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Gyp1 has a dual function as Ypt1 GAP and interaction partner of Atg8 in selective
autophagy
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Macroautophagy/autophagy is a highly conserved intracellular vesicle transport pathway that prevents Received 12 February 2018
accumulation of harmful materials within cells. The dynamic assembly and disassembly of the different ~ Revised 1 November 2018
autophagic protein complexes at the so-called phagophore assembly site (PAS) is strictly regulated. Rab Accepted 7 January 2019
GTPases are major regulators of cellular vesicle trafficking, and the Rab GTPase Ypt1 and its GEF TRAPPIII KEYWORDS

have been implicated in autophagy. We show that Gyp1 acts as a Ypt1 GTPase-activating protein (GAP) Atg1; autophagy; cargo
for selective autophagic variants, such as the Cvt pathway or the selective autophagic degradation of receptor; Rab GTPase; yeast;
mitochondria (mitophagy). Gyp1 regulates the dynamic disassembly of the conserved Ypt1-Atg1 com- Ypt1

plex. Thereby, Gyp1 sets the stage for efficient Atg14 recruitment, and facilitates the critical step from

nucleation to elongation of the phagophore. In addition, we identified Gyp1 as a new Atg8-interacting

motif (AIM)-dependent Atg8 interaction partner. The Gyp1 AIM is required for efficient formation of the

cargo receptor-Atg8 complexes. Our findings elucidate the molecular mechanisms of complex disas-

sembly during phagophore formation and suggest potential dual functions of GAPs in cellular vesicle

trafficking.

Abbreviations AIM, Atg8-interacting motif; Atg, autophagy related; Cvt, cytoplasm-to-vacuole targeting;
GAP, GTPase-activating protein; GEF, guanine-nucleotide exchange factor; GFP, green fluorescent pro-
tein; log phase, logarithmic growth phase; NHD, N-terminal helical domain; PAS, phagophore assembly
site; PE, phosphatidylethanolamine; PtdIins3P, phosphatidylinositol-3-phosphate; WT, wild-type

Introduction bound by its cargo receptor Atgl9 in the cytosol to form the
so-called Cvt complex [9-12]. Atgll, a coiled-coil tethering
protein, interacts with Atgl9 and at least 5 additional Atg
proteins to organize Cvt vesicle biogenesis [13,14]. One of the
Atgll interactors is the serine/threonine kinase Atgl that is
critical for phagophore initiation [15,16]. Atgl1 further inter-
acts with the Rab GTPase Yptl [17-20]. Yptl in return also
interacts with Atgl [21]. Rab GTPases such as Yptl act as
molecular switches in membrane trafficking. Only active
GTP-bound Yptl efficiently interacts with its effectors Atgll
and Atgl [18,21]. Rab GTPases such as Yptl are activated by
guanine-nucleotide exchange factors (GEFs). The Trs85-
containing transport protein particle III (TRAPPIII) complex
has been determined to be an autophagy-specific GEF for
Yptl [19,22-25], although recently an additional TRAPP sub-
unit, Trs33, has been implicated in autophagy [22,26-28].
Furthermore, a role of TRAPPIII in Yptl activation during
ER-Golgi transport has been proposed [29]. Rab GTPases are
inactivated by GTPase-activating proteins (GAPs) [30-32].
The GAPs Gypl, Gyp5, and Gyp8 stimulate the hydrolysis
of GTP on Yptl [33-35]. Gypl has been proposed to regulate
Yptl at the Golgi [34], and has been recently implicated in
autophagy-related pathways [36]. When Yptl is inactivated
during autophagic processes is unclear.

Macroautophagy (hereafter autophagy) is essential for removal
of harmful materials, such as protein aggregates, damaged mito-
chondria, or invasive bacteria within cells. Therefore, autophagy
defects are linked to various human disease [1-5]. The cargo is
selectively or non-selectively enwrapped by a unique double-
membrane compartment, the phagophore. This structure
matures into an autophagosome, which transports the cargo to
the lysosome for its degradation. Genetic screens for autophagy-
defective mutants in yeast and other fungi have at present
identified more than 40 autophagy-related (ATG) genes that
comprise the core machinery and specific components for the
selective variants of autophagy. Autophagosome formation is
initiated at the so-called phagophore assembly site (PAS),
where the Atg proteins localize at least transiently [6,7].

The best-characterized type of selective autophagy is the
cytoplasm-to-vacuole targeting (Cvt) pathway that serves as
a prototype for selective autophagy in yeast [8]. The Cvt
pathway acts under nutrient-rich conditions and delivers spe-
cific enzymes, such as the precursor form of aminopeptidase
I (prApel), to the vacuole, where they are matured to execute
their enzymatic functions. The dynamic assembly and disas-
sembly of the Atg protein complexes requires various protein-
protein interactions that are strictly organized. prApel is
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Dependent on the Atgl kinase complex, PAS assembly
proceeds by recruitment of Atgl4 and thereby the autophagy-
specific class IIT phosphatidylinositol 3-kinase (PtdIns3K)
complex [37-40]. Under nutrient-rich conditions the phos-
phatidylinositol-3-phosphate (PtdIns3P) signal is decoded by
the yeast PROPPIN (B-propellers that bind phosphoinosi-
tides) Atg2l [41]. Atg2l recruits the ubiquitin-like protein
Atg8 to the PAS and organizes its conjugation to phosphati-
dylethanolamine (PE) [42]. Atg8-PE has different roles in
phagophore formation during selective autophagy. This pro-
tein is, for example, required to tether receptor-bound cargo
complexes to the concave side of the phagophore and for
phagophore expansion [43-49]. Atg8-PE is also part of the
coat-like structure at the convex side of the phagophore [50].
Atg8-interacting motifs (AIMs), composed of a WxxL-like
motif, have been identified in most of the Atg8-interacting
proteins. Atg8 in turn contains 2 hydrophobic pockets in its
C-terminal ubiquitin-like domain that form the AIM-binding
site [51-55]. A conserved FK-motif in the N-terminal helical
domain (NHD) of Atg8 is also required for some protein
interactions [42,56]. How the different Atg8 interactions are
organized and how Atg8-PE is directed from the lipidation
complex to its different functional sites is still unclear.

In this study, we show that the GAP activity of Gypl is
required for selective autophagy. Gyp1 regulates the dynamic
disassembly of the conserved Yptl-Atgl complex as
a prerequisite for proper Atgl4 recruitment to the PAS. In
addition, we identified Gypl as new AIM-dependent Atg8
interaction partner and mapped the AIM in Gypl. Mutation
of the Gypl AIM precluded efficient formation of cargo
receptor-Atg8-PE complexes. We propose that the Gypl-
Atg8 interaction is involved in directing Atg8-PE from the
lipidation complex to the cargo receptor complexes.

Results

How is the presence of Atg8 in different complexes regulated?
We postulated the presence of a regulatory protein. Therefore,
we precipitated potential Atg8 interaction partners out of
crude extracts from wild-type (WT) yeast cells using recom-
binant GST-tagged Atg8 or GST alone as a control and tested
for interacting proteins. Mass spectrometry analysis revealed
the GAP Gypl in the elution fraction of 2 independent sam-
ples. We followed this hint as the GAP Gypl stimulates the
hydrolysis of GTP on the Rab GTPase Yptl, a regulator of
vesicle trafficking involved in autophagy [33-35].

Gyp1 and Atg8 interact via L50 of Atg8

The interaction of Atg8 and Gypl was first verified in vivo.
We included 2 other potential Yptl GAPs, Gyp5 and Gyp8
[33], in the analysis to determine the specificity of the Gypl-
Atg8 interaction. Gypl-HA, Gyp5-HA and Gyp8-HA were
co-immunoprecipitated with GFP-Atg8 or GFP alone out of
cells grown to logarithmic (log) phase. None of the GAPs
precipitated with GFP alone. Gyp5-HA showed no binding
and Gyp8-HA bound only very weakly to GFP-Atg8. Instead,
Gypl-HA clearly bound to immobilized GFP-Atg8 (Figure 1

(a,b)). These results show a preferential interaction of Atg8
with Gypl in vivo.

We confirmed that Atg8 preferentially interacts with Gypl
in vitro. Therefore, yeast crude extracts from cells containing
HA-tagged Gypl, Gyp5 or Gyp8 were incubated with immo-
bilized GST-Atg8 and GST alone as a negative control. Again,
none of the GAPs bound to GST. Gyp5-HA and Gyp8-HA
showed only weak binding to GST-Atg8, but Gypl-HA effi-
ciently bound to GST-Atg8 (Figure S1A-B). Taken together,
we identify Gypl as novel Atg8 interaction partner.

Next, we determined the binding site for Gypl in Atg8
in vivo. Again, GFP alone did not precipitate Gypl-HA.
Gypl-HA showed WT-like binding to the NHD control
mutant, GFP-Atg8**™*, with mutations in non-conserved
amino acids. A reduced amount of Gypl-HA co-precipitated
with GFP-Atg8"> % (43%), carrying mutations in conserved
amino acids of the Atg8 NHD. GFP-Atg8"** and GFP-Atg
8Y%2 both mutated in the AIM-binding site, co-precipitated
significantly less Gypl-HA (9% and 5%) compared to GFP-
Atg8 (Figure 1(c,d)). This result indicates, that the interaction
with Gypl mainly requires the AIM-binding site of Atg8, and
in addition the Atg8 NHD.

We further confirmed the L50-dependent Gypl-Atg8
interaction under endogenous conditions. Therefore, the
GFP-ATGS variants and GFP alone were expressed from the
ATGS8 promoter, and the quantity of cells was increased to
saturate the beads. Binding of Gyp1-HA to GFP-Atg8"*** and
to GFP alone was significantly reduced to 37% and 33%
compared to GFP-Atg8 (Figure 1(e,f)). This result also stresses
the reliability of the experiments with overexpressed Atgs.
Taken together, we demonstrate a novel interaction between
Atg8 and Gypl.

Mapping of AIM1 in Gyp1, required for direct interaction
with Atg8

In order to detect the residues in Gypl important for the inter-
action with Atg8, we used the iLIR web server [57], that pre-
dicted potential AIMs in Gypl. The first and the last amino acid
of the WxxL motif from 7 highly conserved potential AIMs in
Gypl were exchanged with alanine (Figure S2A, C). We noted
that mutation of AIM2 and AIM4 to AIM7 destabilized the
protein, and thus are not reliable for analysis (Figure 2(a),
Figure S2B). Conversely, Gypl[AIM1]-HA and Gypl[AIM3]-
HA were stable and we tested their binding to GFP-Atg8; we
included one destabilized mutant, Gyp1[AIM2]-HA. In some of
the replicates, mutation of Gypl AIM3 increased binding to
GFP-Atg8 (178%) compared to the Gypl WT. Interestingly,
mutation of Gypl AIMI abolished binding to GFP-Atg8 (4%;
Figure 2(a,b)). Thus, we conclude that AIM1, highly conserved
among yeasts (Figure 2(c)), serves as an interaction site for Atg8
in vivo.

To test the results for AIM1 and AIM3 using a different
approach, we analyzed binding of Gypl[AIMI1] and Gypl
[AIM3] to Atg8 in vitro and again included one destabilized
mutant, Gyp1[AIM2]. Immobilized GST-Atg8 and GST alone
were incubated with the indicated yeast crude extracts. Again,
no binding of the Gypl WT to GST alone was detected. Using
this approach Gypl[AIM3]-HA bound like the Gypl WT to
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Figure 1. Gyp1 and GFP-Atg8 interact via Atg8 L50. (a) GFP-ATG8 or GFP alone were expressed in cells containing GYP1, GYP5 or GYP8 chromosomally tagged with
HA. The proteins were precipitated out of cells grown to logarithmic (log) phase with a GFP-binding protein on beads (GFP beads). (b) Quantification of (a). The
amount of Gyp1-HA bound to GFP-Atg8 was set to 100%. (c) GFP-Atg8 variants or GFP alone and Gyp1-HA were co-immunoprecipitated with GFP beads out of atg8A
cells grown to log phase. (d) Quantification of (c). The amount of Gyp1-HA bound to GFP-Atg8 was set to 100%. (e) GFP-ATGS, GFP-ATG8"* and GFP alone were
expressed from the ATG8 promoter in the GYP1-HA background. Proteins were co-immunoprecipitated with GFP beads out of cells grown to log phase. (f)
Quantification of (e). The amount of Gyp1-HA bound to GFP-Atg8 was set to 100%. Immunoblots were probed with HA (top) or GFP antibodies (bottom). Molecular

mass markers are in kDa. Asterisks or X indicate different protein variants. FK, F5G K6G; ST, S3A T4A.

GST-Atg8. Binding of Gypl[AIM1]-HA to GST-Atg8 was
significantly reduced (63%; Figure 2(d,e)). Taken together,
we conclude that Gypl AIM1 acts as a functional AIM.

We now also tested if the Gypl GAP activity influences
Atg8 binding by mutating R343, that is essential for its GAP
activity [34]. Gyp1®****-HA bound like the Gypl WT to GST-

Atg8 (Figure 2(f,g)). In addition, Gyp1*****-HA bound like the
Gypl WT to GFP-Atg8 on beads, co-precipitated out of grow-
ing cells (Figure S3A-B). This indicates, that the GAP activity of
Gypl does not influence Atg8 binding in vitro and in vivo.
Next, we used E. coli-expressed Gypl and Atg8 to show
their direct interaction. Immobilized His-Gypl, His-Gypl
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Figure 2. Mapping of AIM1 in Gyp1, required for direct interaction with Atg8. (a) GYP1-HA and the indicated AIM-mutants under control of the GYPT promoter and
GFP-Atg8 or GFP alone were expressed in gypT1A atg8A cells grown to log phase. Proteins were co-immunoprecipitated with GFP beads. (b) Quantification of (a). The
amount of Gyp1-HA bound to GFP-Atg8 was set to 100%. (c) Schematic drawing of S. cerevisiae Gyp1 and sequence alignment of the Gyp1 AIM1 motif (light gray
box) from various yeasts. The position of the characteristic TBC (Tre2-Bub2-Cdc16) domain, is shown (277-510). Residue R343, essential for the GAP activity of Gyp1,
is marked by an arrow. (d) Immobilized GST-Atg8 or GST alone were incubated with yeast crude extract from cells grown to log phase expressing HA-tagged Gyp1 or
Gyp1[AIM1], Gyp1[AIM2] or Gyp1[AIM3] from the endogenous promoter. (e) Quantification of (d). The amount of Gyp1 bound to GST-Atg8 was set to 100%. (f)
Immobilized GST-Atg8 and GST alone isolated out of E. coli were incubated with yeast crude extract from cells grown to log phase expressing HA-tagged Gyp1 or
Gyp1™*3K from the endogenous promoter. (g) Quantification of (f). The amount of Gyp1 bound to GST-Atg8 was set to 100%. (h) Immobilized His-tagged Gyp1 WT,
Gyp1[AIM1] or Gyp1"** and soluble GST-tagged Atg8 or GST isolated out of E. coli were incubated. (i) Quantification of (h). The amount of GST-Atg8 bound to His-
Gyp1 was set to 100%. Molecular mass markers are in kDa. Immunoblots were probed with HA, His or GST antibodies. Asterisks indicate different protein variants.



[AIM1] and His—GyplRS43K were incubated with soluble GST-
Atg8 or GST alone. GST-Atg8 bound comparably to Gypl
and Gyp1™** but not to GST alone. GST-Atg8 showed
strongly reduced binding to Gypl[AIM1] (3%), confirming
that AIM1 is required for direct interaction of Gypl and Atg8
(Figure 2(h,i)).

We furthermore confirmed, that Gyp1[AIM1] is still able
to directly interact with Yptl. Immobilized His-Gypl, His-
Gypl[AIM1] and His-Gyp1***** were incubated with GST-
Yptl in its GDP- or GTP-bound form, and with GST alone.
Gyp1™***¥ was used as an additional control, as R343K is
a catalytically rather than a structurally important residue,
allowing its proper interaction with GTP-bound Yptl [58].
GST-Yptl in its GTP-bound form showed enhanced binding
to all Gypl variants. The enhanced interaction of Gypl
[AIM1] with GTP-loaded Yptl indicates that the mutated
AIM1 motif does also not interfere with the structural integ-
rity of Gyp1 (Figure S3C).

Gyp1 GAP activity and AIM1 are required for efficient
mitophagy

Next, we asked whether the Gypl-Atg8 interaction and also
the Gypl GAP activity are relevant for autophagy, because the
mammalian TBC domain-containing protein TBC1D14
showed a GAP-independent function in autophagy [59,60].
First, we tested the deletion strain for a prApel maturation
defect [61], and included the other 2 Yptl GAPs, Gyp5 and
Gyp8, in the analysis to determine the specificity of Gypl. An
atglA strain, where prApel maturation is blocked, was used
as a negative control. Deletion of GYP5 alone had no effect,
and deletion of GYP8 alone (95% Apel) or GYP5 and GYP8
(92% Apel) had only very slight effects on prApel matura-
tion. In contrast, the lack of Gyp1 alone already significantly
reduced the amount of Apel to 76% under logarithmic
growth conditions. Additional deletion of GYP5 or GYPS8 in
gypIA cells increased the maturation defect slightly but sig-
nificantly (69% or 56% Apel). In gyplA gyp5A gyp8A cells the
amount of Apel was strongly reduced to 28% (Figure 3(a,b)).
Upon nitrogen starvation, none of the deletion strains showed
a prApel maturation defect using this approach (Figure S4A-
B). This experiment was done in the WCG background, but
BY4741 cells showed the same phenotypes. Therefore, Gypl
plays the major role in the Cvt pathway, whereas Gyp5 and
Gyp8 may act on Yptl only in the absence of Gypl.

To further confirm, that the Cvt pathway requires the con-
version of Yptl into its GDP-bound inactive form, we compared
the prApel maturation defect of the gypIA gyp5A gyp8A cells to
a strain carrying the YPT1"" allele. This Ypt1 mutant is mostly
found in the active GTP-bound state [35,62]. We used both
mating types of the Ypt12®" strain and compared them with
the corresponding WT (MSUC-3D), the gypIA gyp5A gyp8A
strain and its corresponding BY4741 WT. Convincingly,
Ypt1¥7 caused the same effect on prApel maturation as the
gypIA gyp5A gyp8A strain. The prApel maturation rate was
reduced to 30% under logarithmic growth conditions, where
the Cvt pathway is active, but no effect was detectable under
starvation conditions (Figure S4C-D).
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Next, we expressed different GYPI variants from the endo-
genous promoter in gyplA and gyplA gyp5A gyp8A cells
grown to log phase. Gypl and the Gypl1[AIM1] mutant com-
plemented the prApel maturation defect. Gyp1***’X, lacking
the GAP activity, significantly reduced the amount of Apel to
67% in the gypIA strain and to 45% in the gypIA gyp5A gyp8A
cells (Figure 3(c,d)). The experiment was done in the WCG
background, but BY4741 cells yielded the same result. Taken
together, we show that efficient flux of the Cvt pathway
requires the Gypl GAP activity.

We further overexpressed GYPI from the constitutive
GPD1 (glyceraldehyde-3-phosphate dehydrogenase) promoter
to gain dominantly inactive GDP-bound Yptl. The amount of
Apel was significantly reduced (49%) compared to the WT
under logarithmic growth conditions. Control cells overex-
pressing GYP7, a GAP that is not involved in Yptl inactiva-
tion [63], showed no effect on prApel maturation (Figure
S4E-F). Upon nitrogen starvation, only atglA cells showed
a prApel maturation defect in this assay (Figure S4E and G)
[64]. Together, these results show the importance of an appro-
priate amount of Gypl under logarithmic growth conditions.

Furthermore, we detected no significant defect in the
degradation of GFP-Atg8 in gypIA and gypIA gyp5A gyp8A
cells, even after shorter times of starvation, although this was
recently reported [36]. We included the atg2IA strain as an
additional control, where autophagy is only retarded under
starvation conditions [64]. This mutant showed a complete
block after 2 h of starvation comparable to the atgIA strain
(Figure S5A-B). Starvation-induced Atg8 expression and its
selective targeting to phagophores might lead to overestima-
tion of the autophagic rate. Therefore, we also used the non-
selective cargo Pgkl-GFP to follow non-selective macroauto-
phagy [65]. The atg21A control strain showed a strong reduc-
tion to 15% after 2 h of starvation and 43% after 4 h of
starvation. Again, we could only detect very mild defects
after 2 and 4 h of starvation in gypIA and gypIA gyp5A
gyp8A cells (Figure 3(e,f)).

Gyp1 has been implicated in Yptl function at the Golgi, and
a mild Prc1/CPY transport defect and secretion phenotype have
been described for gypIA cells [29,33,34]. This defect may point
to an indirect effect of the GYPI deletion on Cvt vesicle biogen-
esis [66,67]. Therefore, we analyzed the Prc1/CPY phenotype
under nutrient-rich conditions. Only the vps2IA control strain
secreted a significant amount of Prcl/CPY. The gyp5A and
gyp8A strains showed no Prcl/CPY secretion, and the gypIA
strain secreted only minimal amounts of Prcl/CPY.
Importantly, this mild Prc1/CPY secretion phenotype was not
increased by additional deletion of GYP5 and GYP8 (Figure
S6A), although the prApel maturation defect was significantly
enhanced (Figure 3(a,b)). In addition, we analyzed Prcl/CPY
maturation of the corresponding strains under logarithmic
growth conditions by western blot analysis. Only the pep4A
strain showed a defect in the maturation of Prc1/CPY. The
presence of WT-like amounts of mature Prc1/CPY in gypIA
and gyplA gyp5A gyp8A cells (Figure S6B-C) ruled out the
possibility that the prApel maturation defect is due to disturbed
vacuolar proteolysis.

As our results argue for a role of Gypl as a major Yptl
GAP in selective autophagy, we continued our analysis using
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Figure 3. Gyp1 is required for efficient selective autophagy. (a) Log phase cell extracts of the indicated strains are immunoblotted with anti-Ape1 (top) and anti-Pgk1
(3-phosphoglycerate kinase; bottom). WT and atg7A cells were used as controls. (b) Quantification of (a). The percentage of Apel was set to 100% for the WT. (c)
Gyp1, Gyp1[AIM1] and Gyp1®** under control of the GYP7 promoter or empty vector were expressed in gyp1A and gyplA gyp5A gyp8A cells under growing
conditions and the cell extracts were immunoblotted with anti-Ape1 (top) and anti-Pgk1 (bottom). WT and atg7A cells were used as control. (d) Quantification of (c).
The percentage of Apel was set to 100% for the WT. (e) Cell extracts of the indicated strains expressing Pgk1-GFP after 0, 2 and 4 h of starvation in SD-N were
immunoblotted with anti-GFP. (f) Quantification of (e). The percentage of free GFP after 2 and 4 h of starvation was set to 100% for the WT. (g) GYP1-deleted cells
expressing the mitophagy marker mito-GFP and either empty vector (), Gyp1, Gyp1[AIM1] or Gyp1%***K were analyzed under post-log conditions. WT and atg32A
cells, depleted for the mitophagy receptor, were used as controls. Samples were taken after 0, 48 and 72 h in lactate medium. The blots were labelled with antibodies
against GFP (top) and Pgk1 (bottom) as loading control. (h) Quantification of (g). The mitophagic rate as the amount of free GFP was determined after 48 h in lactate
medium and set to 100% in the gypTA strain containing Gyp1.



post-log phase-induced mitophagy and analyzed GYPI
deleted cells containing the mitophagy marker mito-GFP
and either an empty plasmid (-), or a plasmid encoding
Gypl, Gypl1[AIM1] or Gyp1®™****. The mitophagic rate was
determined after 48 h in lactate medium and was strongly
reduced to 2.5% in atg32A cells, lacking the mitophagy recep-
tor [68]. Deletion of GYP! significantly reduced the mitopha-
gic rate to 51% (Figure 3(gh)). Expression of GYPI again
complemented the gypIA phenotype. Interestingly, not only
the abolished GAP activity (Gyp1*****) reduced the mitopha-
gic rate to 62%, but also Gypl[AIMI1] caused a significant
reduction to 81%. (Figure 3(g,h)). We conclude that both, the
Gypl GAP activity and its interaction with Atg8, are required
for efficient selective mitophagy.

Gyp1 colocalizes with Atg8 at the Cvt-specific PAS

Gypl resides on multiple punctate structures that might
represent the Golgi. Additionally, GFP-Gypl has been loca-
lized to the PAS [34-36]. We quantitatively evaluated the
colocalization of Gypl with 2 different PAS markers to ana-
lyze the effect of Gyp1[AIM1] and Gyp1™**** using fluores-
cence microscopy.

First, we tested the colocalization of Gyp1 and its interaction
partner Atg8, that is also considered as a PAS marker.
Approximately 30% of the GFP-Atg8 dots colocalized with one
of the Cherry-Gypl dots in cells grown to log phase. Neither
mutation of Gypl AIM1 nor an abolished GAP activity caused
a significant difference in the colocalization rate (Figure 4(a,b)).
We conclude that a part of Gyp1 colocalizes with its interaction
partner Atg8 at the PAS. We confirmed the localization of Gyp1l
to the Cvt-specific PAS by analyzing the percentage of prApel-
RFP dots that colocalize with one of the GFP-Gypl1 dots in cells
grown to log phase. A colocalization rate of approximately 50%
was detected with no significant difference for GFP-Gyp1[AIM1]
or Gyp1™*** Furthermore, the colocalization rate of GFP-Gypl
and prApel-RFP was independent of the Gyp1 interaction part-
ner Atg8 analyzed in gypIA atg8A cells (Figure 4(c,d)). These
results emphasize a direct role of Gyp1 in selective autophagy and
indicate that a pool of Gypl1 localizes to the Cvt-specific PAS,
independent of the Gypl GAP activity or its AIM.

However, it is likely that Gypl is primarily recruited to the
Golgi and the Cvt-specific PAS by its TBC-domain-mediated
interaction with Yptl [69]. Thereby, an effect of Gyp1[AIM1]
on the Gypl PAS localization might be masked. We created
GFP-Gypl1[1-238], lacking the TBC domain but containing
the N terminus of Gyp1l with the AIMI motif and GFP-Gypl
[AIM1 1-238], additionally carrying the AIM1 mutation. The
constructs were even more stable than the full-length proteins
(Figure S7A) and no longer showed multiple dots but instead
a strong cytosolic signal and at most one single dot per cell
(Figure 4(e)). We again analyzed the percentage of prApel-
RFP dots that colocalize with these residual GFP-Gyp1 dots.
Interestingly, the colocalization rate decreased significantly to
approximately 30% in cells containing the AIM1 mutant
compared to the WT (Figure 4(f)). This decrease was in line
with a significantly reduced number of GFP-Gypl[AIMI1
1-238] dots/cell (Figure 4(g)).
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In contrast, we could not detect a significant difference in
the number of prApel dots/cell (Apel rate) between both
truncated versions, and the Apel rate was also independent
of Gyp1[AIM1] or the Gypl GAP activity. Deletion of ATGS
led to a significant increase in the Apel rate, in line with
a block in the Cvt pathway (Figure S7B). We conclude, that
a pool of Gypl localizes to the Cvt-specific PAS, where the
interaction of Gypl and Atg8 occurs in living cells. Upon
elimination of the Yptl-Gypl interaction using the truncated
Gypl variants we could further show an effect of the mutated
Gypl[AIM1] on the Gypl PAS localization. Although, our
results with full-length Gyp1[AIM1] clearly suggest that the
main PAS localization motif resides in the C-terminal part of
Gypl, containing the TBC domain.

The Gyp1 GAP activity is required for efficient
disassembly of the Ypt1-Atg1 complex

The serine/threonine kinase Atgl, that is critical for phagophore
initiation [15,16], and Atgl1, the scaffold protein essential for the
Cvt pathway [13,14], have been recently described as effectors of
Yptl. As efficient interaction of Ypt1 with both effectors requires
active GTP-bound Ypt1 [18,21], we analyzed which of these Yptl
complexes is regulated by the Yptl GAP Gypl. First, we asked
whether Gypl1 influences the Yptl-Atgll interaction and thereby
Atgll PAS localization using fluorescence microscopy. Atgll
assembles with the Cvt complex, composed of prApel and
Atgl9 [13,70], and GTP-bound Yptl at the PAS, represented by
a dot-like structure [14,18]. An atgl9A strain was therefore used as
a negative control, where Cherry-Atgl1 is not properly recruited.
In contrast, there were no significant differences in the number of
Cherry-Atgl1 dots/cell in WT and gypIA cells (Figure 5(a,b)). The
results indicate that formation of the Cvt complex and its assem-
bly with Atgl1 are independent of Gypl.

Next, the PAS localization of GFP-tagged Atgl, the second
effector of Yptl [21], was tested. The number of perivacuolar
Atgl-GFP dots/cell, representing the PAS, was determined by
fluorescence microscopy. We included again the atgl9A strain
as a negative control, where PAS assembly is abolished at an
early step. The number of Atgl-GFP dots/cell increased sig-
nificantly to approximately 40% in the gypIA strain compared
to the WT (Figure 5(c,d)). This enrichment of Atgl-GFP at
the PAS in gypIA cells indicates that PAS assembly is affected
after Atgl recruitment in the absence of Gypl.

Deletion of the Yptl GAP stabilizes GTP-bound Yptl, that
preferably interacts with Atgl. We tested whether the accu-
mulation of Atgl at the PAS in gyplA cells represents an
enrichment of the Yptl-Atgl complex using a GFP-TRAP
approach. Atgl-GFP was isolated under logarithmic growth
conditions out of WT and gypIA cells to determine the
amount of co-precipitated endogenous Yptl. Indeed, the
amount of co-precipitated Yptl increased significantly in the
gYp1A cells (203%) compared to the WT strain (Figure 5(e,f)).
We confirmed, that disassembly of the Yptl-Atgl complex
requires the GAP activity of Gypl by fluorescence microscopy
of Atgl-GFP. We included Gyp1[AIM1] in the analysis, which
caused no effect compared to Gypl cells. Otherwise, the
number of perivacuolar Atgl-GFP dots/cell increased signifi-
cantly to 47% in the Gyp1*>*** cells. Furthermore, the GAP



1038 A. L. MITTER ET AL.

GFP- Cherry- (b) §
Atg8  Gyp1  Merge Nom. 0} ns
Gyp1 =
¥ =
o —
S 301
2
Gym[AlMﬂ... : 8
& 204
0]
| -
o ... e %10-
8 o n=16
Ke) QA
— 5 ym Q N \@ o
2 & & ¢
GFP-  praper- (d) o of
Gyp1 RFP  Merge 5 nie
Gyp1 (380- T - 1
= —
8 ns
<£60- |—_|I_ -
Gyp1[AIM1 2
©
N
o .. | . gzo-
~ o)
1 o
\ = ™= N ; n=29
o)
Ly K & &
atg8A & O*Q AQ\ &
M P
e & L
(e) GFP-  prApe1- (f)
Gyp1 RFP  Merge Nom. T 50-
Gyp1 5 |;|
[1-238] < 404
£
a 30+ -1
[ =
S
E 20+
T 10-
Gyp1 °
[AIM1 1-238] 3 o ~ n=31
=
o N
N N
N &
Q
N N1
o8
(@)
o]
8 : |
$0.34
o
©
2.0.24 ==
>
Q
g 0.14
0]
0.0 n=31
o &
\‘L \\'
S 8
N NS
D

Figure 4. Gyp1 localizes to the Cvt-specific PAS. (a) Cherry-Gyp1, -Gyp1[AIM1] or -Gyp1*** and GFP-Atg8 were visualized by fluorescence microscopy in gyp1A
atg8A cells grown to log phase. (b) Quantification of (a). The colocalization rate as the percentage of perivacuolar GFP-Atg8 PAS dots overlapping with Cherry-Gyp1
was determined: Gyp1 (28.62 + 2.63%), Gyp1[AIM1] (26.10 + 4.11%) and Gyp1¥>*3¥ (22.14 + 6.30%). Dots/cell were analyzed from =16 different images/strain (=440
cells/strain). (c) GFP-Gyp1, GFP-Gyp1[AIM1] or GFP-Gyp1™* and the PAS marker prApel1-RFP were visualized by fluorescence microscopy in GYPI-deleted cells
grown to log phase. GFP-Gyp1 and prApel-RFP were likewise analyzed in atg8A cells. (d) Quantification of (c). The colocalization rate as the percentage of
perivacuolar prApel-RFP PAS dots overlapping with GFP-Gyp1 was determined: GFP-Gyp1 (52.52 + 3.74%), GFP-Gyp1[AIM1] (48.89 + 4.95%), GFP-Gyp1%+
(52.37 + 2.83%) and GFP-Gyp1 in atg8A (52.50 + 4.66%). Dots/cell were counted from =29 images/strain (=370 cells). (e) GFP-Gyp1[1-238] and GFP-Gyp1[AIM1
1-238] and the PAS marker prApe1-RFP were visualized by fluorescence microscopy in gypT1A cells grown to log phase. (f) Quantification of the colocalization rate as
the percentage of perivacuolar prApel-RFP PAS dots overlapping with GFP-Gyp1 from (e). GFP-Gyp1[1-238] (38.48 + 2.40%) and GFP-Gyp1[AIM1 1-238]
(27.45 £ 3.71%). (g) Quantification of the number of GFP-Gyp1[1-238] dots per cell from (e): GFP-Gyp1[1-238] (0.30 + 0.02) and GFP-Gyp1[AIM1 1-238]
(0.19 £ 0.02). Dots/cell were counted from =31 images/strain (=624 cells).
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Figure 5. Gyp1 is required for efficient disassembly of the Ypt1-Atg1 complex. (a) Cherry-Atg11 was visualized by fluorescence microscopy in WT, gypTA and atg19A
cells (control) grown to log phase. (b) Quantification of (a). The number of Cherry-Atg11 dots/cell, was determined: WT (0.53 + 0.03), gyp1A (0.55 + 0.02) and atg19A
(0.14 + 0.01). =32 different images/strain were analyzed (=753 cells/strain). (c) Atg1-GFP was expressed from the ATGT promoter and visualized by fluorescence
microscopy in atg1A (WT), gyp1A atg1A and atg19A atg1A cells grown to log phase. (d) Quantification of (c). The number of perivacuolar Atg1-GFP dots/cell,
representing the PAS, was determined in atg7A (0.33 £ 0.01), gypTA atg1A (0.46 + 0.02 dots/cell) and atg79A atg1A strains (0.07 £ 0.01), the latter used as a negative
control. >28 different images/strain were analyzed (=1027 cells/strain). (e) Atg1-GFP and endogenous Ypt1 were co-immunoprecipitated with a GFP-binding protein
on beads out of atg1A (WT) and atg1A gyp1A cells grown to log phase. Immunoblots were probed with Ypt1 (top) or GFP antibodies (bottom). Molecular mass
markers are in kDa. (f) Quantification of (e). The amount of Ypt1 bound to Atg1-GFP in atglA cells (WT) was set to 100%. (g) Atg1-GFP and Gyp1, Gyp1[AIM1] or
Gyp1™** were expressed from the endogenous promoters in atg1A gyp1A cells grown to log phase. Atg1-GFP was visualized by fluorescence microscopy. (h)
Quantification of (g). The number of perivacuolar Atg1-GFP dots/cell was determined: Gyp1 (0.32 + 0.01), Gyp1[AIM1] (0.35 + 0.01), Gyp1™*** (0.47 + 0.02) and
empty vector (0.46 + 0.02). =32 different images/strain were analyzed (=1190 cells/strain).
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mutant caused the same effect as the strain lacking Gypl
(Figure 5(g,h)). Taken together, these results show, that the
Cvt pathway requires Gypl as a Yptl GAP for efficient dis-
assembly of the Yptl-Atgl complex.

Proper recruitment of Atg14 and Atg8 to the PAS requires
Gyp1

Recruitment of the Atgl4-containing class III PtdIns 3-kinase
complex I is dependent on the Atgl kinase complex and Atg9
[39,40,71,72]. We tested whether efficient disassembly of the
Yptl-Atgl complex by Gypl is required for proper Atgl4
localization to the PAS. The number of perivacuolar Atgl4-
GFP dots/cell, representing the PAS, was determined under
logarithmic growth conditions. In the atg9A strain, used as
a negative control, the number of Atgl4-GFP dots/cell
decreased significantly to 44%. The number of Atgl4-GFP
dots/cell was further significantly reduced to 65% in gypIA
cells compared to the WT (Figure 6(a,b)). This result indicates
that inactivation of Yptl by Gypl, and thereby efficient dis-
assembly of the Yptl-Atgl complex, is a prerequisite for
proper Atgl4 recruitment and PtdIns3P production at the
PAS. Thereby, the critical step from nucleation to phagophore
elongation is initiated.

We further analyzed the localization of the Gypl interac-
tion partner Atg8 by fluorescence microscopy. Under nutri-
ent-rich conditions the late PAS component Atg8 is recruited
in a PtdIns3P-dependent manner via Atg21 to the PAS [42].
In atg2IA control cells the number of GFP-Atg8 dots/cell
decreased significantly to 38%. Again, likely due to the
reduced amount of PtdIns3P at the PAS, the number of GFP-
Atg8 dots/cell decreased significantly to 73% in the gypIA
strain compared to the WT (Figure 6(c,d)). We also analyzed
the influence of Gypl-Atg8 interaction and the Gypl GAP
activity. Compared to cells containing Gypl, the number of
GFP-Atg8 dots/cell decreased significantly in cells lacking
Gypl and containing the Gyp1™**** GAP mutant, but there
was no significant change in the number of GFP-Atg8 dots/
cell in the presence of Gyp1[AIM1] (Figure 6(e,f)). This result
is highly interesting as it indicates that recruitment of GFP-
Atg8 to the PAS, represented by the number of perivacuolar
GFP-Atg8 dots/cell, is dependent on the GAP activity of Gypl
due to inefficient disassembly of the Yptl-Atgl complex, but
not on the Gypl AIM1.

Efficient interaction of Atg8 with cargo receptors requires
the Gyp1 AIM1

Gypl1[AIM1] reduced the mitophagy rate (Figure 3(g,h)) although
it caused no defect in Atgl-GFP and GFP-Atg8 localization to the
PAS (Figure 5(gh); 6(e,f)). What could be the role of the Gypl
AIMI after GFP-Atg8 recruitment to the PAS that affects at least
the mitophagy rate? Following recruitment and lipidation, Atg8-
PE must be efficiently directed to the different Atg8-PE functional
complexes, including the cargo complex on the inside of the
forming Cvt vesicles or the Atgl2—Atg5-Atgl6 coat-like structure
on the outside of phagophores [11,12,50]. We analyzed whether
the Atg8-cargo receptor complexes form efficiently in cells con-
taining Gypl[AIMI1]. Flag-tagged Atg8 and the mitophagy

receptor GFP-Atg32 were co-immunoprecipitated out of cells
either containing Gypl, Gypl[AIMI1], Gyp1®*** or lacking
Gypl. The percentage of Flag-tagged Atg8 that co-precipitated
with GFP-Atg32 decreased significantly in cells containing Gypl
[AIM1] (69%) and GyplR343K (50%) compared to the cells con-
taining Gyp1. The percentage of co-isolated Flag-tagged Atg8 was
also clearly reduced in cells lacking Gypl (64%; Figure 7(a,b)).
Next, we extended our analysis on the Cvt cargo complex to
confirm the role of the Gypl AIMI. Thus, we co-isolated Flag-
tagged Atg8 and the Cvt receptor Atgl9-HA out of cells either
containing Gypl, Gyp1[AIM1], or Gypl™®*X, or cells lacking
Gypl. Indeed, the percentage of Flag-tagged Atg8 that co-
precipitated with Atgl9-HA decreased significantly in cells con-
taining Gypl[AIM1] (56%) and GyplR343K (54%) compared to
cells containing Gypl. The percentage of co-isolated Flag-tagged
Atg8 decreased further in cells lacking Gyp1 (25%; Figure 7(c,d)).
The decreased amount of cargo receptor-Atg8—PE complexes in
cells containing Gyp1"**** or lacking Gypl1 are likely caused by the
recruitment defect of GFP-Atg8 to the PAS (Figure 6(e,f)). In
contrast, the Gypl AIMI is not required for recruitment of GFP-
Atg8 to the PAS (Figure 6(e,f)) but in a later step for efficient
formation of the cargo receptor-Atg8-PE complexes. Thereby, we
could show that Gypl is required for 2 separate steps of PAS
assembly during selective autophagy. Gypl acts as a GAP of
Yptl to mediate efficient disassembly of the Yptl-Atgl complex
and later as an Atg8 interaction partner.

The precise regulation of complex assembly and disassembly
is a prerequisite for proper PAS organization, but the mechan-
isms are mostly unclear. The Cvt pathway serves as a prototype
for selective autophagy in yeast [8]. Therefore, we propose
a model for Gypl in regulating Yptl activity and dynamic
PAS assembly under nutrient-rich conditions (Figure 8). The
Cvt complex (prApel and Atgl9) assembles with Atgll, Atg9
vesicles as an initial membrane source, Atgl and Yptl.
Thereby, Atgl interacts with GTP-bound Yptl [21]. The
Gypl GAP activity leads to GTP hydrolysis and thereby effi-
cient disassembly of the Yptl-Atgl complex. Thus, Gypl sets
the stage for efficient Atgl4 recruitment and PtdIns3P produc-
tion at the PAS, and facilitates the critical step from nucleation
to elongation of the phagophore. PtdIns3P is bound by Atg21
that recruits Atg8 and Atglé, leading to Atg8 lipidation [42].
Efficient formation of the cargo receptor-Atg8-PE complexes
then requires AIM-dependent binding of Gypl to Atg8-PE.

Discussion

Selective autophagy requires fine-tuning by the GAP
Gyp1

Rab GTPases are major regulators of vesicle trafficking, and
their role in autophagy has attracted increasing attention over
the years [73]. Their activity is controlled by GEFs, GAPs and
GDP dissociation inhibitors [32]. We show that the GAP
Gypl is involved in dynamic complex disassembly during
selective autophagic variants (Figure 8). Yptl regulation by
Gypl is highly important because both GYPI overexpression,
which enriches GDP-bound Yptl, and deletion of GYPI,
which stabilizes GTP-bound Yptl, impeded the Cvt pathway
(Figure 3(a,b), S4E-F). Furthermore, th1Q67L, dominantly in
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Figure 6. Efficient PAS localization of Atg14-GFP and GFP-Atg8 requires Gyp1l. (a) ATG14 was chromosomally tagged with GFP and visualized by fluorescence
microscopy in WT, gypTA and atg9A cells grown to log phase. (b) Quantification of (a). The number of perivacuolar Atg14-GFP dots/cell, representing the PAS, was
determined: WT (0.17 £ 0.01 dots/cell), gyp7A (0.11 + 0.01) and atg9A (0.07 + 0.01), the latter was used as a negative control. =28 different images/strain were
analyzed (=636 cells/strain). (c) GFP-Atg8 was expressed from its own promoter and visualized by fluorescence microscopy in WT, gyp1A and atg21A cells (control)
grown to log phase. (d) Quantification of (c): WT (0.30 + 0.02), gyp7A (0.22 + 0.02) and atg21A (0.12 + 0.01) cells. >36 different images/strain were analyzed (=1051

cells/strain). (e) GFP-Atg8 was visualized by fluorescence microscopy in gypT1A atg8A cells grown to log phase expressing Gyp1, Gyp1[AIM1] or Gyp

174K or empty

vector (-). (f) Quantification of (e). The number of perivacuolar GFP-Atg8 dots/cell was determined: Gyp1 (0.49 + 0.03), Gyp1[AIM1] (0.48 + 0.02), Gyp1R343K

(0.21 £ 0.02) and empty vector (0.19 + 0.01). >24 different images/strain were analyzed (=689 cells/strain).
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Figure 7. Efficient interaction of Atg8 with cargo receptors requires the Gyp1 AIM1 motif. (a) Flag-Atg8 and GFP-Atg32 were co-immunoprecipitated with GFP beads
out of gypTA atg8A atg32A cells grown to log phase expressing Gyp1, Gyp1[AIM1], Gyp17>*** or empty vector (-). Imnmunoblots were probed with Flag antibody (top),
shown after longer (high) or shorter (low) exposure, or GFP antibody (bottom). (b) Quantification of (a). The ratio of Flag-Atg8 bound to GFP-Atg32 in Gyp1 cells was
set to 100%. (c) Flag-Atg8 and Atg19-HA were co-immunoprecipitated with HA-agarose out of gypTA atg8A Atg19-HA cells in log phase expressing Gyp1, Gyp1
[AIM1], Gyp17*** or empty vector (). Inmunoblots were probed with Flag (top) or HA antibodies (bottom). (d) Quantification of (c). The amount of Flag-Atg8 bound

to Atg19-HA in Gyp1 cells was set to 100%.

its GTP-bound form, also affected the Cvt pathway (Figure
S4C-D), although another study reported a slight elevation in
Pho8A60 activity also under basal conditions when Ypt12®*
was overexpressed under control of the GALI promoter [32].
Together with the conservation of the Yptl/RAB1-Atgl/ULK1
interaction in mammals our findings emphasize the impor-
tance of Gypl for autophagy [21]. In addition, highly con-
served Gypl orthologs exist in various species. The RABGAP
domain of a human ortholog TBC1D22A (accession number
AL096779) shares 48% identity with Gypl (excluding a non-
conserved loop region in Gypl) [34]. Therefore, it is tempting
to speculate that the orthologs of Gypl are also required for
selective autophagy.

The GTP hydrolysis of Yptl is increased 54-fold in the
presence of saturating amounts of Yptl-GAP activity [62], but
residual GTP hydrolysis in the absence of Yptl-GAP activity
might explain the partial phenotypes of the GAP deletion
strains. Even Ypt1?%’", predominantly in its GTP-bound
form, is responsive to the GAP activity, although its stimu-
lated rate is much slower [62]. In addition, the different GAPs
have the potential to compensate for each other as shown for
Gyp5 and Gyp8 in the absence of Gypl (Figure 3(a,b)). We

can also not fully exclude yet that additional GAPs contribute
to the inactivation of Yptl at the PAS.

Without providing mechanistic insights, another study also
showed a reduced autophagic rate for GYPI deleted cells upon
starvation [36]. This seems to be in line with a general role of
Yptl in autophagy [18,21,22]. However, we could neither detect
an effect on prApel maturation under starvation conditions in
different yeast backgrounds nor a significant defect in GFP-Atg
8 or Pgkl-GFP processing even after shorter times of starvation
(Figure 3(e,f), Figure S4A-B, Figure S5). Otherwise, the Yptl
GEF component Trs85 is strictly required for selective autop-
hagy, but to what extent Trs85 is required for non-selective
macroautophagy is still under debate [18,22,27]. Most recently
it has been proposed that only additional deletion of TRS33
abolishes non-selective autophagy [28].

Most recently, a role of the Trs85-containing TRAPPIII in
Yptl activation during ER-Golgi transport has also been pro-
posed [29]. This is in line with studies showing that trs85A
cells are impaired in both ER-Golgi trafficking and endocytic
recycling [23,74,75]. A function of Gypl in endosomal recy-
cling and as a Yptl GAP at the Golgi has also been proposed
[33-35]. In our hands the gypIA strain secreted only minimal
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Figure 8. Current model for Gyp1 function. Efficient selective autophagy requires Gyp1 at 2 different steps. First, the Gyp1 GAP activity is required for efficient
disassembly of the Ypt1-Atg1 complex, and then Gyp1 AIM1 is required for efficient formation of the cargo receptor-Atg8-PE complexes. Model is detailed in the

text.

amounts of Prcl/CPY (Figure S6A). This mild Prcl/CPY
secretion phenotype was not increased by additional deletion
of GYP5 and GYPS, which significantly increased the prApel
maturation defect (Figure 3(a,b)). Normal Prc1/CPY matura-
tion in gypIA and gyplA gyp5A gyp8A cells (Figure S6B-C)
ruled out the possibility that disturbed vacuolar proteolysis
caused the prApel maturation defect. Trs85 and Gypl might
act on Yptl in the secretory pathway and autophagy. The
direct AIM-dependent interaction of Gypl with Atg8, its
localization to the PAS and proper PAS assembly until
recruitment of Atgl (Figure 1-2; Figure 4-6) clearly show
an autophagy specific function and argue against an indirect
effect of the GYPI deletion on selective autophagy [66,67].

Gyp1 is required for efficient disassembly of the
Ypt1-Atg1 complex

We analyzed the localization of different Atg proteins in
GYPI deleted cells and identified the steps during PAS assem-
bly that require Gypl under nutrient-rich conditions, as indi-
cated in our model (Figure 8). Atgll assembly at the PAS
occurred normally in gypIA cells, represented by one single
perivacuolar Cherry-Atgll dot/cell (Figure 5(a,b)). In con-
trast, yptl-1 (T40K) cells show a disturbed recruitment of
Atgll to the PAS, and thus multiple GFP-Atgll dots/cell,
due to a defect in interaction of Yptl with its effector Atgll

[18,22]. We further showed, that inefficient disassembly of the
Yptl-Atgl complex caused significant enrichment of Atgl-
GFP at the PAS in cells lacking Gyp1 (Figure 5(c-f), Figure 8).
The ypt1-2 mutant is inactive due to a defect in GTP binding
[76], and showed no Atgl-GFP enrichment under nutrient-
rich conditions [21]. Most likely GTP-dependent formation of
the Yptl-Atgl complex is affected in this mutant, avoiding
accumulation of Atgl.

Formation of the Yptl-Atgl complex might be differently
regulated under nutrient-rich conditions and upon starvation or
rapamycin treatment as described for the activation of Atgl.
Atgl3 is hyperphosphorylated under nutrient-rich conditions,
decreasing the Atgl-Atgl3 interaction [77-79]. Therefore, Atgl
activation additionally requires cargo-bound Atgll to cluster
Atgl [15,16], and the Yptl-Atgl complex needs fine-tuning by
Gypl under nutrient-rich conditions. After Yptl-Atgl complex
disassembly, the described AIM-dependent interaction of Atgl
and Atg8 might lead to association of Atgl with autophago-
somes and downregulate the Atgl kinase complex and/or facil-
itate membrane expansion [53,80].

Gyp1 has a GAP-independent function as an Atg8
interaction partner

Gypl functions not only as a GAP for Yptl but its AIM-
dependent interaction with Atg8 facilitates the formation of
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Atg8-cargo complexes required during selective autophagy
(Figure 7). Various TBC domain-containing RAB GAPs have
been identified that bind directly to Atg8-family protein modi-
fiers and colocalize with LC3-positive autophagic membranes
[81]. In addition, Gypl1 is not the only TBC domain-containing
protein with a GAP-independent function. The mammalian
protein TBC1D14 exerts its dominant negative effect on autop-
hagy by interaction with the TRAPP complex [59,60].

Besides the AIM-binding site, the Gypl-Atg8 interaction
also slightly required the Atg8 NHD (Figure 1(c,d)), probably
to stabilize the interaction. Gyp1[AIM3] only increased its co-
precipitation with GFP-Atg8 out of yeast cells (Figure 2(a,b),
(d,e)). In whole cells, the AIM3 mutation might affect binding
of Gypl to another interaction partner and thereby increase
the pool of free Gypl available for interaction with Atgs,
whereas this is not detectable upon reconstitution of the
complexes using isolated GST-Atg8.

Although Gypl[AIMI1] strongly affected binding of Gypl
to Atg8 (Figure 2(a—e)) in binding assays, it only reduced the
mitophagic rate and caused no prApel maturation defect in
living cells (Figure 3(c,d); (g,h)). Therefore, the GAP activity
seems to be the Gypl function dominantly required for the
Cvt pathway. Furthermore, we measure on a high background
of Apel in the deletion strains. Therefore, a reduced Cvt
vesicle biogenesis in the Gypl[AIM1] mutant might be
masked especially by degradation of prApel as large oligo-
mers, leading to overestimation of the prApel maturation rate
[61]. However, additional AIMs in Gypl could also mask the
phenotype or cause the partial mitophagy defect. The Cvt
receptor Atgl9, for example, contains multiple cryptic AIMs
that contribute to the Atgl9-Atg8 interaction [82]. We
mutated additional potential AIMs in Gypl, but instability
of the mutated proteins precluded their analysis (Figure S2B).
We showed that AIM1 might be additionally required for
localization of Gypl at the PAS in vivo using a truncated
version of Gypl lacking the TBC domain, that masked this
phenotype (Figure 4(e-g)), although the main PAS localiza-
tion motif resides in the C-terminal part of Gypl containing
the TBC domain (Figure 4(a—d)). The supplemental Gyp1[1-
238] PAS recruitment (Figure 4(e-g)) by interaction with
Atg8 could represent a reinforcing feedback loop. Atg8
could donate Gypl to the Yptl complex to enforce disassem-
bly of the Yptl-Atgl complex and thereby its own recruit-
ment. It might be also possible, that the AIM motif is masked
in the presence of the TBC domain. A conformational change
could be induced after recruitment of Gypl to the PAS or
upon deletion of the TBC domain, allowing access to AIM1.
Otherwise, GFP-Gyp1[1-238] caused a strong cytosolic pool
(Figure 4(e), Figure S7A), that is absent in cells containing the
full-length GFP-Gypl1 constructs. Therefore, Atg8 could also
recruit GFP-Gyp1[1-238] from this cytosolic pool to the PAS,
that is absent under physiological conditions. Nevertheless,
AIMI1 of Gypl is required for efficient interaction of Atg8
with the cargo receptors Atgl9 and Atg32 (Figure 7(a-d)) as
depicted in our model (Figure 8). Therefore, we propose that
the Gypl-Atg8 interaction is required for spatial segregation
of Atg8-PE from the lipidation complex to the cargo com-
plexes during selective autophagy.

Our findings elucidate the molecular mechanisms of com-
plex disassembly during phagophore formation and suggest
potential dual functions of GAPs in cellular vesicle trafficking
independent of their role as Rab GTPase regulators.

Materials and methods
Plasmids

The plasmids used in this study can be found in Table 1. Genes
have been cloned with the endogenous promoter if not indicated
otherwise. GYPI-6xHA has been amplified with the endogenous
promoter from chromosomal DNA and inserted with Sacl-
HindIII into pRS316 for pRS316-Gypl-6xHA. For pRS315-
Gypl-6xHA, GYPI1-6xHA has been amplified with the endogen-
ous promoter from chromosomal DNA and inserted with SacI-
Sall into pRS315. MET25p-Cherry-Gypl was constructed by
PCR amplification of GYPI from chromosomal DNA and
inserted via BamHI-Sall into MET25p-Cherry (pUG34 derivate).
This construct derived from pMET25-Cherry (pUG36 derivate)
[42] by replacing GFP with Cherry (SacI-Spel). After mutagen-
esis of AIMI the inserts were isolated and ligated into pUG34 to
yield the pUG34-Gypl constructs. GYPI with its promoter and
terminator was amplified by PCR from chromosomal DNA and
inserted via SacI-Sall into pRS315 for pRS315-Gypl. After muta-
genesis of AIM1 and R343K all inserts have been isolated again
via Sacl-Sall and ligated with pRS316 to yield the pRS316-Gypl
constructs. Mutagenesis of the indicated amino acids has been
done with QuikChange Lightning Site-Directed Mutagenesis Kit
(Agilent Technologies, 210519) and corresponding primers.

pUG36-mCherry-Atgll was constructed by amplification
of ATGI11 from chromosomal DNA and ligation via BamHI-
Xhol into pMET25-Cherry [42].

For the pPROExHtb-Gyp1 constructs the inserts have been
isolated from MET25p-Cherry-Gypl variants and ligated into
pPROExHtb via BamHI-Sall.

2xFlag-ATG8 was amplified by overlapping extension PCR
and ligated via EcoRI and Xhol into pRS313. ATG32 was
amplified by PCR from chromosomal DNA and ligated into
XhoI-EcoRI of pUG36.

For mito-GFP the pre-sequence of the N. crassa subunit 9
(atp-9/Su9) of the F,F, ATPase fused to mouse DHFR, dihy-
drofolate reductase was amplified by PCR and inserted with
BamH1-EcoR1 into pUG23.

Yeast strains

The yeast strains used in this study can be found in Table 2.
All strains are in the WCG4a background if not indicated
otherwise. The indicated knockouts have been done according
to previous reports [83,84] using pFa6a-natNT2, pFa6a-
hphNT1, pFa6a-His3MX6 or pFa6a-KaMX6 as template.
Tagging of the indicated genes with GFP has been also done
according to a previous report [84] using pFA6a-GFP(S65T)-
HIS3MX6 as template. The integration of the GPDI promoter
has also been done according to a previous report [83] using
pYM-N16 as template. Tagging of the indicated genes with
6xHA has been done using pYM17 as template following the
protocol provided previously [83].



Table 1. Plasmids used in this study.
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Name Characteristics Source
GST-Atg8 pGEX4T3-Atg8 [56]
GST pGEX4T3 GE Healthcare, 28-9545-52
GST-Atg8_L50A pGEX4T3-Atg8_L50A [56]
GST-Atg8_FK PGEX4T3-Atg8_F5G K6G [56]
GST-Atg8_ST pGEX4T3-Atg8_S3A T4A [56]
Hiss_Gyp1 pPROExHtb-Gyp1 This study
Hiss_Gyp1_AIM1 pPROExHtb-Gyp1_ W160A V164A This study
Hiss_Gyp1_R343K pPROEXHtb-Gyp1_R343K This study
pRS316-Gyp1-6xHA pRS316-Gyp1-6xHA This study
pRS316-Gyp1_AIM1-6xHA pRS316-Gyp1_ W160A V164A —6xHA This study
pRS316-Gyp1_AIM2-6xHA pRS316-Gyp1_ F426A L429A —6xHA This study
PRS316-Gyp1_AIM3-6xHA PRS316-Gyp1_ W625A L628A-6xHA This study
pRS316-Gyp1_R343K-6xHA pRS316-Gyp1_R343K-6xHA This study
pRS316 CEN, URA3 [88]
GAL_GFP-Atg8 pYES2-GFP-Atg8 [89]
GAL_GFP-Atg8_L50A pYES2-GFP-Atg8_L50A [89]
GAL_GFP-Atg8_Y49A pYES2-GFP-Atg8_Y49A [89]
GAL_GFP-Atg8_FK pYES2-GFP-Atg8_ F5G K6G [42]
GAL_GFP-Atg8_ST pYES2-GFP-Atg8_ S3A T4A [42]
GAL_GFP pYes2 Invitrogen, V82520
pRS315-Gyp1-6xHA pRS315-Gyp1-6xHA This study
pRS315-Gyp1_AIM1-6xHA pRS315-Gyp1_ W160A V164A —6xHA This study
pRS315-Gyp1_AIM2-6xHA pRS315-Gyp1_ F426A L429A —6xHA This study
pRS315-Gyp1_AIM3-6xHA pRS315-Gyp1_ W625A L628A-6xHA This study
pRS315-Gyp1_AIM4-6xHA pRS315-Gyp1_ F258A 1261A-6xHA This study
pRS315-Gyp1_AIM5-6xHA pRS315-Gyp1_ W278A [281A-6xHA This study
pRS315-Gyp1_AIM6-6xHA pRS315-Gyp1_ W290A L293A-6xHA This study
pRS315-Gyp1_AIM7-6xHA pRS315-Gyp1_ W334A I337A-6xHA This study
pRS315-Gyp1_R343K-6xHA pRS315-Gyp1_ R343K-6xHA This study
pRS315 CEN, LEU2 [88]
GFP-Atg8 pRS316-GFP-Atg8 [88]
GFP-Atg8 pRS315-GFP-Atg8 [56]
GFP-Atg8_L50A pRS315-GFP-Atg8_L50A [56]
GFP pRS315-GFP (ATG8 promoter) This study
2xFlag-Atg8 pRS313-2xFlag-Atg8 This study
mito-GFP MET25p-atp-9/Su9-DHFR-GFP (pUG23) This study
pRS315-Gyp1 pRS315-Gyp1 This study
pRS315-Gyp1_AIM1 pRS315-Gyp1_ W160A V164A This study
pRS315-Gyp1_R343K pRS315-Gyp1_R343K This study
pRS316-Gyp1 pRS316-Gyp1 This study
PRS316-Gyp1_AIM1 PRS316-Gyp1_ W160A V164A This study
pRS316-Gyp1_R343K pRS316-Gyp1_R343K This study
GFP-Gyp1 pUG34-Gyp1; MET25 This study
GFP-Gyp1_AIM1 pUG34-Gyp1_ W160A V164A; MET25 This study
Cherry-Gyp1 MET25p-mCherry_Gyp1 (HIS) This study
Cherry-Gyp1_AIM1 MET25p-mCherry_Gyp1_W160A V164A (HIS) This study
Cherry-Gyp1_R343K MET25p-mCherry_Gyp1_R343K (HIS) This study
Ape1-RFP pRS316-Ape1-RFP [26]
Cherry-Atg11 MET25p-mCherry-Atg11 (URA3) This study
Atg1-GFP pRS315-Atg1-GFP [80]
GFP-Atg32 MET25p-GFP-Atg32 (URA) This study
Antibodies Fisher Scientific, 15165), horseradish peroxidase-conjugated

Anti-Atg8 antibody was described previously [85].Generation
of anti-Apel was also described previously [86]. The other
antibodies were purchased from different companies: Anti-

035-166).

GFP antibody (Roche,11814460001), anti-Pgkl (Invitrogen,

A6457), anti-Prcl/carboxypeptidase Y (CPY; Molecular

Probes, A6428), anti-Flag (Sigma, F1804), anti-HA (Santa

Cruz Biotechnology, sc-7392), HisProbe™-HRP (Thermo

peroxidase-conjugated goat

Isolation of GST-Atg8 and GST

goat anti-rabbit (Life Technologies, G21234) and horseradish
anti-mouse (Dianova, 115-

The isolation protocol has been described previously [42].
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Table 2. Yeast strains used in this study.

Name Genotype Source
WCG4a Mat alpha; ura3 his3-11,15 leu2-3,112,26 [90]
atg1h atg1:kanMX6 [91]
gyp1A gyp1:hphNT1 This study
gyp5A gyp5:natNT2 This study
gyp8A gyp8:kanMX6 This study
gypT1A gyp5A gyp1:hphNT1 gyp5::natNT2 This study
gypT1A gyp8A gyp1:hphNT1 gyp8::kanMX6 This study
gyp5A gyp8A gyp5:natNT2 gyp8::kanMX6 This study
gyp1A gyp5A gyp8A gyp1:hphNT1 gyp5::natNT2 gyp8:kanMX6 This study
Gyp1-6xHA GYP1-6xHA:natNT2 This study
Gyp5-6xHA GYP5-6xHA::natNT2 This study
Gyp8-6xHA GYP8-6xHA::natNT2 This study
Gyp1-6xHA atg8A GYP1-6xHA:natNT2 atg8A:kanMX6 This study
gyp1A gyp8A gyp1:hphNT1 atg8::kanMX6 This study
Atg14-GFP ATG14-GFP::His3MX6 This study
Atg14-GFP gyp1A ATG14-GFP::His3MX6 gyp1:hphNT1 This study
Atg14-GFP atg9A ATG14-GFP:His3MX6 atg9:hphNT1 This study
atg19A atg1A atg19:kanMX6 atg1:natNT2 This study
gyp1A atg1A gyp1:hphNT1 atgl:His3MX6 This study
atg1h atg1:His3MX6 This study
atg19A atg19:kanMXé [85]
GPD-Gyp1 natNT2:GPD-3xHA-GYP1 This study
GPD-Gyp7 natNT2:GPD-3xHA-GYP7 This study
atg214 atg21::kanMX6 [64]

atg8A gyp1A Atg19-6xHA atg8::kanMX6 gyp1::hphNT1 Atg19-6xHA::nanTN2 This study
pep4A atg32A gyp1A pep4::kanMX6 atg32:nanNT2 gyp1:hphNT1 This study
BY4741 Mata; his3A1, leu2A0, met15A0, ura3A0 Euroscarf
BY4741 gyp1A gyp1:kanMX6 Euroscarf (Y01846)
BY4741 gyp5A gyp5:natNT2 This study
BY4741 gyp8A gyp5:hphNT1 This study
BY4741 gyp1A gyp5A gyp8A gyp1:kanMX6 gyp5::natNT2 gyp8:hphNT1 This study
BY4741 vps21A vps21::kanMX6 Euroscarf (YO1865)
WCG4a pep4A pep4::kanMX6 [90]

Isolation of Hiss-Gyp1

E. coli cells were grown to an ODgg, of 0.5-0.8, induced with
0.1 mM isopropyl-p-D-thiogalactopyranoside (Roth, 2316.3) for
4-5h at 30°C, harvested, snap-frozen, and stored at —80°C. Cells
were lysed in ice-cold 1x PBS, pH 7.4 (140 mM NaCl [Roth,
3957.5], 2.7 mM KCI [Roth, 6781.3], 10 mM Na,HPO, [Roth,
4984.1], 1.8 mM KH,PO, [Roth, 3904.1]) containing protease
inhibitor mixture (Sigma, P8465), 2 mM MgCl, (Roth, 2189.1),
benzonase (Sigma, E1014-25KU), and 1% Triton X-100 (Roth,
3051.2). Supernatants from lysed cells (15 min, 8000 x g at 4°C)
were applied to Ni-NTA Sepharose (QUIAGEN, 151028822) for
30-50 min at 4°C. Elution followed the manufacturer’s protocol.
Protein concentration was determined using the Bradford
method, and purity verified by SDS-PAGE using Coomassie
Brilliant Blue staining.

Affinity isolation experiments with yeast crude extracts

Eighty ODgqo units of the indicated strains grown to logarith-
mic phase were glass-bead lysed in cold binding buffer (BBI:
1x PBS, pH 7.4, 5 mM MgCl,, 0.5% Triton X-100, and pro-
tease inhibitors [Complete; Roche, 05056489001]). 4 ODgq of
cleared lysate was removed (Lysate), and the rest incubated
for 2-4 h at 4°C with beads carrying equal amounts of GST

fusions. Beads were washed 4 times with BB1. Beads were
then resuspended in 50 pl Laemmli sample buffer (Bound).
For immunoblotting, 10 ul of samples were used. The lysates
correspond to 4% of the bound fraction. For immunoblotting
of GST the samples were diluted 1:10.

Affinity isolation experiments with recombinant
proteins

Proteins were isolated as described above. GST-fusion proteins
were eluted from the beads. GST (2 uM), GST-Atg8 or its variants
were incubated in BB2 (1 x PBS, pH 7.4, 2 mM MgCl,, 0.2% Triton
X-100, 20 mM imidazole [Merck, 1.04716]) and Complete pro-
tease inhibitors for 2 h at 4°C with 2 uM Hiss-Gypl immobilized
on Ni-NTA agarose. Samples of the BB containing the respective
GST-fusion were taken (Input). After bead sedimentation, the
supernatant was removed. Beads were washed 4 times with BB2.
Beads were then resuspended in 50 ul Laemmli sample buffer
(Bound). Inputs correspond to 4% of the bound fraction. For
immunoblotting, 10 pl of samples were used.

Immunoprecipitation of GFP-fusion proteins

Corresponding strains were grown to mid-log phase in appro-
priate selection medium. For induction of ATGS8, expressed



from the GALI promoter, galactose (Sigma, G0750)-
containing medium was used. Approximately 150-200
ODygo units of cells were used for GFP-TRAPs with the
different GAPs, the Atg8 variants and Gypl[AIM] mutants.
Approximately 1000 ODggo units of cells were used when
Atgl-GFP and GFP-Atg8 were expressed from the endogen-
ous promoters. Cells were harvested and glass bead lysed in
BB3 (1 x PBS, pH 7.4, 0.2 M sorbitol [Roth, 6213.2], 5 mM
MgCl,, 1% Triton X-100 and Complete protease inhibitors).
Cells (120-250 ODggo units) were analyzed after 24-30 h
growth in 2% lactate (Roth, 8460.1) medium without methio-
nine to induce expression of GFP-Atg32 from the MET25
promoter for the GFP-TRAPs with GFP-Atg32. A different
lysis buffer (50 mM Tris-HCI [Roth, 5429.2], pH 7.5, 100 mM
NaCl [Roth, 3957.2], 0.1 mM EDTA [Roth, 8043.1], 0.2%
Trition X-100, 1 x Phos-STOP [Roche, 4906845001] and
Complete protease inhibitors) was applied. For immunoblot
analysis, samples of cleared lysate were removed. The rest of
the lysate was incubated with equilibrated beads carrying
GFP-binding protein (ChromoTek, GFP-Trap_A GTA-20)
for 2 h at 4°C under constant mixing. The beads were washed
4 times with BB3. Bound proteins were eluted with 50 ul
Laemmli sample buffer (bound). For immunoblotting,
10-15 pl of the samples were loaded and GFP, HA, Flag or
Yptl antibodies were used. For the GFP-TRAPs with different
GAPs, the Atg8 variants and Gyp1[AIM] mutants, the lysate
corresponds to 2.5% of the eluate (Bound). For the GFP-
TRAPs with Atg8 expressed from the endogenous promoter,
the lysate corresponds to 0.083% of the eluate (Bound). For
the GFP-TRAP with Atgl-GFP the lysate corresponds to
0.014% of the eluate (Bound). For the GFP-TRAP with GFP-
Atg32 the lysate corresponds to 0.84% of the eluate (Bound).

Immunoprecipitation of 2xFlag-Atg8 and Atg19-6xHA

Corresponding strains were grown to log phase in appropriate
selection medium. Each strain (250 ODgg units of cells) was
harvested, washed once with 1 x PBS and glass bead lysed in
BB4 (50 mM Tris-HCI, pH 8.0, 150 mM NaCl, 10% glycerol
[Roth, 3783.2], 1 x Phos-STOP and Complete protease inhi-
bitors). After lysis, 0.01% Nonidet P40 (Fluka, 74385) was
added and lysates were incubated for 20 min at 4°C. Lysates
have been cleared and samples of the lysates were taken. The
rest of the lysate was incubated with equilibrated HA-agarose
(Santa Cruz Biotechnology, sc-7392 AC) for 2 h at 4°C under
constant mixing. The beads were washed 5 times with BB4.
Bound proteins were eluted with 50 ul Laemmli sample buffer
(bound). For immunoblotting, 10 pl of the samples were
loaded and Flag and HA antibodies were used. The lysate
corresponds to 5.4% of the eluate (Bound).

Fluorescence microscopy

Cells were grown to logarithmic phase (ODggo: 1.5-2.5) in cor-
responding selection medium. For GFP-Atg8, cells were grown
to ODggy of 4. Cells expressing MET25p-mCherry-Gypl,
MET25p-GFP-Gypl or MET25p-mCherry-Atgll were grown
with 0.3 mM methionine (Sigma, M5308) to induce endogenous
levels. A DeltaVision Spectris fluorescence microscope (Applied
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Precision, USA) with a 100 x objective and GFP (excitation
wavelengths 475/28 and emission wavelengths 525/50) and
mCherry (excitation wavelengths 575/25 and emission wave-
lengths 632/60) filter set was used. Images were deconvoluted
using WoRx software (Applied Precision, USA) and processed
with Adobe CS6 or Fiji.

Mitophagy assay

Cells expressing the mitophagy marker mito-GFP (MET25p-
atp-9/Su9-mtDHFR-GFP; pUG23) were grown in medium
containing 2% lactate and lacking methionine for 72 h and
samples were taken after 0, 48 and 72 h [87]. Quantification
was done after 48 h in lactate medium as detailed below.

Quantification and statistical analysis

Western blots were quantified with a LAS3000 imaging sys-
tem and the AIDA software. For the GFP-TRAPs and affinity-
isolation experiments the ratio of bound fraction and related
lysate was calculated and normalized against the amount of
indicated bait bound to the beads, except for GFP-Atg32. The
wild-type or indicated strain was set to 100%. The amount of
Apel was determined by calculation of the ratio of Apel from
the total amount of Apel (prApel and Apel). For quantifica-
tion of the mitophagic rate, the amount of free GFP was
divided by the amount of mito-GFP. The ratio of free GFP
of the WT cells after 48 h in lactate medium was set to 100%.
We used Graph Pad Prism 6 and one sample t-tests to calcu-
late the statistical relevance and included the reference sample
in the graph. For fluorescence microscopy, images from at
least 3 cultures were taken. For each image, dots/cells were
counted. A value of 0.5 dots/cell, for example, indicates that
every second cell shows a dot. Number (n) of independent
experiments is indicated for each experiment. We used Graph
Pad Prism 6 and unpaired two-tailed t-tests to calculate the
statistical relevance. Error bars are SEM. The figures are
labelled as follows: not significant (ns) or no stars for
P > 0.05; * for P < 0.05; ** for P < 0.01; *** for P < 0.001;
and **** for P < 0.0001.
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