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The key regulators of intracellular trafficking, Ypt/Rab GTPases,
are stimulated by specific upstream activators and, when acti-
vated, recruit specific downstream effectors to mediate mem-
brane-transport events. The yeast Ypt1 and its human functional
homolog hRab1 regulate both endoplasmic reticulum (ER)-to-Golgi
transport and autophagy. However, it is not clear whether the
mechanism by which these GTPases regulate autophagy depends
on their well-documented function in ER-to-Golgi transport. Here,
we identify Atg11, the preautophagosomal structure (PAS) orga-
nizer, as a downstream effector of Ypt1 and show that the Ypt1–
Atg11 interaction is required for PAS assembly under normal
growth conditions. Moreover, we show that Ypt1 and Atg11 coloc-
alize with Trs85, a Ypt1 activator subunit, and together they reg-
ulate selective autophagy. Finally, we show that Ypt1 and Trs85
interact on Atg9-containing membranes, which serve as a source
for the membrane component of the PAS. Together our results
define a Ypt/Rab module—comprising an activator, GTPase, and
effector—that orchestrates the onset of selective autophagy,
a process vital for cell homeostasis. Furthermore, because Atg11
does not play a role in ER-to-Golgi transport, we demonstrate here
that Ypt/Rabs can regulate two independent membrane-transport
processes by recruiting process-specific effectors.

The conserved Ypt/Rab GTPases act as membrane organizers
to regulate intracellular trafficking pathways. When stimu-

lated by exchange factors termed “guanine nucleotide exchange
factors” (GEFs), they interact with multiple downstream effec-
tors, which mediate the different steps of vesicular trafficking (1,
2). In yeast, Ypt1 is required for endoplasmic reticulum (ER)-to-
Golgi transport (3–5), and the TRAPP I complex acts as its GEF
(6, 7). Rab1, the human functional homolog of Ypt1, also plays
a role in ER-to-Golgi transport (8, 9). Conserved tethering fac-
tors, such as Uso1/p115, have been identified as downstream
effectors of Ypt1 and hRab1 in ER-to-Golgi transport (10, 11).
Autophagy is a cellular recycling process. In this process, a

double membrane surrounds parts of the cytoplasm, including
cellular organelles, to form the autophagosome, which fuses with
the lysosome (the vacuole in yeast), where macromolecules are
degraded. Under stress conditions, such as starvation, nonselective
autophagy is induced (12). In contrast, selective autophagy, in
which specific cellular components are recycled, plays a role in
cell homeostasis and therefore is important for human develop-
ment and disease (13). The best-characterized type of selective
autophagy is the cytosol-to-vacuole (CVT) pathway, which delivers
specific enzymes from the cytoplasm to the vacuole under normal
growth conditions. A conserved set of autophagy-specific proteins,
Atgs, is required for the different types of autophagy. All types of
autophagy start with the formation of the preautophagosomal
structure (PAS), which originally was defined as a conserved
multiprotein complex.More recently it was suggested that Atg9, an
integral-membrane protein required for all types of autophagy,
supplies the membrane component to the PAS (14). At present,
it is not clear how the autophagy-specific and the membrane-
trafficking machinery intersect to generate the autophagosome.
Although several Ypt/Rabs have been implicated in autophagy,

the molecular mechanisms that underlie their function in this
process are mostly unknown. Ypt1 and its mammalian homolog

Rab1 play a role in autophagy (15, 16), and Trs85, in the context of
the TRAPP III complex, can act as a Ypt1 GEF in this process
(17). However, the molecular mechanism by which Ypt1 and
Rab1 regulate autophagy is unknown, and it is not clear whether
it is dependent on their well-documented function in ER-to-
Golgi transport.
Atg11 is a PAS scaffold protein required for different types

of selective autophagy including CVT (18, 19). Here, we used a
combination of biochemistry, genetics, and imaging approaches
to identify Atg11 as a downstream effector of Ypt1 and to show
that the Ypt1–Atg11 interaction is required for PAS assembly
under normal growth conditions. Moreover, we show that Trs85,
Ypt1, and Atg11 function as one module and interact on Atg9-
containing membranes and on the PAS. These results define
a module comprising a GEF, Trs85-containing TRAPP III, Ypt/
Rab GTPase, Ypt1, and an effector, Atg11, that plays a role at
the onset of autophagy. Because Ypt1 and TRAPP complexes
are involved in both ER-to-Golgi and autophagy, we propose that
they coordinate the divergence of these processes by recruiting
process-specific effectors.

Results
Atg11 Is a Downstream Effector of Ypt1.Atg11, which interacts with
multiple Atg proteins through three of its coiled-coil (CC)
domains (Fig. 1A) (19), was identified as a Ypt1 interactor in two
independent yeast-two hybrid screens.We verified this interaction
in both plasmid orientations (Fig. 1 B and C) and showed that it is
specific to Ypt1, because Atg11 does not interact with Ypt6,
Ypt31, or Sec4 (Fig. 1B); the last two play a role in autophagy (20).
Furthermore, Atg11 interaction with Ypt1 is nucleotide specific,
because it interacts with the GTP but not the GDP or nucleotide-
free form of Ypt1 (Fig. 1C). CC 2 and 3 of Atg11 are required and
sufficient for the interaction with Ypt1-GTP (Fig. 1B and Fig. S1).
These results suggest that Atg11 is a Ypt1 effector, with the
middle region of Atg11 mediating the interaction. This region is
involved in multiple Atg11 interactions and is required for its
function in selective autophagy (19).
To determine whether the Ypt1–Atg11 interaction occurs

in vitro, we tested the coprecipitation of HA-tagged Atg11 from
yeast lysates with purified recombinant GST-Ypt1. Atg11-HA
coprecipitates preferentially with GST-Ypt1 loaded with GTP but
not with GST-Ypt1-GDP or GST (Fig. 1D). The low level of the
coprecipitation from yeast lysates can be attributed to the tran-
sient nature of the interaction or to competition with other yeast
proteins interacting with Atg11. To determine whether recombi-
nant Ypt1 and Atg11 proteins interact, the CC2-3 domain of
Atg11 (amino acids 321–859), which interacts with Ypt1 in the
yeast-two hybrid assay, was expressed in bacteria as a His6-tagged
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protein. Coprecipitation of His-Atg11-CC2-3 with purified Ypt1
showed that this protein interacts preferentially with Ypt1-GTP
(Fig. 1E), suggesting that the Ypt1–Atg11 interaction is direct.
Cells carrying the ypt1-1 mutation, T40K, in the effector-bind-

ing domain of Ypt1 are defective in autophagy (15, 17). There-
fore, we tested whether the Ypt1-1 mutant protein is defective in
the interaction with Atg11 using the three interaction assays
mentioned above: yeast-two hybrid, coprecipitation with Atg11-
HA from yeast lysates and coprecipitation with bacterially
expressed His-Atg11-CC2-3 (Fig. 1 C–E). Compared with the
wild-type Ypt1 protein, the Ypt1-1 mutant protein is defective in
the interaction with Atg11 or with Atg11-CC2-3 in all three assays.
To determine whether Ypt1 and Atg11 interact in vivo, we used

the bimolecular fluorescence complementation (BiFC) assay.
BiFC is a protein-fragment complementation assay (PCA) in
which two fragments of a fluorophore tagged to two different
proteins are coexpressed in cells. Fluorescence is observed only if

the two proteins interact to bring the two fluorophore fragments
in close enough proximity (21). We constructed plasmids in which
yeast-optimized YFP or CFP was split into N and C termini: The
C termini of YFP and CFP are identical (Y/CFP-C), and the N-
terminal domains, YFP-N and CFP-N, determine whether the
interacting complex fluoresces in the YFP or CFP channel, re-
spectively (21). Split YFP was used to determine the Ypt1–Atg11
interaction in vivo. Only in cells coexpressing YFP-N-Atg11 and
Y/CFP-C-Ypt1 or Ypt1-GTP, but not Y/CFP-C-Ypt1-1, there is
one dot per cell in the YFP channel (Fig. 2A), suggesting that
Ypt1, but not Ypt1-1, interacts with Atg11 in vivo.
Two pieces of evidence support the use of Ypt1-1 as a negative

control in the BiFC assay. First, immunofluorescence microscopy
shows a similar Ypt1 pattern in wild type and ypt1-1 (Fig. S2A).
Second, Y/CFP-C-Ypt1-1 interacts with Trs85-CFP-N (see below,
Fig. 2C). The Atg11-interacting PAS protein Atg1 (18) was used
to verify the specificity of BiFC. Fluorescence was seen in cells
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Fig. 1. Atg11 is a Ypt1 effector. (A) Schematic diagram of Atg11, its coiled-
coil domains (CC), and interactors. CC2–4 positioning is based on COILS (http://
www.ch.embnet.org/software/COILS_form.html); CC1 was suggested in ref.
19); interactions shown under CC2–4 were previously reported (19, 23); and
the interaction with Ypt1 is reported here. (B) Ypt1, but not other Ypts,
interacts with Atg11 in the yeast-two hybrid (Y2H) assay. Interaction of Atg11
and Atg11-CC2-3 with the GTP-restricted forms of the Ypts (Ypt1-Q67L,
Ypt6-Q69L, Ypt31-Q72L, and Sec4-Q79L) was determined. (C) The Y2H
interaction of Ypt1 with Atg11 is nucleotide specific. Only the wild type (Ypt1)
and Ypt1-GTP (Q67L) interact with Atg11, whereas Ypt1-GDP (S22N), the
nucleotide-free form (Ypt1-NF, D124N), and Ypt1-1 (T40K) do not. Immuno-
blot analysis (lower panels in B and C) shows expression of the different Ypt
proteins. (D) Atg11-HA from yeast cell lysates coprecipitates with purified
Ypt1-GTP but not with Ypt1-GDP or Ypt1-1 mutant protein (GTP or GDP).
Atg11-HA (10% of lysate) coprecipitated preferentially with GST-Ypt1 loaded
with GTP (T) (0.49 ± 0.02% of lysate above the background), and not with
GST-Ypt1 loaded with GDP (D), GST-Ypt1-1 loaded with GTP or with GDP or
GST (Φ). (E) Recombinant Ypt1, but not Ypt1-1, interacts with Atg11-CC2-3.
The experiment was done as described in D, except that coprecipitation was
done with bacterial lysates expressing His6-tagged Atg11-CC2-3 (10% loaded).
His6-Atg11-CC2-3 coprecipitates preferentially with GST-Ypt1-GTP and not
with GST-Ypt1-GDP or GST-Ypt1-1 GDP or with GTP, or GST (Φ). The level of
precipitated GST-tagged proteins is shown at the bottom of panels D and E.
Results are representative of at least two independent experiments.
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Fig. 2. PCA for Ypt1, Atg11, and Trs85 using multicolor BiFC. (A) Positive
PCA for Atg11 with Ypt1 and Ypt1-GTP (Ypt1-Q67L) but not with Ypt1-1.
YFP fluorescence is seen in cells coexpressing YFP-N-Atg11 with C/YFP-C-Ypt1
or Ypt1-GTP but not C/YFP-C-Ypt1-1. No fluorescence is seen in the CFP
channel. (Scale bar, 5 μm.) DIC, differential interference contrast. (B) Atg11
and Ypt1 interact in the Atg8-marked PAS. The experiment was done as
described in A except that cells also express mCherry-Atg8. Overlap of YFP
and mCherry fluorescence (merge) indicates that Atg11 and Ypt1 interact on
the PAS (arrows). (C) Positive PCA for Trs85 with Ypt1 and Ypt1-1 but not
Ypt1-GTP. CFP fluorescence is seen in cells coexpressing Trs85-CFP-N with C/
YFP-C-Ypt1 (arrowheads) or C/YFP-C-Ypt1-1 but not C/YFP-C-Ypt1-GTP. No
fluorescence is seen in the YFP channel. (D) Trs85 and Ypt1 interact in the
Atg8-marked PAS. The experiment was done as described in C except that
cells also express mCherry-Atg8. At least one CFP punctum per cell overlaps
with mCherry (merge), indicating Trs85-Ypt1 interaction on the PAS
(arrows), but the rest do not (arrowheads). (E) Multicolor BiFC of Trs85, Ypt1,
and Atg11. Cells coexpress Trs85-CFP-N, YFP-N-Atg11, and C/YFP-C-Ypt1.
Fluorescence in the CFP channel shows the Ypt1-Trs85 interaction, YFP shows
the Ypt1-Atg11 interaction, and overlap of the Ypt1-Trs85 and Ypt1-Atg11
interactions is shown in the merged image. Arrows indicate puncta where all
three proteins are present; arrowheads indicate dots where Ypt1 interacts
with Trs85 but not with Atg11. Immunoblots in A and C show similar Ypt1
protein levels. Results are representative of at least two independent
experiments.
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coexpressing Y/CFP-C-Atg1 and YFP-N-Atg11 but not YFP-N-
Atg1 and Y/CFP-C-Ypt1 (Fig. S2B). BiFC between Atg1 and
Atg11, but not between Atg1 and Ypt1, provides support for the
specificity of this assay and its relevance to protein interaction.
The importance of the CC2 and CC3 domains of Atg11 for its

interaction with Ypt1 was confirmed using BiFC. Fluorescence
was seen only in cells coexpressing Y/CFP-C-Ypt1 and YFP-N-
Atg11, but not Atg11ΔCC2 or Atg11ΔCC3. All three YFP-N-
Atg11 proteins show a BiFC interaction with Atg19 (Fig. S2C),
which interacts with Atg11 through CC4 (19). These results show
that the CC2 and CC3 domains of Atg11 are required for its
interaction with Ypt1 in vivo.
When combined with markers, BiFC can be used for in-

tracellular localization of protein interactions (21). To determine
whether the Ypt1–Atg11 interaction occurs on the PAS, we
tested the colocalization of the Ypt1-Atg11 BiFC puncta with
the PAS marker Atg8 (22) tagged with mCherry. In all cells that
show both the BiFC (YFP) and mCherry puncta, the fluores-
cence overlaps (40/40 cells; Fig. 2B). This result supports the
idea that the Ypt1–Atg11 interaction occurs in the PAS.
In summary, using in vitro and in vivo approaches, Atg11 was

identified as a Ypt1 effector candidate. Moreover, the Ypt1-1
mutant protein, in which one residue in the effector domain is
changed, is defective in the interaction with Atg11.

Ypt1–Atg11 Interaction Is Required for PAS Assembly. Ypt/Rab
GTPases exert their function by recruiting their effectors to the
proper location (1). To test whether Ypt1 regulates the locali-
zation of Atg11, the effect of the ypt1-1 mutation, which disrupts
the Ypt1–Atg11 interaction, on the localization of GFP-Atg11
was determined. As previously shown, in wild-type cells, GFP-
Atg11 localizes to a single dot per cell, which represents the PAS
(18, 23). In contrast, in ypt1-1 mutant cells, GFP-Atg11 is seen as
multiple puncta (Fig. 3A and Fig. S3A). This observation sup-
ports the idea that Atg11 is a downstream effector of Ypt1.
The effect of the ypt1-1 mutation on two other PAS compo-

nents, Atg8 and Atg1, was determined. Like GFP-Atg11, GFP-
Atg8 localizes to a single dot in wild-type cells and to multiple
dots in ypt1-1 mutant cells (Fig. 3A and Fig. S3A). Colocalization
of Atg11 with Atg8 in wild-type and ypt1-1 mutant cells was
tested using GFP-Atg11 and mCherry-Atg8. Although GFP-
Atg11 and mCherry-Atg8 colocalize to one dot per cell in wild-
type cells, the multiple dots of the two proteins do not overlap in
ypt1-1mutant cells (colocalization: 95% of 40 red dots in 39 wild-
type cells and 2.5% of 81 dots in 25 ypt1-1 cells) (Fig. 3B). The
appearance of Atg8 as multiple dots in several atg mutant cells,
including atg9Δ (24), and of Atg11 in atg1Δ mutant cells (18) was
reported previously. However, the nature of these dots is not
clear. Atg1 is required for an early step of PAS assembly (14). In
wild-type cells GFP-Atg1 localizes to a single dot, but in ypt1-1
mutant cells it is diffuse, even though its steady-state level is
unchanged (Fig. 3A and Fig. S3 A and B). Together these results
show that PAS assembly is defective in ypt1-1 mutant cells.
To support the idea that the inability of the Ypt1-1 mutant

protein to interact with Atg11 results in a PAS-assembly defect,
we tested the ability of an Atg11-Ypt1-1 fusion protein to bypass
the mutant defect. In most ypt1-1 mutant cells transformed with
an empty plasmid or plasmids expressing Ypt1-1 or Atg11, Atg1
is diffuse, and Atg8 is seen as multiple puncta. In cells expressing
the wild-type Ypt1 protein, PAS assembly is restored, and Atg1
and Atg8 localize to a single dot in most cells. Importantly, in
cells expressing the Atg11-Ypt1 and Atg11-Ypt1-1 fusion pro-
teins, there is partial suppression of the PAS-assembly defect
(Fig. 3C and Fig. S3C). Partial suppression of the ypt1-1 PAS-
assembly defect by the Atg11-Ypt1-1 fusion protein also should
restore PAS function. We followed two cargo proteins whose
processing depends on delivery to the vacuole through the PAS,
GFP-Atg8 and Ape1 (25). In ypt1-1 cells transformed with empty

plasmid or plasmids expressing Ypt1-1 or Atg11, the processing
of both GFP-Atg8 and Ape1 is defective. This defect is fully
restored in cells expressing Ypt1 and is partially restored in cells
expressing one of the fusion proteins, Atg11-Ypt1 or Atg11-
Ypt1-1 (Fig. 3D). These observations support the idea that the
Ypt1–Atg11 interaction is required for PAS assembly and func-
tion under normal growth conditions.

Interaction of Ypt1, Trs85, and Atg11 in the PAS. We hypothesized
that Trs85-containing TRAPP III functions together with Ypt1
and its effector Atg11 in a GEF-GTPase-effector module that
regulates autophagy. Split CFP was used to determine the Trs85–
Ypt1 BiFC interaction in vivo. Multiple fluorescent dots per cell
are seen in the CFP channel only in cells expressing Trs85-CFP-
N and Y/CFP-C-Ypt1 or Y/CFP-C-Ypt1-1 but not in cells
expressing Y/CFP-C-Ypt1-GTP (Fig. 2C). GFP-Ypt1 localizes to
multiple puncta per cell (26). Previously published studies of
intracellular localization of Trs85 tagged with GFP or 3×GFP
were inconclusive (17, 27). We tagged endogenous Trs85 with
yeast-optimized EGFP and demonstrated that it is functional
and localizes to multiple puncta per cell (Fig. S2D). Therefore,
both live-cell microscopy and BiFC show that Ypt1 and Trs85
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Fig. 3. Ypt1 interaction with Atg11 is required for PAS assembly. (A) The
localization of three GFP-tagged PAS components, Atg11, Atg8, and Atg1, is
altered in ypt1-1 mutant cells. In wild-type cells each of the three proteins
localizes to one dot, whereas in ypt1-1 cells Atg11 and Atg8 localize to
multiple puncta, and Atg1 is diffuse. (Scale bar, 5 μm.) (See Fig. S3A for
quantification and Fig. S3B for protein levels). (B) GFP-Atg11 and mCherry-
Atg8 do not colocalize in ypt1-1 cells. In wild-type cells Atg11 and Atg8
colocalize in one dot, but in ypt1-1 cells the multiple puncta of Atg11 and
Atg8 do not colocalize. (Scale bar, 1 μm.) (C) The Atg11-Ypt1-1 fusion pro-
tein can partially restore PAS formation in ypt1-1 cells. Like ypt1-1 cells (Φ),
cells expressing Ypt1-1 or Atg11 exhibit diffuse Atg1 and multiple puncta of
Atg8. The ypt1-1 Atg-localization defects are fully suppressed by Ypt1 and
are partially suppressed by one of the fusion proteins, Atg11-Ypt1 or Atg11-
Ypt1-1 (See Fig. S3C for quantification). (D) (Upper) The Ypt1-1-Atg11 fusion
protein partially suppresses the maturation defects of GFP-Atg8 and Ape1 in
ypt1-1 cells. The premature forms of GFP-Atg8 and Ape1 (pApe1) are present
in all cells. As in ypt1-1 cells (Φ), in cells expressing Ypt1-1 or Atg11, there is
no GFP (processed from GFP-Atg8) or mature Ape1 (mApe1). These pro-
cessing defects are fully suppressed by Ypt1 and are partially suppressed by
Atg11-Ypt1-1 or Atg11-Ypt1. (Lower Left) Ypt1 and Ypt1-1 protein levels.
(Lower Right) Quantification of Ape1 maturation. Results are representative
of at least two independent experiments.
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localize to and interact in more than one place in the cell. The
BiFC interaction of Ypt1-1 with Trs85 shows that Ypt1-1 is not
defective in the interaction with its activator. The fact that Ypt1-
GTP does not show interaction with Trs85 in this BiFC assay
serves as a negative control.
If the Ypt1–Trs85 interaction occurs in the PAS, we expect

that one of the BiFC puncta in each cell would localize to the
PAS. Cells expressing Trs85-CFP-N and Y/CFP-C-Ypt1 were
transformed with a third plasmid expressing the PAS marker
Atg8 tagged with mCherry. In each cell that shows both CFP and
red mCherry puncta, at least one blue punctum overlaps with the
red punctum (25/25 cells; Fig. 2D). This result indicates that
Ypt1 and Trs85 interact in the PAS.
The colocalization of all three proteins, Trs85, Ypt1, and

Atg11, was determined using multicolor BiFC. This assay allows
simultaneous visualization of multiple protein interactions in the
same cell (21). Cells were transformed with three plasmids ex-
pressing Y/CFP-C-Ypt1, Trs85-CFP-N, and YFP-N-Atg11. Fluo-
rescence was determined in both the CFP and the YFP channels.
As in the single-color BiFC described above, a few fluorescent
puncta, showing the Ypt1–Trs85 interaction, are seen in the CFP
channel, and only one dot per cell, reflecting the Ypt1–Atg11
interaction, is seen in the YFP channel. The merged images
demonstrate that in each cell that shows YFP and CFP fluores-
cence there is a single dot in which all three proteins colocalize
(in 50/50 cells with YFP and CFP fluorescence) (Fig. 2E). Be-
cause Atg11 is a component of the PAS, and because we showed
that both the Ypt1-Atg11 and the Ypt1-Trs85 BiFC puncta
colocalize with the PAS marker Atg8, these results indicates that
all three proteins, Ypt1, Trs85, and Atg11, colocalize and interact
in the PAS.

Role for the Trs85-Ypt1-Atg11 Module in Autophagy. To support the
idea that Trs85, Ypt1, and Atg11 function as a GEF-GTPase-
effector module in autophagy, we used overexpression and double-
mutant analyses.
Usually, overexpression of a protein can suppress defects

caused by mutant proteins that act upstream, but not down-
stream, in the same pathway (28). Therefore, overexpression of
Ypt1 is expected to suppress the cargo-processing defect in cells
in which its upstream regulator, Trs85, is deleted but not in cells
in which its downstream effector, Atg11, is deleted. Suppression
of the Ape1-processing phenotype of trs85Δ was shown pre-
viously when the GTP-restricted form, but not wild-type Ypt1,
was expressed from the GAL1 promoter (17). We observed that
overexpression of Ypt1 from its own promoter suppresses the
Ape1-processing defect of ypt1-1 and trs85Δ but not that of
atg11Δ (Fig. 4A). This suppression is specific to Ypt1, because
overexpression of Ypt31 does not suppress this defect (Fig. S4A).
Thus, overexpression analysis supports the idea that PAS func-
tion is regulated by a module in which Ypt1 functions down-
stream of Trs85 and upstream of Atg11.
If two proteins function in the same pathway, a double-de-

letion mutant should confer a phenotype that is not more severe
than the phenotypes of the single deletions. When grown in rich
medium, the trs85Δ, ypt1-1, and atg11Δ mutations confer a com-
plete block in Ape1 processing, and Atg8-GFP is not processed
even in wild-type cells (Fig. 4 B and C). Therefore, we tested
these processing phenotypes plus the growth and Pho8Δ60
activity phenotypes of the mutants under nitrogen starvation.
Cells carrying single deletions of trs85Δ and atg11Δ exhibit
intermediate growth and Pho8Δ60 defects compared with ypt1-1
and atg1Δ cells, respectively (Fig. S4B and Fig. 4D, respectively).
In both assays, under nitrogen starvation trs85Δ confers a more
severe phenotype than atg11Δ. These results are in agreement
with the idea that Ypt1 and Trs85 play a role in both selective
and nonselective autophagy (15, 17). The observation that
atg11Δ mutant cells also exhibit mild growth and Pho860 defects

under nitrogen starvation is in agreement with the idea that the
PAS assembled during normal growth can persist and help cells
survive under starvation conditions (29).
Because the single-deletion mutants trs85Δ and atg11Δ exhibit

partial autophagy defects, it was possible to determine whether
the double-deletion phenotypes are more severe than those of
the single deletions. The double mutant trs85Δ atg11Δ exhibits
starvation-induced growth and Pho8Δ60 defects similar to, but
not more severe than, those of the single deletions (Fig. 4D and
Fig. S4B). The cargo-processing phenotypes of the single- and
double-mutant cells also were compared under nitrogen starva-
tion. All mutant strains exhibit varying degrees of Ape1- and
Atg8-processing defects, with ypt1-1 exhibiting the most severe
defects. Importantly, the processing defects of the atg11Δ trs85Δ
double deletion are not more severe than those of the single
deletions (Fig. 4 B and C). Together, these results support the
idea that the two Ypt1 interactors, Trs85 and Atg11, function in
one module that regulates autophagy.

Localization of Trs85–Ypt1 Interaction to Atg9-Containing Membranes.
As shown above, one punctum of the Trs85–Ypt1 BiFC in-
teraction in each cell localizes to the PAS (Fig. 2D). To de-
termine the localization of the rest of the Ypt1–Trs85 interaction
puncta, cells expressing RFP-tagged compartmental markers (27)
were transformed with plasmids coexpressing Trs85-CFP-N and
Y/CFP-C-Ypt1. We did not observe obvious colocalization of the
CFP and RFP fluorescence for ER exit sites, cis Golgi, Golgi,
trans Golgi, or endosomes (Fig. S5). Thus, the bulk of the Ypt1-
Trs85 interaction does not occur on exocytic or endocytic com-
partments. However, whether some interaction occurs on those
compartments is still an open question.
Atg9 is an integral membrane protein, and Atg9-containing

membranes were proposed as a source for the autophagosome
biogenesis. Like Ypt1 and Trs85, Atg9 localizes to multiple
puncta per cell (30). Partial colocalization of Ypt1 and Atg9 was
reported recently (17). To determine whether the Ypt1–Trs85
interaction occurs on Atg9-marked membranes, the Trs85-Ypt1
BiFC puncta were colocalized with Atg9-mCherry. Although
there are more Atg9 mCherry puncta in each cell, all the CFP
puncta representing the Ypt1–Trs85 interaction colocalize with
Atg9 (multiple puncta in 25/25 cells) (Fig. 4E). If the BiFC
puncta representing the Trs85–Ypt1 interaction sites colocalize
with Atg9, we expected that Trs85 itself also colocalizes with Atg9.
Like the BiFC puncta, all the Trs85 puncta overlap with Atg9
puncta (75/75 puncta in 30 cells), but there are additional
Atg9 puncta in each cell (Fig. S4C). This result provides a BiFC-
independent confirmation for the colocalization of Trs85 with
Atg9. Because Atg11 interacts with Atg9 and affects its cellular
localization (23), we wished to determine whether Ypt1 or Trs85
affects this localization as well. The number of Atg9-mCherry
puncta is reduced in both trs85Δ and ypt1-1 mutant cells com-
pared with wild-type cells (Fig. S4D). Thus, Ypt1 and Trs85 af-
fect the localization of Atg9, an Atg11 interactor. Together,
these results suggest that Trs85 and Ypt1 interact on Atg9-
containing membranes, which serve as source for the membrane
on which the PAS assembles. In addition, proper function of
Trs85 and Ypt1 is important for Atg9 localization.

Discussion
PAS assembly is the first step of the selective and nonselective
autophagy pathways, and Atg11 is a PAS organizer in selective
autophagy (14). Here we show that Atg11 is a downstream effector
of Ypt1 based on the following evidence: In vitro and in vivo
analyses show that Atg11 interacts specifically with the GTP-bound
form of Ypt1, and the localization of Atg11 to the PAS is
regulated by Ypt1. Using ypt1-1, a mutant defective in the
interaction with Atg11, we show that the Ypt1–Atg11 interaction
is important for PAS assembly and function.Moreover, multicolor
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BiFC analysis shows that Trs85, an autophagy-specific subunit of
the Ypt1 activator complex, interacts with Ypt1 on Atg9-con-
taining membranes and with Ypt1 and Atg11 in the PAS. Finally,
genetic analyses support the idea that the three proteins function
as aGEF-GTPase-effectormodule to regulate PAS assembly (Fig.
4F). Because PAS assembly is the first known step of autophagy,
this Ypt/Rab GTPase module regulates the onset of autophagy.
Our observation that under nitrogen starvation the ypt1-1 mu-

tation confers more severe autophagy defects than those exhibited
by trs85Δ and atg11Δ suggests that alternative Ypt1 activators and
effectors function in nonselective autophagy. Atg11 and Atg17
seem to play similar roles in specific and nonspecific autophagy,
respectively (29), including the recruitment of Atg9 to the PAS
(23, 31). Because Ypt1 is involved in both nonselective and se-
lective autophagy, and Atg11 is involved mainly in the former,
Atg17 is a potential candidate for an alternative Ypt1 effector in
nonselective autophagy.

Is the role of the Ypt1 module in PAS assembly conserved from
yeast to human cells? Rab1 is a functional homolog of Ypt1 (8),
and a role for Rab1 in autophagy has been shown in mammalian
cells (16). A recent proteomic study suggests that KIAA1012,
a human Trs85 homolog, plays a role in autophagy (32). Atg11 is
conserved among yeast and fungi, but there is no clear human
homolog for Atg11 (33). However, RB1CC1/FIP200 (KIAA0203)
has been suggested as a candidate for a human homolog of the
yeast Atg11 or Atg17 (34, 35). In addition, like the effect of the
ypt1-1mutation on Atg9 localization in yeast, inhibition of Rab1a
function has been shown to alter the localization of Atg9 in human
cells (36). Therefore, it is tempting to propose that the role of the
Trs85-Ypt1-Atg11 module in autophagy is conserved.
An open question in the autophagy field is the identity of the

membrane that serves as a source for autophagosomes. Using BiFC
combined with colocalization analysis, we show that Ypt1 and
Trs85 interact on Atg9-marked membranes. Because Atg9-con-
taining membranes are considered a source for autophagosomal
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Fig. 4. A role for the Trs85-Ypt1-Atg11 module in autophagy. (A) Overexpression of Ypt1 suppresses the Ape1-processing defects of ypt1-1 and trs85Δ but
not of atg11Δ. All three mutants exhibit an Ape1-processing defect (accumulated pApe1). mApe1 is seen in ypt1-1 and trs85Δ but not in atg11Δ over-
expressing Ypt1. (B) The Ape1-processing defect of the atg11Δ trs85Δ double mutant under nitrogen starvation is not more severe than that of the single-
deletion mutants. All mutants exhibit a complete Ape-processing defect during normal growth (+N2). Under nitrogen starvation (−N2, 4 h), Ape1 is processed
to the mature form in wild-type cells, but it remains unprocessed in ypt1-1 mutant cells. Atg11Δ and atg11Δ trs85Δ exhibit a partial processing defect; trs85Δ
exhibits a less severe defect. The percent of mApe1 is shown below the lanes. (C) The Atg8-processing defect of the atg11Δ trs85Δ double mutant under
nitrogen starvation is not more severe than that of the single deletions. No strains process Atg8 during normal growth. Under nitrogen starvation (4 h), most
of the Atg8-GFP protein in wild-type cells is processed to GFP, but in ypt1-1 mutant cells it remains unprocessed as Atg8-GFP. Trs85Δ and atg11Δtrs85Δ
mutants exhibit a processing defect similar to but less severe than that of ypt1-1; atg11Δ exhibits a less severe defect. (D) The Pho8Δ60 alkaline phosphatase
(ALP)-activity defect of atg11Δ trs85Δ is not more severe than in single-deletion mutants. ALP activity was determined in lysates prepared from cells grown in
yeast extract-peptone-glucose medium (white bars) and after 6 h of nitrogen starvation (gray bars); atg1Δmutant cells serve as a negative control. Trs85Δ and
atg11Δtrs85Δmutant cells exhibit a similar partial defect; atg11Δmutant cells exhibit a less severe defect. Activity units represent nM nitrophenol/mg protein.
Error bars represent SD. (E) Trs85 and Ypt1 BiFC puncta overlap with Atg9. The experiment was done as in Fig. 2D, except that Atg9 was tagged on the
chromosome with mCherry. All CFP puncta overlap with mCherry (merge), indicating that Trs85 and Ypt1 interact on Atg9-marked compartments (arrows).
There are more Atg9 than Ypt1-Trs85 puncta (arrowheads). (Scale bar, 5 μm.) Results shown in A–E are representative of at least two independent experi-
ments. (F) A model showing how one Ypt/Rab GTPase, Ypt1, regulates two processes, ER-to-Golgi transport (Upper) and PAS assembly (Lower), by recruiting
process-specific effectors. In ER-to-Golgi transport, Ypt1 activated by TRAPP I (6, 7) recruits the conserved tethering factor Uso1/p115 (10, 11) to stimulate ER
vesicle tethering to the Golgi. In selective autophagy, a GEF-GTPase-effector module composed of Trs85-containing TRAPP III-Ypt1-Atg11 regulates the first
step of both selective and nonselective autophagy, PAS assembly. We propose that Trs85, in the context of TRAPP III, and Ypt1 are localized to Atg9-con-
taining membranes. Subsequently, activated Ypt1-GTP interacts with Atg11 to mediate PAS assembly on these membranes.
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membrane (14), we propose that Ypt1 and Trs85 are recruited
to these membranes to initiate PAS assembly (Fig. 4F). Ypt1
shows two different BiFC patterns: multiple puncta for the Trs85–
Ypt1 interaction on the Atg9-containing membrane and a single
punctum of the Trs85-Ypt1-Atg11 on the Atg8/Atg9-marked
PAS. Because Atg9-containing reservoirs were shown to generate
the PAS (30), we propose that Ypt1 interacts first with Trs85 on
Atg9-containing membranes and later with Atg11 to facilitate PAS
assembly (Fig. 4F). Interestingly, interaction withAtg11 is required
for targeting Atg9 to the PAS (23), and here we show that Ypt1
also plays a role in Atg9 localization. Because one mechanism
suggested for the Ypt/Rab mechanism of action is enhancement of
interactions between effectors and effector-binding proteins (37),
it is possible that Ypt1 enhances the Atg11–Atg9 interaction.
GTPases have been implicated in the coordination of vesicular

transport substeps and in the integration of transport steps into
whole pathways (38). Here, we propose that GTPases also can
coordinate two different processes. How can one GTPase, Ypt1,
function in two different processes, ER-to-Golgi transport and
autophagy? EachYpt/RabGTPase can recruit multiple effectors in
a timely and spatially regulatedmanner.We propose that twoYpt1

effectors exhibit process specificity: The conserved tethering factor
Uso1/p115 acts as an effector of Ypt1/Rab1 in the ER-to-Golgi
transport step (10, 11), whereas Atg11 is an autophagy-specific
Ypt1 effector. Therefore, our results imply that Ypt/Rab GTPases
can regulate two different processes by recruiting process-specific
effectors (Fig. 4F). A future challenge is to determine the cues that
allow Ypt1 to recruit a specific set of effectors to a specific mem-
brane. One example of such discrimination is a Rab5 effector that
can be recruited specifically to phosphatidylinositol 3-phosphate
membranes (39).

Materials and Methods
All strains, plasmids, and reagents, yeast culture conditions and viability,
protein level, coprecipitation and alkaline phosphatase activity analyses, and
immunofluorescence and live-cell microscopy are detailed in SI Materials and
Methods. Strains used in this paper are summarized in Table S1. Plasmids
used in this study are summarized in Table S2.
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