 2009). These GTPases function
in the context of modules that include activators and effectors. The
activators are guanine-nucleotide exchange factors (GEFs) that stim-
ulate the switch of the GTPase from the GDP- to the GTP-bound
form. Once in the active GTP-bound form, the GTPase can interact
with multiple downstream effectors, which in turn mediate the mem-
brane-trafficking events (Segev, 2001a; Zerial and McBride, 2001).
Recently multiple Ypt/Rabs were implicated in autophagy (Ao et al.,
2014). In yeast, a Ypt1 module regulates the first step in autophagy,
PAS assembly (Lipatova et al., 2012; Lipatova and Segev, 2012). A
Ypt7 module regulates the last step of autophagy—fusion of au-
tophagosomes with the lysosome (Kim et al., 1999; Kirisako et al.,
1999; Meiling-Wesse et al., 2002). The established role of Ypt1 and
its human functional homologue, Rab1, is in ER-to-Golgi transport
(Segev et al., 1988; Pind et al., 1994). The established role of Ypt7
and its human homologue, Rab7, is in the last step of endocytosis—
fusion of late endosomes with the lysosome (Epp et al., 2011). Thus
autophagy uses components of both the exocytic and endocytic
pathways. However, whereas Ypt7 functions in endocytosis and au-
tophagy in the context of the same module, Ypt1 regulates ER-to-
Golgi and autophagy through two separate modules (Lipatova
et al., 2012; Hyttinen et al., 2013).

Rab5 regulates early steps of the endocytic pathway, and Rab5-
to-Rab7 switch was proposed to integrate the different steps of the
endocytic pathway (Epp et al., 2011; Solinger and Spang, 2013). In
yeast, of the three Rab5-related Ypts—Vps21/Ypt51, Ypt52, and
Ypt53—only Vps21 is required for early endocytosis (Singer-Kruger
et al., 1994). Endocytic machinery components are not essential for
yeast cell viability. Deletion of members of the Vps21 module results
in a class D Vps phenotype, which is caused by a defect in endo-
some maturation and characterized by an enlarged vacuole (the
yeast lysosome). In contrast, deletion of members of the Ypt7 mod-
ule results in a class B Vps phenotype, with a defect in endosome
fusion with the lysosome and a fragmented vacuole (Epp et al.,
2011). Here we address the question of whether, like Ypt7, the Rab5-
related Vps21 plays a role in autophagy in addition to its role in en-
docytosis, and, if it does, whether it does that in the context of the
same module. We show that individual deletions of each member of
the endocytic Vps21 module, including a GEF and four different fac-
tors that function downstream of Vps21, result in autophagy defects
and accumulation of autophagosomal clusters. Our results suggest
that the endocytic Vps21 module plays a role in autophagy in a step
between AP formation and fusion. We propose that autophagy and
endocytosis, which start as two separate pathways originating from
different cellular compartments, converge and use common ma-
chinery for fusion with the lysosome.

RESULTS

vps21A mutant cells are defective in selective

and nonselective autophagy

To determine whether the Rab5-related Ypts play a role in au-
tophagy, cells deleted for VPS21, YPT52, and YPT53, alone or in
combinations, were tested for their ability to deliver proteins for
degradation in the vacuole through the autophagic pathway. Dele-
tion of VPS21 results in a slight growth defect at 37°C (Singer-Kruger
et al., 1994); for all experiments done here, cells were grown at
26°C. Nonselective autophagy was tested in cells starved for nitro-
gen using three established assays: Pho8A60 alkaline phosphatase
(ALP) activity, green fluorescent protein (GFP)-Atg8 processing, and
Ape1 processing. Cells deleted for VPS21 exhibit defects in all three
assays (Figure 1). vps2TA mutant cells also exhibit a defect in pro-
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cessing of Apel in rich medium (yeast extract/peptone/dextrose
[YPD]J; Figure 1C, top), showing that these mutant cells are defective
in cytoplasm-to-vacuole targeting, a selective autophagy pathway,
in addition to nonselective autophagy. Whereas vps21A mutant
cells exhibit ~90% block in selective autophagy, they show 50-70%
block in the nonselective autophagy. Both GFP-Atg8 and Ape1 pro-
cessing defects of vps271A mutant cells can be complemented by
expression of Vps21 from a plasmid (Figure 1, B and C).

GFP-Atg8 processing was also tested in vps21ts mutant cells
(Gerrard et al., 2000). Whereas at the permissive temperature (26°C),
vps21ts mutant cells process GFP-Atg8 like wild-type cells, when
shifted to their nonpermissive temperature (37°C), they exhibit a
defect in GFP-Atg8 processing (Supplemental Figure STA). This re-
sult supports the idea that Vps21 plays a role in autophagy.

Cells deleted for the two other Rab5-related Ypts, YPT52 and
YPT53, do not exhibit defects in selective and nonselective au-
tophagy (Supplemental Figure S2, A-C). Deletion of YPT53 in com-
bination with VPS21 does not cause enhancement of the VPS21
deletion phenotype. Of interest, cells deleted for both VPS21 and
YPT52 exhibit a more severe GFP-Atg8 processing defect under
starvation than that of the single VPS21 deletion (Supplemental
Figure S2B). This result is in agreement with the more severe Apel
processing defect observed in the vps21A ypt52A double mutant
compared with the vps21A single-mutant phenotype (Nickerson
et al., 2012; Supplemental Figure S2B). It suggests that Ypt52 can
partially complement the function of Vps21 in autophagy. On the
basis of the defects exhibited by vps21A mutant cells shown in the
foregoing, we conclude that proper function of Vps21 is required for
selective and nonselective autophagy.

vps21A mutant cells accumulate clusters
of autophagosomes outside their vacuoles
To gain insight into the autophagic step blocked in vps21A mutant
cells under starvation, we determined the vacuolar morphology and
localization of GFP-Atg8 by live-cell fluorescence microscopy. GFP-
Atg8 that resides on the inner membrane of APs is delivered to the
vacuole after the AP and vacuole fuse, where it is degraded (Kirisako
etal., 1999; Huang et al., 2000). When grown in rich medium (YPD),
GFP-Atg8 is diffuse, with an occasional dot near the vacuole of both
wild-type and vps21A mutant cells. Under starvation (synthetic de-
fined medium that lacks nitrogen and amino acid [SD-N]), wild-type
cells generally contain one or two dots per cell of GFP-Atg8 near the
vacuole representing the AP, and a substantial amount is delivered
to the vacuole for degradation (as indicated by GFP fluorescence
observed inside the vacuoles). In vps21A mutant cells starved for
nitrogen, some cells contain green fluorescence in their vacuoles
(Figure 2A), which is in agreement with the ~50% processed GFP
found in these cells (Figure 1B). Of importance, after 4 h of nitrogen
starvation, ~45% of the vps21A mutant cells accumulate GFP-Atg8
in crescent-like structures near the vacuole (stained by FM4-64). This
GFP-Atg8 accumulation phenotype of vps21A mutant cells occurs
only under starvation and can be complemented by expression of
Vps21 from a plasmid (Figure 2A). A similar phenotype was ob-
served in vps2Tts mutant cells at 37°C (Supplemental Figure S1B).
Analysis of the two other Rab5-related genes, YPT52 and YPT53,
revealed that in cells deleted for these genes, the GFP-Atg8 pattern
is similar to that seen in wild- type cells (Supplemental Figure S2D).
To ensure that the crescent-like GFP-Atg8 structures accumulat-
ing in vps21A mutant cells represent an autophagy defect, we used
a double-mutant epistasis analysis. Atg1 is required for AP function
but not for the assembly of other PAS components (Xie and Klionsky,
2007; Mizushima et al., 2011). In cells deleted for ATG1, GFP-Atg8
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FIGURE 1: vps21A mutant cells are defective in selective and
nonselective autophagy. (A) vps21A mutant cells are defective in
nonselective autophagy measured by Pho8A60 alkaline phosphatase
(ALP) activity. ALP activity was determined in lysates of wild-type,
atg1A (as a negative control), and vps21A mutant cells grown in rich
medium (YPD, white bars) or starved for nitrogen (SD-N, gray bars).
Vps21A mutant cells exhibit an autophagy defect under starvation
when compared with wild-type cells (p < 0.001). (B) Vps21 suppresses
the GFP-Atg8-processing defect of vps21A mutant cells under
nitrogen starvation. GFP-Atg8 was integrated into the genome of
wild-type and vps21A mutant cells. Cells transformed with a 2 p
plasmid for overexpression of Vps21 (empty plasmid [¢] as negative
control) were grown in rich medium and shifted to SD-N medium.
GFP-Atg8 processing was determined in cell lysates using
immunoblot analysis with anti-GFP antibodies (G6PDH serves as a
loading control). In wild-type cells or in vps21A mutant cells
expressing Vps21 from a plasmid, most of the GFP-Atg8 is
processed to GFP. In vps21A mutant cells this processing is defective
(p < 0.0001). (C) Vps21 suppresses the Apel-processing defect of
vps21A mutant cells grown in either rich or starvation medium. The
experiment was done as described in B, except that Ape1 processing
was determined using anti-Ape1 antibodies. In wild-type or vps21A
mutant cells expressing Vps21 from a plasmid, premature Ape1
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is not delivered to the vacuole and accumulates in a dot next to the
vacuole, distinguished from the crescents seen in vps21A mutant
cells. In atg 1A vps21A double-mutant cells, GFP-Atg8 crescents do
not accumulate (Figure 2B). This result shows that accumulation of
GFP-Atg8 crescent-like structures in vps21A mutant cells is depen-
dent on the function of Atg1 and supports the idea that these struc-
tures represent APs.

To test the idea that the crescent GFP-Atg8 structures that ac-
cumulate in vps2TA mutant cells represent multiple autophago-
somes, we visualized the dynamics of GFP-Atg8 accumulation using
time-lapse live microscopy for 2 h after cells were shifted to medium
without nitrogen. In wild-type cells, one or two bright dots can be
seen, but these dots are very dynamic and appear and disappear
within minutes. In contrast, bright GFP-Atg8 dots that appear
~20 min after the shift do not disappear, and new dots appear and
stay for the duration of the experiment (Figure 3 and Supplemental
Movies ST and S2). This result suggests that crescent-like structures
observed in vps2TA mutant cells after starvation represent clusters
of APs marked with GFP-Atg8.

To confirm that multiple APs accumulate in vps21A mutant cells
under starvation, we determined the ultrastructure of cells using
transmission electron microscopy. In wild-type cells, even under
starvation, APs do not accumulate because they are cleared in the
vacuole. Accumulation of undegraded APs, or AP bodies, can be
observed inside the vacuoles of nitrogen-starved pep4A mutant
cells, which are defective in vacuolar degradation (Figure 4A,
Takeshige et al., 1992). Of importance, under nitrogen starvation,
clusters of autophagosomes were observed outside the vacuole in
~40% of the vps21A mutant cell sections, with an average of >3 APs/
cluster. These structures represent autophagosomes because, as
previously shown for ypt7A mutant cells (Kirisako et al., 1999), they
are surrounded by a double membrane that can be seen in a higher
magnification (see examples in Figure 4C, bottom, and Supplemen-
tal Figure S4). Autophagosomal clusters (APCs) are present in
vps21A mutant cells that are either PEP4 or pep4A, supporting the
idea that this accumulation is caused by a defect in a step preceding
AP fusion with the vacuole, in which the Pep4 protease functions
(Figure 4, B and D).

Accumulation of dispersed APs in the cytoplasm of mutant cells
defective in the function of Ypt7 (Kirisako et al., 1999), its GEF, and
effectors was previously shown (Noda et al., 2009). The dispersed
GFP-Atg8 pattern observed in ypt7A and vam3A mutant cells is differ-
ent from the crescents observed in vps21A mutant cells (Supplemen-
tal Figure S3). It is possible that the difference in AP accumulation
pattern between vps21A and ypt7A mutant cells is due to the fact that
in ypt7A (and vam3A) mutant cells the vacuole is fragmented (Haas
et al., 1995; Wada et al., 1997; Supplemental Figure S3, FM4-64).
Therefore the pattern of AP accumulation cannot be used in a mean-
ingful epistasis analysis of vps21A and ypt7A.

Together fluorescence and electron microscopy analyses show
that APCs are present in the cytoplasm of vps21A mutant cells next
to the vacuole.

Deletion of Vps9, the endocytic Vps21 GEF, results in
autophagy defects and APC appearance

Vps? is the GEF that activates Vps21 in endocytosis (Hama et al.,
1999). To determine whether Vps9 also activates Vps21 in

(prApe1) is processed to mature Ape1 (mApe1) in rich and
starvation medium. In vps21A mutant cells, this processing is
defective (p < 0.0008). Error bars and * represent standard deviation
(STD). Results represent at least three independent experiments.
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FIGURE 2: Atg1-dependent accumulation of GFP-Atg8 crescent-like structures in vps21A
mutant cells. (A) Vps21 suppresses accumulation of GFP-Atg8 crescents in vps21A mutant cells
under nitrogen starvation. Wild-type and vps21A mutant cells expressing GFP-Atg8 were
transformed with a plasmid for expression of Vps21 (as in Figure 1B). The cells were shifted from
rich (YPD, top) to starvation medium (SD-N, bottom), their vacuoles were stained with FM4-64,
and they were analyzed by live-cell fluorescence microscopy. In wild-type and vps21A mutant
cells grown in rich medium (YPD), GFP-Atg8 is diffuse and occasionally localizes to a single dot
next to the vacuole. In wild-type cells starved for nitrogen (SD-N), GFP-Atg8 localizes inside the
vacuole membrane, which is marked by FM4-64, and to a single dot of the AP per cell. However,
whereas GFP-Atg8 can be seen in the vacuole of some vps21A mutant cells under nitrogen
starvation, in ~45% of these cells, GFP-Atg8 accumulates in crescent-like structures, which
overlaps with the FM4-64 signal. Expression of Vps21 in mutant cells suppresses this
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autophagy, we first determined whether
vps9A mutant cells exhibit defects in au-
tophagy. Assays described earlier showed
that vps9A mutant cells exhibit defects in se-
lective and nonselective autophagy similar
to those observed for vps21A mutant cells
(Figure 5, A-C, and Supplemental Figure S5,
B and C). Moreover, fluorescence and elec-
tron microscopy analyses show that, like
vps21A mutant cells, ~40% of the vpsPA mu-
tant cells contain APCs outside their vacuoles
under starvation (Figures 6A and 4, C and D,
respectively). Remarkably, the autophagic
defects displayed by vps?A mutant cells are
very similar to those of vps21A mutant cells.

If the autophagic defects exhibited by
vps9A mutant cells are caused by the inabil-
ity to activate Vps21, it is expected that ex-
pression of active Vps21 in these cells would
suppress these phenotypes. Wild-type
Vps21 protein or mutants locked in the GTP-
or GDP-bound configuration were expressed
in vps9A mutant cells. Expression of the wild-
type or the putative GTP-locked (“active”)
mutant form can suppress the temperature-
sensitive growth and the selective autophagy
defects of vps9A mutant cells (Figure 5, C
and D). Expression of active Vps21 proteins
also partially suppressed the nonselective
autophagy phenotype and APC appearance
in vps9A mutant cells (Figures 5B and 6B). In
contrast, expression of the putative GDP-
locked (“inactive”) mutant form of Vps21
does not suppress the growth, autophagy,
and APC appearance phenotypes of vps9A
mutant cells (Figures 5 and 6 and Supple-
mental Figure S5). Together these results
support the idea that Vps?, as in endocyto-
sis, acts as the GEF for Vps21 in autophagy.

Recently Muk1, which contains a Vps?
domain, was shown to act as a second GEF
for the three yeast Rab5-related Ypts—
Vps21, Ypt52 and Ypt53. In vivo, Vps? and

accumulation (number of cells visualized for
each strain: >300 in YPD; >800 in SD-N).

Left to right, PhC, GFP-Atg8, FM4-64, merge,
and percentage of cells with a GFP-Atg8
crescent. Arrows point to GFP-Atg8
crescents in vps21A mutant cells.

(B) Accumulation of GFP-Atg8 crescents in
vps21A mutant cells depends on Atg1. ATG1
was deleted in wild-type and vps21A mutant
cells. GFP-Atg8 accumulation and vacuolar
morphology were determined as described in
A. In atg1A mutant cells, GFP-Atg8
accumulates in a single dot outside the
vacuole, and crescent-like structures of
GFP-Atg8 were not observed in the atg1A
vps21A double-mutant cells (number of cells
visualized for each strain, >500). Bar, 2 pm.
Results represent two independent
experiments.
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Accumulation of multiple autophagosomes in vps21A
mutant cells. The dynamics of autophagosomes marked with
GFP-Atg8 was determined in wild-type and vps21A mutant cells using
time-lapse live microscopy. Sequential frames of GFP-Atg8 dots (in
10-min intervals) are shown, with differential interference contrast at
time 0. WT and vps21A mutant cells were grown in YPD medium until
log phase and shifted to SD-N medium for 5 min before the cells were
sampled on 2% agar in SD-N for observation by time-lapse video
microscopy. Bar, 2 um. See videos of GFP-Atg8 in WT (Supplemental
Movie S1) and GFP-Atg8 in vps21A mutant cells (Supplemental Movie
S2) for 20-s intervals, playing at 12 frames/s (fps). Results represent
three independent experiments.

Muk1 are partially redundant (Cabrera et al., 2013; Paulsel et al.,
2013). The possibility that Muk1 plays a role in autophagy was tested
using three assays: GFP-Atg8 and Ape1 processing and GFP-Atg8
intracellular localization. In all three assays, muk1A mutant cells do
not exhibit a defect in autophagy (Supplemental Figure S5 and S6).
Therefore Muk1 is not required for autophagy. However, deletion of
MUKT in vps9A mutant cells results in more-severe growth and au-
tophagy phenotypes compared with those of vps9A mutant cells.
Specifically, in vps9A muk1A double-mutant cells, GFP-Atg8 pro-
cessing is ~10% (~60% in vps%A), Apel maturation is ~6% (20% in
vps9A), and GFP-Atg8 crescents accumulate in 75% of the cells
(~45% in vps9A; Supplemental Figures S5 and Sé). Thus, as in endo-
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cytosis (Paulsel et al., 2013), the functions of Muk1 and Vps? in au-
tophagy are partially redundant.

Of interest, the vps9A muk 1A double-mutant autophagic pheno-
types are more severe than those of the vps2TA mutant cells—for
example, 75 and 45% of cells with APC accumulation, respectively.
This might mean that Vps9 and Muk1 play an additional role in au-
tophagy independent of Vps21 activation.

In addition, whereas the growth and autophagic phenotypes of
vps9A mutant cells can be suppressed by overexpression of active
Vps21 (wild type or the putative GTP-locked form), those of vps9A
muk1A double-mutant cells cannot (Supplemental Figures S5 and
S6). We interpret the ability of overexpressed wild-type Vps21 to
suppress deletion of the single GEF but not the double GEF to
mean that, as in endocytosis (Cabrera et al., 2013; Paulsel et al.,
2013), at least one of these GEFs is required for the function of
Vps21 in autophagy. The inability of the Vps21-QL mutant to sup-
press the double GEF deletion might mean that this mutant is not
locked in the GTP-bound configuration (Langemeyer et al., 2014).
Alternatively, this inability might uncover another GEF function in
addition to nucleotide exchange—for example, stable localization
of Vps21 to the right location.

Deletion of endocytic proteins that function downstream

of Vps21 also results in autophagy defects and APC
appearance

To accomplish its role in endocytosis, activated Vps21 recruits a
group of factors that include the class C core vacuole/endosome
tethering complex (CORVET), the tether Vac1, the soluble N-eth-
ylmaleimide-sensitive factor attachment protein receptor (SNARE)
Pep12, and the Sec1/Munc18 (SM) protein Vps45. Mutations in
genes encoding all of these proteins, grouped together with
Vps21 as class D Vps, cause endocytic phenotypes similar to those
of vps21A mutant cells (Stack et al., 1995; Tall et al., 1999; Epp
etal., 2011). To determine whether Vps21 recruits the same group
of factors in autophagy, we determined the effect of mutations in
their genes on GFP-Atg8 and Ape1 processing and GFP-Atg8 lo-
calization. The Vps21-specific tethering complex CORVET shares
four subunits with homotypic fusion and vacuole protein sorting
complex (HOPS), a Ypt7 effector. However, each complex has two
specific subunits: Vps3 and Vps8 are specific for CORVET, and
Vps39 and Vpsd1 are specific for HOPS (Epp et al., 2011). Muta-
tions in all of the endocytic Vps21 downstream factors and the
HOPS subunits cause defects in GFP-Atg8 and Apel processing
under starvation (Figure 7, A and B). However, only mutations in
the Vps21 downstream factors, but not the HOPS-specific sub-
units Vps39 and Vps41, result in appearance of APCs under starva-
tion (Figure 7C). Thus Vps21, together with its downstream endo-
cytic factors, plays a role in autophagy. Of interest, deletion of
three Vps21 downstream factors—Vps3, Vac1, and Pep12—results
in autophagy defects and APC appearance that are more severe
than those exhibited by vps21A mutant cells (Figure 7).

Vps21 localizes to PAS

Vps21 is a marker for endosomes (Epp et al., 2011). If Vps21 plays a
role in autophagy, it is expected to localize also to autophagosomes.
To test this idea, we determined the colocalization of fluorescently
tagged Vps21 with two AP markers, Ape1 and Atg8. Vps21 tagged
at its N-terminus with either GFP or red fluorescent protein (RFP) was
expressed from the chromosome (as the only copy) or from a plas-
mid (under the PHO5 promoter), respectively. GFP-Vps21 is func-
tional because the tagging did not result in temperature-sensitive
growth or autophagic (Apel delivery to the vacuole) phenotypes

Molecular Biology of the Cell
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FIGURE 4: Pep4-independent accumulation of autophagosomal clusters in vps21A and vps9A
mutant cells. The ultrastructure of cells after a 2-h shift to starvation medium was determined by
electron microscopy. (A-C) Representative cells. (A) Deletion of PEP4 results in accumulation of
autophagosomal bodies inside the vacuole of VPS21 wild-type cells. (B) APCs appear outside
the vacuole of both vps21A and vps21A pep4A mutant cells. (C) APCs appear outside the
vacuole of both vps9A and vps9A pep4A mutant cells. Bar, 1 pm. Nuc, nucleus; Vac, vacuole;
white asterisks mark individual APs in a cluster. Bottom, right: a portion of the vps9A pep4A
double-mutant cell in higher magnification (bar, 50 nm); white arrows point to double membrane
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characteristic of vps21A mutant cells. Simi-
larly, RFP-Vps21 is functional based on its
ability to suppress the temperature-sensitive
growth and autophagic (Atg8 delivery to the
vacuole) phenotypes of vps21A mutant cells
(Supplemental Figure S7).

Appearance of Apel and Atg8 in a sin-
gle AP dot occurs in a fraction of wild-type
cells. In ~15% of wild-type cells with an AP
dot, Vps21 colocalizes with these autopha-
gosomal markers (Figure 8, A and B). The
relatively low colocalization of Vps21 with
AP markers can be attributed to the fact that
Vps21 is present on APs transiently. If true,
an increased level of colocalization should
be seen in cells that accumulate APs, espe-
cially if the Vps21-mediated step is blocked.
Therefore we tested the colocalization of
Vps21 with Apel and Atg8 in pep12A mu-
tant cells. Because the Pep12 functions as a
SNARE in the Vps21-mediated step, the
Vps21-mediated step is blocked in pep12A
mutant cells. An increase of colocalization of
Vps21 with Apel is seen in pep12A mutant
cells (Figure 8A). Moreover, accumulation of
GFP-Atg8 crescents in >70% of pep12A mu-
tant cells (Figure 7C) facilitates observation
of the colocalization of Vps21 with GFP-
Atg8. Indeed, under starvation, Vps21 colo-
calizes with dots or crescents of GFP-Atg8 in
>40% of the pep12A mutant cells (Figure
8B). The colocalization of Vps21 with two
autophagosomal markers supports the idea
that Vps21 plays a role in autophagy.

DISCUSSION

On the basis of deletion and temperature-
sensitive mutant analyses presented here,
we propose that the Rab5-related GTPase
Vps21 plays a role in autophagy. The local-
ization of Vps21 to AP supports this idea.
Vps21 does that in the context of the same
module that regulates endocytosis: with
Vps9 as a GEF and CORVET, Vac1, Pep12,
and Vps45 as its downstream factors (model,
Figure 8C). Mutant cells deleted for genes
that encode each member of this module
are defective in selective and nonselective

of an autophagosome. Double membrane
was observed in higher magpnification around
autophagosomes in the four strains shown in
B and C (at least 20 cells observed for each
strain). (D) Quantification of results shown in
A-C. Between 30 and 45% of the vps21A and
vps9A mutant cell slices, PEP4 or pep4A,
contain APCs. Cell slices with >2 neighboring
APs were scored as containing an APC, with
average number of 3.15 + 0.54; >500 cells
were visualized for each strain; error bars
represent STD. Results represent three
independent experiments.
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FIGURE 5: Autophagic phenotypes of vps9A mutant cells can be suppressed by active Vps21.
(A) vps9A mutant cells are defective in nonselective autophagy measured by ALP activity. ALP
activity was determined as described in Figure 1A in wild-type, atg1A (as a negative control),
and vps9A mutant cells. Vps9A mutant cells exhibit a 75% defect (p < 0.0005). (B) The GFP-Atg8
processing defect of vps?A mutant cells is suppressed by expression of the Vps21 wild-type or
the putative GTP-locked mutant proteins but not the putative GDP-locked mutant protein.
GFP-Atg8 processing was determined as described in Figure 1B in wild-type and vps9A mutant
cells transformed with empty plasmid (@) or plasmids for overexpression of wild-type Vps21
(Vps21-WT), Vps21-S21N (putative GDP-locked Vps21 mutant protein), or Vps21-Q66L (putative
GTP-locked Vps21 mutant). Vps9A mutant cells (@ or putative GDP-locked Vps21) exhibit a
defect in GFP-Atg8 processing compared with wild-type cells (p < 0.002). (C) The Ape1
processing defect of vps9A mutant cells is partially suppressed by expression of wild type or the
putative GTP-locked Vps21 mutant, but not the putative GDP-locked mutant. Ape1 processing
was determined (as in Figure 1C, top) in wild-type and vps9A mutant cells transformed with
plasmids for Vps21 expression (as in B). Vps9A mutant cells (2 or putative Vps21-GDP locked)
exhibit a defect in Ape1 processing compared with wild-type cells (p < 0.005). (D) The growth
defect of vps9A mutant cells is suppressed by expression of wild-type or GTP-locked, but not
the putative GDP-locked, Vps21. The growth of wild-type and vps9A mutant cells transformed
with plasmids for Vps21 expression (as in B) was determined on SD plates at 26 and 37°C (1/10
serial dilution from left to right). Vps9A mutant cells (2 or the putative GDP-locked Vps21)
exhibit a growth defect at 37°C when compared with wild-type cells or vps9A mutant cells
expressing Vps21-WT or Vps21-GTP. Error bars and + represent STD. Results represent three
independent experiments.

Deletion of genes encoding the other
two Rab5-related Ypts, Ypt52 and Ypt53,
does not result in autophagic phenotypes.
However, deletion of YPT52 together with
VPS21 exacerbates the vps21A phenotype
(Nickerson et al., 2012; Supplemental Figure
S2). This is similar to the endocytic pheno-
types previously described for deletions of
the three Rab5-related Ypts (Singer-Kruger
et al., 1994). Therefore it seems that Ypt52
can partially complement the function of
Vps21 in both endocytosis and autophagy.
A parallel relationship exists between the
two suggested Vps21 GEFs, Vps9 and
Muk1. Although only Vps? is required for
autophagy, vps?A mukTA double-mutant
cells exhibit more-severe autophagy defects
than those of the vps?A mutant cells. Thus
it is possible that the functions of Muk1 and
Vps9 are partially redundant in both endo-
cytosis and autophagy: Whereas Vps9 can
fully supplement the function of Muk1 in
muk 1A mutant cells, Muk1 can only partially
complement the function of Vps? in vps9A
mutant cells.

Factors that function downstream of
Vps21 and Ypt7 fall into similar functional
groups. They include two Vps21 and Ypt7
effector tethering complexes, which share
four of their six subunits, CORVET and
HOPS, respectively, and two SNAREs, Pep12
and Vam3, respectively. Two other endocytic
factors that function in the Vps21-mediated
step described here are the adaptor/tether
Vac1 and the SM protein Vps45. Of interest,
deletion of genes encoding three of the
Vps21 downstream factors, including the
CORVET subunit Vps3, Vac1, and Pep12, re-
sults in more-severe autophagic phenotypes
than those of vps2TA or vps21A ypt52A
mutant cells. Comparison of CPY transport
defects in different studies suggests that
depletion of Vps3, Vac1, and Pep12 also re-
sults in more-severe endocytic phenotypes
than depletion of Vps21 (Raymond et al.,
1990; Tall et al., 1999; Gerrard et al., 2000).
This suggests that there is another Vps21-
independent way to recruit these factors to
both endosomes and APs. The observation
that overexpression of active Vps21 cannot
suppress the autophagic defects of the
vps9A mukTA double-mutant cells is in
agreement with this idea.

autophagy and accumulate clusters of APCs outside their vacuole.
Of importance, all of the autophagic phenotypes of vps?A mutant
cells can be suppressed by overexpression of active Vps21, support-
ing the GEF-GTPase connection between the two in autophagy.
Appearance of APCs next to the vacuole was shown by live-cell fluo-
rescence and electron microscopy and is dependent on induction of
autophagy and the function of Atg1. This suggests that the Vps21
module plays a role in autophagy after Atg1-dependent AP forma-
tion and before AP fusion with the vacuole.
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The Ypt7 GTPase module, which includes the Mon1/Ccz1 GEF
and the HOPS effector and the Vam3 SNARE, also plays a role in
both endocytosis and autophagy (Figure 8C). This idea is also based
on deletion mutant analysis (Kirisako et al., 1999; Meiling-Wesse
et al, 2002; Noda et al., 2009). Mutations in genes encoding
members of the Vps21 and Ypt7 modules result in different distribu-
tion patterns of the APs: clusters and dispersed, respectively. Be-
cause APCs appear next to the vacuole, we propose that the differ-
ent pattern is a result of the single large vacuole observed in mutant
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FIGURE 6: Accumulation of GFP-Atg8 crescents in vps9A mutant cells can be suppressed by
active Vps21. (A) Vps9 suppresses accumulation of GFP-Atg8 crescents in vps9A mutant cells.
GFP-Atg8 was integrated into the genome of wild-type and vps9A mutant cells. Cells
transformed with a 2 p plasmid for overexpression of Vps9 (or empty plasmid [2] as a negative
control) were analyzed for GFP-Atg8 pattern and vacuolar morphology as described for Figure
2. About 40% of the vps9A mutant cells accumulate GFP-Atg8 in crescents that overlap with the
vacuole rim, and this phenotype is suppressed by overexpression of Vps9 from a plasmid
(number of cells visualized for each strain, >450). (B) Active Vps21 partially suppresses the
accumulation of GFP-Atg8 crescents in vps9A mutant cells. The experiment was done as in A,
except that vps9A mutant cells were transformed with plasmids for overexpression of the
different nucleotide-locked forms of Vps21 (as in Figure 5, B-D). Fewer vps9A mutant cells
accumulate GFP-Atg8 crescents when Vps21-WT and the GTP-locked Vps21 mutant protein, but
not the putative GDP-locked Vps21, are overexpressed (<20% and >40%, respectively; number
of cells visualized for each strain, >650). Arrows point to GFP-Atg8 crescents; bar, 2 ym;

+ represents STD. Results represent two independent experiments.

cells defective in the Vps21 module versus fragmented vacuoles ob-
served in Ypt7 module mutants. Alternatively, it is possible that a
difference in an AP characteristic contributes to the different distri-
bution patterns in the two groups of mutant cells.

It is not clear why members of the Vps21 and Ypt7 GTPase mod-
ules were not identified in the multiple screens for autophagy mu-
tants that were done in multiple laboratories. Some of these new
mutants, such as vps271A, which have only partial autophagy de-
fects, might have not passed the strict criteria of those screens.

One obvious open question is which autophagy step is regu-
lated by Vps21. Ypt7 regulates fusion of either late endosomes or
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autophagosomes with the vacuole (Noda
et al., 2009). In endocytosis, Vps21 and

o .
/o(gl?:LSXVItg Ypt7 function in a GTPase switch that coor-
a A98  Jinates two successive steps: early- to late-

crescent  endosome maturation and fusion of late

endosomes with the vacuole, respectively
0 (Poteryaev et al., 2010). Future studies
should determine whether Vps21 functions
before Ypt7 in autophagy as well and the

39+/-2 specific Vps21-dependent step between
AP formation and fusion.
Endocytosis and autopha

14/-1 ot Phagy

convergence

Regardless of whether Vps21 functions be-
fore Ypt7 and of the specific step it regulates
in autophagy, the involvement of the same
Vps21 module in endocytosis and au-
tophagy highlights the convergence be-

_ tween these two pathways. There are two
E (%] . - - 0 possible reasons for such convergence. The
“ A first is that fusion of any membrane-bound
—t compartment—endosomes or autophago-
( %) v ) 44 somes—uwith the vacuole requires the same

) +/-4 , . .
. machinery, including the Vps21 and Ypt7
GTPase modules. The second is that au-
Vps21 tophagosomes acquire endocytic mem-
WT &) 20+/-3 branes in an early stage of their formation
§ e et (Lamb et al., 2012) and therefore require en-
é’_ Vps21 dosomal machinery for fusion with the Iysg-
o= o o 49+/-4 some. The observation that APCs seen in
-GDP vps21A or vps?A mutant cells are stained
with the fluorescent dye FM4-64, which
Vp321 16+/-3 stains endocytic membranes (Figure 2), sup-
K-GTP ports this idea. Elucidation of mechanisms

by which Rab5 and Rab7 mediate autophagy
should help distinguish between these
possibilities.

Because most of the evidence for a role
for Vps21, Rab5, Ypt7, and their accessory
factors in autophagy is based on autophagic
phenotypes caused by the loss of a protein,
it is possible that their effects are indirect.
For example, proper function of the endo-
cytic pathway might be important for the
ability of the lysosomal membrane to fuse
with APs. We favor the idea that their role in
autophagy is direct, for the following three
reasons. First, the colocalization of Vps21
with AP markers, shown here, supports a di-
rect role. Second, two early endocytic mu-
tants, end3A and rvs167A, are not defective in autophagy (Nair
etal., 2011), suggesting that proper function of the endocytic path-
way is not required for autophagy. Third, cumulative evidence sug-
gests a role for endosomes and endosomal membranes in au-
tophagy (Lamb et al., 2012, 2013).

A new Ypt/Rab paradigm

Rab GTPases are considered compartment specific (Zerial and
McBride, 2001; Barr, 2013). The idea that an individual Rab GTPase
can regulate more than one trafficking pathway has emerged only
recently. One example is of the Rab1 homologue, Ypt1, which can
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FIGURE 7: Cells deleted for factors that function downstream of Vps21 exhibit autophagic
phenotypes similar to or greater than those of vps21A mutant cells. Cells were deleted for
CORVET-specific components, Vps3 and Vps8; HOPS-specific components, Vps39 and Vps41; and
other class D Vps members, Pep12, Vac1, and Vps45. Wild-type and mutant cells were shifted to
SD-N medium and their autophagic phenotypes, GFP-Atg8 processing (A), Ape1 processing (B),
and GFP-Atg8 accumulation (C), were determined as described in the legends to Figures 1 and 2.
All mutant cells are defective in GFP-Atg8 (A) and Ape1 (B) processing (same blot was probed
with the antibodies sequentially), with vps8A and vps45A mutant cells showing the weakest
phenotypes (p < 0.04 when compared with wild type). (C) Mutant cells deleted for Vps21-related
factors, Vps3, Vps8, Vac1, and Vps45, and the SNARE Pep12, but not Ypt7-related factors, Vps39
and Vps41, accumulate GFP-Atg8 crescents (>70% for vps3A, pep12A, and vac1A, and ~35% for
vps8A and vps45A; number of cells visualized for each strain, >700 cells). * represents STD; bar,

2 pm; arrows point to GFP-Atg8 crescents. Results represent three independent experiments.

regulate both ER-to-Golgi transport and autophagy. We showed
that Ypt1 does so in the context of two different modules, with dif-
ferent GEFs and effectors (Lipatova et al., 2012). In that case, we
proposed that the two Ypt1 modules regulate two transport steps
diverging from the Ypt1-specific compartment, ER-derived mem-
branes (Lipatova et al., 2013). Here we present a different paradigm
in which a Ypt/Rab apparently can regulate two different cellular
processes in the context of the same module. Specifically, Vps21
and Ypt7 play a role in autophagy and endocytosis, each in the
context of the same module, which includes a GEF and effectors.
We propose that in this case too, the Ypt/Rab GTPases function in
a specific compartment—Vps21 in endosomes/autophagosomes
and Ypt7 in lysosomes—and the two pathways converge.
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~ amazing conservation of the membrane-
trafficking and autophagy machineries from
yeast to humans, we speculate that conver-
gence of the endocytotic and autophagic
processes proposed here is conserved as
well.

MATERIALS AND METHODS

Strains, plasmids, and reagents

Yeast strains and plasmids used in this
study are listed in Supplemental Table S1.
Plasmid constructions were done as fol-
lows. Open reading frames and 500 base
pairs of the 5" promoter region and 200
base pairs of the 3’ untranslated region
(3" UTR) of VPS21 and VPS9 were ampli-
fied by PCR from yeast genomic DNA,
cloned into the BamHI/Xhol sites of
PRS425 (2 p, LEU2), and transformed into
yeast for complementation analyses. Gua-
nine nucleotide—locked Vps21 mutants in
pFBT? (2 p, TRP1; Markgraf et al., 2009)
were a gift from C. Ungermann (University
of Osnabriick, Osnabriick, Germany). All
yeast and Escherichia coli transformations
were as previously described (Liang et al.,
2007).

For live-cell microscopy, p1K-GFP-
Atg8-406 was linearized and integrated in
strains as previously described (Zou et al.,
2013). For obtaining single, double, or triple mutants of vps21A,
ypt52A, and ypt53A with tagged GFP-Atg8 (YLY2696-YLY2703),
p1K-GFP-Atg8-406 was linearized and integrated in wild type
(YLY2560), and the obtained strain (YLY2688) was mated with a
vps21Aypt52Aypt53A strain (YLY2567) for dissection. The dissected
spores were examined with PCR to select desired deletions.

Antibodies included mouse anti-GFP (sc-9996, Santa Cruz
Biotechnology, Dallas, TX); rabbit anti-Ape1 (a gift from Y. Ohsumi,
Tokyo Institute of Technology, Tokyo, Japan); rabbit anti-glucose-6-
phosphate dehydrogenase (G6PDH; A9521; Sigma-Aldrich, St.
Louis, MO); horseradish peroxidase (HRP)-linked goat anti-rabbit
(GARO072; Multisciences, Hangzhou, China); and HRP-linked goat
anti-mouse immunoglobulin G (GAMO0072; Multisciences).

+/- +/ -
9 2
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FIGURE 8: Vps21 colocalizes with autophagosomal markers.

(A) Colocalization of GFP-Vps21 with RFP-Ape1 in wild-type and
pep12A mutant cells. GFP-Vps21 and RFP-Ape1 were integrated into
the genome of wild-type (top) and pep12A mutant (bottom) cells.
Cells grown in SD or shifted to SD-N were visualized by live-cell
fluorescence microscopy. Left to right, GFP-Vps21, RFP-Ape1, merge,
and percentage of cells with colocalization. In wild-type cells, Ape1 is
found inside the vacuole (Shintani et al., 2002) and localizes to a single
dot of the AP. In pep12A mutant cells, Ape1 accumulates outside the
vacuole in APs. Vps21 accumulates in multiple dots or a cluster per
cell, and in 14-26% of the cells, one of the Vps21 dots colocalizes with
Ape1. (B) Colocalization of RFP-Vps21 with GFP-Atg8 in wild-type and
pep12A mutant cells. GFP-Atg8 was integrated into the genome of
wild-type (top) and pep12A mutant (bottom) cells, and RFP-Vps21 was
expressed from a plasmid (Markgraf et al., 2009). The experiment was
performed as described in A. Left to right, RFP-Vps21, GFP-Atg8,
merge, and percentage of cells with colocalization. In wild-type cells,
Atg8 is found inside the vacuole and localizes to a single dot of the
AP. In pep12A mutant cells, Atg8 accumulates outside the vacuole, in
SD medium to a single dot, and in SD-N to a cluster (as in vps21A
mutant cells). RFP-Vps21 localizes to multiple dots or a cluster, and
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All chemical reagents were purchased from Ameresco (Fair Lawn,
NJ), except for SynaptoRed, also known as FM4-64 (70021; Biotium,
Hayward, CA), geneticin (A1720; Sigma-Aldrich), Hygromycin B
(10843555001; Roche Diagnostics, Basel, Switzerland), and restric-
tion enzymes and buffers (Takara Biotechnology, Dalian, China).

Yeast culture conditions and live-cell microscopy

For complementation analyses, cells transformed with empty plas-
mid (pFBT?, 2 p, TRP1) or Vps21-expressing plasmids (WT; putative
GDP bound, S21N; or GTP bound, Qé6L) were grown in SD-Trp
overnight and then spotted onto SD-Trp plates (in 10-fold serial
dilutions) and incubated at indicated temperatures. For live-cell
fluorescence microscopy, yeast cultures were grown at permissive
temperature (26°C) in rich medium (YPD) or selection medium
(when plasmid was used, or as indicated in growth conditions) to
mid log phase. For cells subjected to nitrogen starvation (SD-N;
0.17% yeast nitrogen base without amino acid and ammonium sul-
fate with 2% glucose), cells grown at 26°C to mid log phase were
washed and shifted to SD-N at 26°C for 2 or 4 h as described previ-
ously (Shintani and Reggiori, 2008). The vps21 temperature-sensi-
tive (vps2Tts) mutant cells were grown to mid log phase at 26°C,
shifted to 37°C for 0.5 h, washed with prewarmed distilled H,O,
and incubated in SD-N at 37°C for 2 h. When indicated, FM4-64
was added to a final concentration of 1.6 uM to stain the vacuole in
the last hour of incubation before collection of the cells. Cells on
slides were examined with a Nikon (Melville, NY) inverted research
microscope Eclipse Ti as previously described (Zou et al., 2013).
More than five fields were visualized for each sample, and data
were quantified as indicated in the figure legends.

Time-lapse imaging

Cells were grown to mid log phase in YPD medium at permissive
temperature (26°C), then shifted to SD-N medium for 5 min before
seeding on 2% agar prepared in SD-N liquid medium. Images were
acquired at a fixed rate of 20 s/time point for two channels (differen-
tial interference contrast and 488 nm) and four Z-slices (0.967-pym
step size) using a 100x oil lens objective on an inverted fluorescence
microscope (Nikon Eclipse Ti-E) with an UltraVIEW spinning-disk
confocal scanner unit (PerkinElmer, Waltham, MA) for 2 h. Exposure
time was set to 232 ms, with autofocus at each position. The images
were processed using Volocity 6.3.0 software. GFP frames at every
10 min of the movie were picked to show as still pictures. Three in-
dependent experiments were carried out.

one of them colocalizes with GFP-Atg8 in ~14 and ~43% of wild-type
and pep12A mutant cells, respectively. Percentage of cells with
colocalization of the Vps21 with the AP marker was determined in
cells that contain both green and red puncta; >130 wild-type cells;
>350 pep12A mutant cells. Arrows point to areas of colocalization of
Vps21 with the AP marker; bar, 5 pm; + represents SD. Results in A
represent three independent experiments and in B four independent
experiments. (C) Convergence of the endocytic and autophagic
pathways. We propose that the two pathways leading to the
lysosome converge through two Ypt/Rab modules: Vps21 (black) and
Ypt7 (gray). Ypt7, its GEF, and effectors were previously shown to
regulate both endocytosis and autophagy (Noda et al., 2009). A role
for Vps21, its GEF, and effectors was established in endocytosis (Stack
et al., 1995; Epp et al., 2011). Here we show that the endocytic Vps21
module also regulates autophagy. Factors that function downstream
of Vps21 include a number of effectors, the tethering complex
CORVET (Vps3 and Vps8), the adaptor/tether Vac1, and the SM
protein Vps45, as well as the SNARE Pep12.
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Pho8A60 ALP activity assay

Pho8A60 ALP assay was performed using a spectrophotometry as
previously described (Noda and Klionsky, 2008). Briefly, cells were
grown to mid log phase in YPD at 26°C, and half the cells were
grown in rich medium at 26°C for 1.5 h. The other half was starved
in SD-N medium at 26°C for 4 h. Protein extracts were prepared and
the Pho8A60 ALP assay was conducted as previously described
(Noda and Klionsky, 2008); three independent experiments were
carried out with duplicates for each sample.

Immunoblot analysis of yeast cell lysates

Yeast cells were lysed as previously described (Chen et al., 2005;
Cheong and Klionsky, 2008). Immunoblot assays were conducted
as previously described (Zou et al., 2013). Blots were probed with
anti-Ape1 antibody to determine the conversion of Apel from
prApe1 (precursor form of Ape1) to mApe1 (mature Ape1) or with
anti-GFP antibody to determine GFP-Atg8 processing. Bands from
anti-G6PDH antibody or Ponceau S staining were used as a load-
ing control. Immunoblot bands were quantified using ImageJ soft-
ware (National Institutes of Health, Bethesda, MD). The percent-
age of processed GFP was calculated as [GFP/(GFP-Atg8 + GFP)]
x 100%. The percentage of mature Apel was calculated as
[mApel/(preApel + mApel)] x 100%. The data are presented as
the mean + STD of each variable.

Transmission electron microscopy analysis

Cells were grown to mid log phase in YPD medium at permissive
temperature (26°C) and then starved in SD-N medium for 2 h (as for
live-cell fluorescence microscopy). Cells were fixed and stained with
potassium permanganate as previously described (Wright, 2000;
Liang et al., 2007). Images were acquired with a transmission elec-
tron microscope H7700 (Hitachi High-Tech Corp., Tokyo, Japan).
Three independent transmission electron microscopy experiments
were carried out.
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