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Abstract
Macroautophagy is characterized by the de novo formation of double-membrane vesicles termed autophagosomes. The pre-

cursor structure of autophagosomes is a membrane cistern called phagophore, which elongates through a massive acquisition

of lipids until closure. The phagophore establishes membrane-contact sites (MCSs) with the endoplasmic reticulum (ER),

where conserved ATG proteins belonging to the ATG9 lipid scramblase, ATG2 lipid transfer and Atg18/WIPI4 β-propeller
families concentrate. Several recent in vivo and in vitro studies have uncovered the relevance of these proteins and MCSs in

the lipid supply required for autophagosome formation. Although important conceptual advances have been reached, the

functional interrelationship between ATG9, ATG2 and Atg18/WIPI4 proteins at the phagophore-ER MCSs and their role

in the phagophore expansion are not completely understood. In this review, we describe the current knowledge about

the structure, interactions, localizations, and molecular functions of these proteins, with a particular emphasis on the

yeast Saccharomyces cerevisiae and mammalian systems.
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Introduction
Macroautophagy, hereafter autophagy, is an evolutionary
conserved catabolic pathway that allows eukaryotic cells to
catabolize long-lived and unwanted proteins or protein com-
plexes, but also excess or dysfunctional organelles as well as
invading pathogens. The delivery of these cargoes to lyso-
somes/vacuoles for degradation is mediated by selective or
non-selective autophagy (Nakatogawa, 2020; Gomez-Sanchez
et al., 2021). The hallmark of autophagy is the de novo forma-
tion of double-membrane vesicles called autophagosomes,
which sequester the material targeted for degradation
(Nakatogawa, 2020; Gomez-Sanchez et al., 2021) (Figure 1).
Autophagosomes biogenesis is mediated by a set of approxi-
mately twenty highly conserved proteins known as the
autophagy-related (ATG) proteins, which are organized in six
functional groups: the Atg1/ULK kinase complex, the Atg9/
ATG9A-positive vesicles, the autophagy-specific phosphatidy-
linositol 3-kinase (PI3K) complex I, the Atg2/ATG2 proteins-
Atg18/WIPI4 complex, the Atg12/ATG12 and the Atg8/LC3
conjugation systems (Nakatogawa, 2020; Gomez-Sanchez
et al., 2021). Autophagosome formation is initiated by the
orchestrated assembly of the ATG proteins and the concomi-
tant nucleation of a membranous cistern known as phago-
phore or isolation membrane (Suzuki et al., 2007; Nakatogawa,
2020; Gomez-Sanchez et al., 2021) (Figure 1). The biogenesis
of this structure occurs at specific locations within cells
known as the phagophore assembly site (PAS) in yeast or

omegasomes in mammalian cells, which are both in close prox-
imity to the endoplasmic reticulum (ER) (Nakatogawa, 2020;
Gomez-Sanchez et al., 2021; Zheng et al., 2022) (Figure 1).
The phagophore subsequently expands, sequestering the tar-
geted cargoes, and seals it into an autophagosome. Then autop-
hagosomes fuse with vacuoles in yeast or with late endosomes
and/or lysosomes in mammalian cells, in which the inner
vesicle of autophagosomes and their cargo are degraded into
basic metabolites by resident hydrolases (Figure 1). These
metabolites are eventually transported into the cytoplasm and
used as either a source of energy or building blocks for the bio-
synthesis of new macromolecules (Lahiri et al., 2019).

In eukaryotic cells, intracellular organelles are in constant
exchange and communication with each other to synchronize
cellular functions and metabolism (Jain and Holthuis, 2017;
Bohnert, 2020; Prinz et al., 2020). In addition to vesicular
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trafficking, this exchange also takes place along membrane
contact sites (MCSs) between organelles, which are specialized
platforms in which organelle membranes are positioned in
close proximity and anchored to each other by tethers
factors. The principal function of MCSs is the transfer of
lipids, but they can also mediate calcium signalling, cargo
sorting and fission/fusion processes. Since lipid supply is crit-
ical for formation and expansion of the phagophore, this cis-
terna possesses MCSs with several organelles, including the
ER, lipid droplets, mitochondria and additionally in yeast the
vacuole (Bieber et al., 2022; Zwilling and Reggiori, 2022; Li
et al., 2023). The MCSs between the phagophore and the
ER, the main lipid synthesis factory in eukaryotic cells,
appears to be particularly important for the generation of autop-
hagosomes. In this review, we will focus on the proteins loca-
lized at these MCSs, more specifically on Atg9/ATG9A, Atg2/
ATG2A/ATG2B and Atg18/WIPI4, and their function during
phagophore expansion. The emphasis of this piece will be on
the yeast Saccharomyces cerevisiae and mammalian systems.

ATG9 Scramblases and Their Role in
Autophagy Initiation and Progression

Structure and Molecular Function
Atg9/ATG9A is the only transmembrane protein within the
core ATG machinery (Noda et al., 2000; Young et al.,
2006; Ungermann and Reggiori, 2018). The amino acid

length of ATG9 proteins varies between 700 and 1000 resi-
dues among species (Figure 2A) and amino acid sequence
alignments have shown that the common conserved region
in these proteins is the central presence of approximately
500 residues distributed over six predicted intramembrane
segments (Noda et al., 2000; Young et al., 2006; Lai et al.,
2020; Maeda et al., 2020; Chumpen Ramirez et al., 2022).
The two cytoplasmic termini, in contrast, are apparently diver-
gent (Figure 2A), at least in sequence length, highlighting pos-
sible organism-specific differences in the regulation and
function of these proteins, possibly also outside the context
of autophagy. The overall Atg9/ATG9A structure consists as
homotrimer with C3 symmetry, in which each protomer har-
bours four transmembrane domains and two helices that are
partially inserted in the membrane, which match the six pre-
dicted intramembrane segments (Figure 2A and B) (Guardia
et al., 2020; Maeda et al., 2020; Matoba et al., 2020).
Additionally, each protomer possesses cytoplasmic helices
which connect the transmembrane domain of the protein
(Figure 2A and C) (Guardia et al., 2020; Matoba et al.,
2020). The Atg9/ATG9A trimers are organized as an extensive
domain-swapping in which a unit of two helices from one pro-
tomer crosses over and heaps parallelly with the next protomer.
This conformation generates a planar surface radially projected
from the centre of the trimer (Figure 2D) (Guardia et al., 2020;
Maeda et al., 2020; Matoba et al., 2020). The N and C termini
from the first and second partially membrane-embedded
helices, respectively, contain highly conserved proline residues

Figure 1. Overview of the Autophagy Pathway. Autophagy is characterized by the de novo formation of double-membrane vesicles called

autophagosomes. This process starts with the nucleation of the phagophore, which is probably characterized by the heterotypic fusion of

vesicles. The generation of phagophores occurs at the PAS, which is located in close proximity of both the ER and vacuole in yeast (bottom

panel), or within omegasomes, a specialized subdomain of the ER, in mammalian cells (upper panel). The phagophores forms MCSs with the

ER-exit sites (ERES) in yeast or directly with the ER at the omegasomes in mammals. The phagophore elongation culminates when its

extremities fuse together through fission, leading to the formation of an autophagosome. Complete autophagosomes then fuse with

vacuoles in yeast and late endosomes/lysosomes in mammalian cells. The autophagosomal cargoes are degraded in the interior of these lytic

compartment by resident hydrolases.
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Figure 2. Structural characteristics of Atg9 and ATG9A. (A) Topological representation of yeast Atg9 and mammalian ATG9A. Atg9 and

ATG9A possess four transmembrane domains and two segments partially embedded into the membrane (brown cylinders), which are

interconnected by loops (black lines) that differ in amino acid length between the two species. The N- and C-termini of the two proteins,

which are coloured in green and red, respectively, are oriented toward the cytosol and they also differ in amino acid length quite remarkably

between species. (B) AlphaFold (Jumper et al., 2021; Varadi et al., 2022) prediction of Atg9 and ATG9A protomers. The transmembrane

domains of each monomer are coloured in brown, while the cytoplasmic and luminal parts connecting them are in black. N and C termini

are coloured as in A. (C) Lateral view of the Atg9/ATG9A trimers. The sequences of the Atg9 and ATG9A were obtained from the UniProt

database (https://www.uniprot.org/) and used as template. The modelling of the trimeric complex was performed using the online

SWISS-MODEL software (https://swissmodel.expasy.org/interactive) and the resulting structure was coloured using the ChimeraX software

(https://www.cgl.ucsf.edu/chimera/) (Pettersen et al., 2004). The structures cover the sequences between amino acids 296 and 783, and

between 36 and 352 of Atg9 and ATG9A, respectively. The transmembrane domains of each protomer are highlighted in brown, yellow and

orange, while the cytoplasmic domains are in different blue colours. On the right of ATG9A, the interaction between the transmembrane

domains of adjacent monomers is highlighted through enlargement. (D) Top view of the homotrimeric structure of Atg9 and ATG9A,

obtained by rotating 90 degrees the models presented in Panel C. Lateral pores (LP) are pointed out with dashed red lines, while the central

pore (CP) is highlighted in the middle of both structures.
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forming a kinked unit linking the planar surface and creating an
elbow-like shape (Guardia et al., 2020; Maeda et al., 2020;
Matoba et al., 2020). Transmembrane segments from neigh-
bouring protomers are enriched in phenylalanine residues and
they might both mediate protein-protein interactions and
promote conformational changes (Guardia et al., 2020;
Chumpen Ramirez et al., 2022). In fact, cryo-EM analyses
have described two conformations of the ATG9A trimers,
known as status A and B, which may represent two functional
rearrangements (Guardia et al., 2020; Maeda et al., 2020;
Matoba et al., 2020).

Lipid scramblases are proteins that can flip lipids bidirec-
tionally between the leaflets of the membranes in an
energy-independent manner (Daleke, 2003). Several studies
have revealed that ATG9 proteins possess phospholipid
scrambling activity in vitro (Maeda et al., 2020; Matoba
et al., 2020; Ghanbarpour et al., 2021; Chumpen Ramirez
et al., 2022). These results are based on a fluorescence-based
lipid scramblase assay (Maeda et al., 2020; Chumpen
Ramirez et al., 2022) or the quick-freezing and freeze-fracture
replica labelling technique to measure phosphatidylinositol-3-
phosphate (PtdIns3P) distribution between the inner and outer
leaflets of the limiting membrane of liposomes (Matoba et al.,
2020). The quick-freezing and freeze-fracture replica tech-
nique was subsequently used to also show that newly
synthesized phospholipids such as phosphatidylcholine and
phosphatidylserine are incorporated into nascent autophago-
somes and symmetrically distributed between the two leaflets
of the phagophore membrane in an Atg9-dependent manner
(Matoba et al., 2020; Orii et al., 2021). The structural analyses
have revealed that each protomer harbours a lateral pore (LP)/
cavity that flows into the central pore (CP) and connects the
exposed entrance to the cytosol with the cytosolic region of
the bilayer (Figure 2) (Guardia et al., 2020; Maeda et al.,
2020; Matoba et al., 2020). This leads to the formation of an
internal network of branched cavities within the trimer.
Mutations in amino acids located in the LP and CP have
showed that these residues compromise the scramblase activ-
ity of ATG9 proteins and their involvement in autophagy
(Maeda et al., 2020; Matoba et al., 2020). A possible explan-
ation might be that these point mutations affect the lipid
binding within the cavities of the trimer, interfering with
ATG9 protein function (Maeda et al., 2020).

Interestingly, a recent study has identified a highly con-
served phenylalanine residue at the interface between neigh-
bouring protomers of ATG9 proteins (Chumpen Ramirez
et al., 2022). Point mutations of this specific amino acid in
both Atg9 and ATG9A block autophagy. However, trimeri-
zation as well as the interaction between Atg9 and the
Atg2-Atg18 complex and the cellular localization of Atg9
are not affected by this mutation, respectively (Chumpen
Ramirez et al., 2022). Surprisingly, this Atg9 point mutant
has identical lipid scrambling activity as the wild-type
protein, suggesting that the interaction between the trans-
membrane segments of the protomers provides the trimer

with an additional function (Chumpen Ramirez et al.,
2022). This additional function remains to be established,
but it has been speculated that it might be required for the for-
mation of Atg9 oligomers via the association of multiple
Atg9 trimers, forming a proteinaceous subdomain
(Chumpen Ramirez et al., 2022).

Localization and Role in Autophagosome Biogenesis
The first ATG9 protein to be identified was yeast Atg9 and its
characterization revealed that this protein is distributed into
punctate structures dispersed throughout the cytoplasm,
with one of them corresponding to the PAS (Noda et al.,
2000). Subsequent fluorescence and electron microscopy
approaches show that the cytoplasmic Atg9-positive puncta
are a tubovesicular compartment, often adjacent to mitochon-
dria, which does not colocalize with other endomembrane
marker proteins (Mari et al., 2010; Yamamoto et al., 2012).
The induction of autophagosome biogenesis leads to the relo-
calization of at least one of the Atg9-positive puncta to the
site where the PAS is formed (Mari et al., 2010;
Yamamoto et al., 2012), in an Atg11 or Atg17-dependent
manner depending on the nutritional conditions (He et al.,
2006; Sekito et al., 2009). This potential role of the
Atg9-positive structures for being the seed membrane for
the nucleation of the phagophore has recently been confirmed
with in vitro experiments (Sawa-Makarska et al., 2020). At
the PAS, the Atg9-positive vesicles are probably participat-
ing in the nucleation of the phagophore through homo- or
heterotypic fusion with other vesicles in a process that may
involve the Atg1 kinase complex and/or SNARE proteins
(Nair et al., 2011; Rao et al., 2016; Matscheko et al.,
2019). Moreover, Atg9 may also act as an organizational
hub for the Atg machinery not only by interacting with the
components of the Atg1 kinase complex (Suzuki et al.,
2015; Rao et al., 2016; Matscheko et al., 2019), but also by
recruiting the PI3K complex I (Suzuki et al., 2015). In this
regard, Atg9 localizes to the extremities of the phagophore
(Graef et al., 2013; Suzuki et al., 2013), possibly because
ATG9 proteins appear to be prone to localize to membranes
with high curvature (Guardia et al., 2020), where it promotes
the recruitment and assembly of the Atg2-Atg18 complex,
thus participating in the establishment of the phagophore-ER
MCSs (Gomez-Sanchez et al., 2018).

Similar to the yeast protein, mammalian ATG9A is concen-
trated in tubovesicular clusters that reside in post-Golgi com-
partments by continuously cycling between the trans-Golgi
network and the endosomal system via vesicular transport
(Young et al., 2006; Orsi et al., 2012; Imai et al., 2016).
Upon autophagosome formation induction, ATG9A partially
redistributes to recycling endosomes and then relocalizes adja-
cently to the ER, where it has been suggested that it promotes
the phagophore nucleation (Longatti et al., 2012; Orsi et al.,
2012; Soreng et al., 2018; Mailler et al., 2021). Interestingly,
a new study has shown that although small ATG9A-positive
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vesicles are undetectable by fluorescence microscopy, these
structures are required for the generation of phagophores con-
firming their crucial role as platform for autophagosome bio-
genesis (Broadbent et al., 2023). Moreover, ATG9A can
also be found in ER-rich membranes positive for PAS
marker proteins (Olivas et al., 2023). How ATG9A partici-
pates in the orchestration of the ATG machinery in mamma-
lian cells, however, remains largely unclear. Nonetheless, it
has been confirmed that ATG9A binds to ATG2A (Guardia
et al., 2020; Ghanbarpour et al., 2021; Mailler et al., 2021;
van Vliet et al., 2022).

The role of ATG9 proteins in phagophore expansion is
not exclusively connected to their role in localizing and
organizing the Atg2/ATG2-Atg18/WIPI4 complex at the
phagophore-ER MCSs (see below). In fact, the lipid scram-
bling activity of ATG9 proteins is also essential for the pha-
gophore expansion (Maeda et al., 2020; Matoba et al., 2020).
That is, expression of Atg9 and ATG9A variants displaying a
lipid scrambling activity defect in vitro in knockout cells,
leads to block of autophagy progression and accumulation
of smaller phagophores in yeast and mammalian cells,
respectively (Maeda et al., 2020; Matoba et al., 2020).

ATG2 Proteins as Tethers and Lipid
Transfer Proteins

Structure and Molecular Function
Yeast Atg2 and its mammalian homologs, ATG2A and
ATG2B, are one of the key factors in the phagophore expan-
sion and autophagosome formation, and thus they are essen-
tial for autophagy (Shintani et al., 2001; Wang et al., 2001;
Velikkakath et al., 2012). ATG2A and ATG2B have redun-
dant function since the depletion of the individual genes is
not affecting autophagy progression (Velikkakath et al.,
2012). ATG2 proteins are the largest ATG core proteins,
with amino acid sequences between 1600 and 2300 residues
that can be longer in some species such as Capsaspora owc-
zarzaki (i.e., 3299 amino acids), which are organized in a
rod-like structure with a length of approximately 20 nm
(Chowdhury et al., 2018; Maeda et al., 2019; Osawa et al.,
2019; Osawa and Noda, 2019; Valverde et al., 2019; van
Vliet et al., 2022) (Figure 3). The Pfam database assigns evo-
lutionary conserved domains such as the N_chorein, the
ATG2 CAD (Atg2_CAD), and the ATG C terminal
(ATG_C) domain, which are present at either the N- or the
C-terminus of ATG2 proteins (Chowdhury et al., 2018)
(Figure 3A). Although it has not been registered in the
Pfam database, ATG2 proteins also contain a conserved
short sequence at the C-terminal localization region (CLR),
which consists to an amphipathic α-helixes allowing the
membrane association (Kotani et al., 2018; Maeda et al.,
2019) (Figure 3A). Moreover, an APT1 domain is found
between the ATG_2_CAD and ATG2_C domain of the
yeast protein (Chowdhury et al., 2018) (Figure 3A).

Mammalian ATG2A is 44.5% identical in amino acid
sequence to ATG2B, whereas yeast Atg2 shows 17% and
21% identity to ATG2A and ATG2B, respectively
(Velikkakath et al., 2012; Bozic et al., 2020). ATG2A and
ATG2B also possesses a highly conserved LC3-interacting
region (LIR) between at positions 1362–1365 and 1491–
1494, respectively (Figure 3A). LIRs consist in a short
sequence of four amino acids with a consensus sequence of
[E/D/S/T]-W/F/Y-X1-X2-L/I/V (in which X1/X2 can be
any amino acid) and are involved in the interactions with
members of the ATG8 protein family (Birgisdottir et al.,
2013; Bozic et al., 2020). The ATG2A and ATG2B LIR
mediates the interaction of these proteins with the members
of the GABARAP subfamily, which are part of the mamma-
lian ATG8 protein family (Bozic et al., 2020). As
GABARAP proteins (Weidberg et al., 2010; Nguyen et al.,
2016), ATG2 proteins also appear to function at the latest
stages in the autophagosome formation in a LIR-dependent
manner. In particular, ATG2 variants unable to bind
GABARAP proteins do not sustain phagophore formation
and/or autophagosome closure under starvation conditions
(Bozic et al., 2020). It remains to be established whether
Atg2 possess a functional LIR.

The overall structure of ATG2 proteins consists in a long
groove containing hydrophobic residues, which allows the
accommodation and transfer of lipids (Figure 3B) (Melia
and Reinisch, 2022; Neuman et al., 2022; Dabrowski et al.,
2023). Structural studies on the C-terminal regions have
been difficult due to the flexibility of this part of the ATG2
proteins. Thus, most of the investigations have focused on
their N-terminus. The N-termini are found at one of the
extremities of the rod and possess a N_chorein domain
(Figure 3), an evolutionary conserved region present also
in other lipid transfer proteins such as the members of the
VPS13 protein family, yeast Csf1 and mammalian
KIAA0100 (Levine, 2022). Structural analysis of the
N-terminal region of Schizosaccaromyces pombe Atg2
revealed the presence of five α-helices and a twisted
β-sheet harbouring 6 β-strands (Figure 3B) (Osawa et al.,
2019). This conformation forms a hydrophobic cavity in
which phospholipid acyl chains are accommodated. This
arrangement is consistent with a structural hallmark of the
other lipid transport proteins, including VPS13 proteins,
which are also located in specific MCSs (Osawa et al.,
2019; Levine, 2022; Melia and Reinisch, 2022). Like
VPS13 and KIAA100, ATG2 proteins also possess a repeat-
ing β-groove (RBG) domain, which consists of a repeated
module that harbours five β-sheets followed by a loop,
mostly composed of a single helix and a short disordered
polypeptide chain (Figure 3B) (Neuman et al., 2022).
These similarities have prompted studies on the possible
function of Atg2/ATG2 proteins as lipid transfer proteins
(see below).

The membrane binding sites of Atg2/ATG2 proteins
appear to be located at both ends of the rod-like structure.

Vargas Duarte and Reggiori 5



While the N- terminus associates with the ER, the C-terminal
parts are required for the binding to the phagophore (see

below). In agreement with this notion, purified Atg2/ATG2
proteins can tether membranes with high curvature and

Figure 3. Structural Characteristics of Atg2 and its ATG2A/ATG2B Homologs. (A) The domain organization of ATG2 protein consists of a

N_Chorein domain located at their N-terminus (green rectangle), in which a Glycerophospholipid binding domain resides. In the middle,

Atg2/ATG2 proteins contain a ATG2_CAD domain (purple rectangle), while the CLR region and the ATG_C domain (orange and blue

rectangle, respectively) are located at the C-terminus. The membrane binding site responsible of the attachment with the phagophore is

within the CLR domain and represented by a yellow line. In contrast to the mammalian ATG2 proteins, Atg2 possesses an APT1-like domain

(grey), which is flanking the ATG2_CAD and CLR Motifs. The mammalian ATG2 proteins have one conserved LIR that is represented by a

green rectangle in the diagram. As highlighted in the drawing, the N-terminus of the Atg2/ATG2 protein is required for their binding to the

ER/ERES while their C-terminus is responsible for the localization at the end of the phagophore and interaction with the Atg9/ATG9A and

Atg18/WIPI4 proteins. (B) The structures of Atg2, ATG2A and ATG2B predicted by AlphaFold and coloured based on the diagram in panel

A using the ChimeraX Software. The location and name of the different domains is indicated across the structures. The conserved LIR

domains in ATG2A and ATG2B are highlighted by asterisks and the amino acids are coloured in green. The Putative WIPI4 binding site in

ATG2A and ATG2B is underlined by colouring the amino acids in light blue. The binding region of Atg9 in Atg2 and that of ATG9A in

ATG2A are pointed with red dash lines and coloured in the same colour in the structures.
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large lipid-packing defects, in a PtdIns3P-independent manner
(Chowdhury et al., 2018; Kotani et al., 2018; Osawa et al.,
2019). However, the presence of Atg18/WIPI4 proteins facili-
tates the tethering activity of ATG2 proteins and provides dir-
ectionality towards PtdIns3P-containing liposomes. That is,
while the N-termini bind to the liposomes that do not contain
PtdIns3P, Atg18/WIPI4 and the C-termini of the Atg2/ATG2
proteins associate with the PtdIns3P-positive membranes.
The amphipathic helix located at the C-terminus of Atg2/
ATG2 proteins might favour the binding of Atg18/WIPI4 to
PtdIns3P (Chowdhury et al., 2018; Kotani et al., 2018).
Nevertheless, there is a discrepancy regarding the role of the
C-terminal parts of the Atg2/ATG2 proteins. While this
domain is necessary for the tethering activity of Atg2, it is dis-
pensable for the one of ATG2A (Maeda et al., 2019).

Several in vitro studies have demonstrated that Atg2/ATG2
proteins transfer lipids between adjacent liposomes (Tamura
et al., 2017; Chowdhury et al., 2018; Maeda et al., 2019;
Osawa et al., 2019; Osawa and Noda, 2019; Valverde et al.,
2019; Chumpen Ramirez et al., 2022). Although the
C-termini are involved in Atg2/ATG2 association with mem-
branes, this region of ATG2A takes part in the lipid transfer
activity moderately in comparison with the N-terminus
(Maeda et al., 2019; van Vliet et al., 2022). Consistently, the
key lipid transfer modules reside at the N-terminal of the
Atg2/ATG2 proteins, between amino acids 7-228 in Atg2,
amino acids 1-345 in ATG2A and amino acids 1-387 in
ATG2B (Figure 3) (Valverde et al., 2019; Nishimura and
Tooze, 2020). A couple of studies have reported that this
domain is sufficient to rescue almost completely the autophagy
defect of atg2Δ and atg2a−/− atg2b−/− cells, indicating that the
lipid transfer activity of Atg2/ATG2 proteins is important for
autophagy in vivo (Osawa and Noda, 2019; Valverde et al.,
2019). Interestingly, experiments using a Vps13-Atg2
chimera also rescued the autophagy block of the atg2Δ knock-
out strain, suggesting the existence of specific and conserved
mechanism in extracting phospholipids from donor mem-
branes between lipid transfer proteins from different protein
families (Osawa et al., 2019). Along this line, a recent study
has suggested that Vps13 is located at the rim of phagophore
and may cooperate with Atg2 in generating the
phagophore-ER contact site and driving autophagosomes
expansion (Dabrowski et al., 2023).

Localization and Role in Autophagosome Formation
The majority of ATG proteins, including Atg2/ATG2 pro-
teins, are cytosolic. However, the initial characterization of
Atg2/ATG2 proteins already revealed that they are peripher-
ally associated with membranes at the site of autophagosome
formation (Shintani et al., 2001; Suzuki et al., 2001; Wang
et al., 2001; Kim et al., 2002; Velikkakath et al., 2012).
More specifically, yeast Atg2 localizes in the extremities of
the phagophore, where this cisterna forms MCSs with the
ER (Graef et al., 2013; Suzuki et al., 2013; Gomez-Sanchez

et al., 2018). Similarly, overexpressed GFP-ATG2A also loca-
lizes to the rim of the phagophore (Sakai et al., 2020) and the
autophagosomal membrane-ER MCSs (Tang et al., 2019;
Valverde et al., 2019). Atg2 association to the phagophore
extremities requires coincidence binding to Atg9 and
PtdIns3P (Gomez-Sanchez et al., 2018). While it is still
unclear how Atg2 binds to PtdIns3P, although it has been sug-
gested that it is via its APT1 domain (Kolakowski et al., 2020),
an amino acid sequence present at amino acids 1234–1268
appears to be essential for the Atg2–Atg9 interaction
(Gomez-Sanchez et al., 2018). A recent study in mammalian
cells has revealed the existence of two sequences mediating
the interaction between ATG2A and the ATG9A trimers in
vitro, which were named ATG2A S1 and ATG2A S2 (van
Vliet et al., 2022). The Atg9 binding site identified previously
in yeast shares homology with ATG2A S1, but this site is not
crucial for the interaction between ATG2A and ATG9A pro-
teins in vivo (Gomez-Sanchez et al., 2018; van Vliet et al.,
2022). This finding suggests that the interaction mechanisms
between Atg2/ATG2 and Atg9/ATG9A proteins might differ
between species. Indeed, deletion of the ATG2A S2, which is
localized in the CLR domain between amino acid positions
1760 and 1779, shows a reduction in ATG2A–ATG9A
binding in vivo and autophagy progression in vivo (Velikkakath
et al., 2012; van Vliet et al., 2022). Moreover, an ATG2A
variant lacking this domain displays a reduction in tethering
activity in an ATG9A-independent manner, which could
explain the observed impairment in both lipid transfer in vitro
and autophagic flux in vivo (van Vliet et al., 2022). Deletion
of CLR domain in Atg2 also leads to a reduction in its inter-
action with Atg9, suggesting that this binding site may be evo-
lutionary conserved (Kotani et al., 2018; van Vliet et al., 2022).

The CLR domain of ATG2 proteins is also essential for
autophagy (van Vliet et al., 2022). Although ATG2A S2 loca-
lizes to this domain, it is difficult to conclude whether the
ATG2A variant lacking the CLR domain does not sustain
autophagy because of either its inability to interact with
ATG9A via this domain or another function of this region
(van Vliet et al., 2022). The CLR domain of ATG2A, which
contains an amphipathic helix, is required for the association
of this protein with autophagosomal membranes in vivo
(Velikkakath et al., 2012; Tamura et al., 2017). However, it
seems that ATG2A can bind to ATG9A in the absence of mem-
brane binding because the variant lacking the CLR domain still
interacts with ATG9A, possibly via ATG2A S1 or another
domain (van Vliet et al., 2022). Together, these observations
suggest that both the ATG9A and the membrane-binding
sites located in the ATG2A_CLR domain are required for the
function of the ATG2A-ATG9A complex in autophagy.

The chorein-N domain of ATG2A is also important for its
recruitment to membranes (Tamura et al., 2017; Kotani et al.,
2018). This domain localizes to the N-terminal extremities of
rod-like ATG2 proteins, which is required to bind the donor
liposomes in the in vitro tethering assays (Kotani et al.,
2018) and consistently, it is involved in Atg2 association
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with the ER/ER-exit sites (ERES) in vivo (Kotani et al., 2018).
ATG2A is also found associated with lipid droplets (Velikkakath
et al., 2012; Pfisterer et al., 2014). Interestingly, this localiza-
tion depends on the chorein-N and CLR domains, but also
on a motif at amino acids 1723–1829 that is highly conserved
in ATG2B at residues 1863–1982 and appears to be also
present among other species (Velikkakath et al., 2012;
Tamura et al., 2017). Although this motif from ATG2B
shows binding affinity to lipid droplets (Velikkakath et al.,
2012), there is no evidence that ATG2B localizes to this organ-
elle. Nonetheless, accumulation and enlargement of lipid dro-
plets in cells in which ATG2A and ATG2B are depleted
simultaneously suggest that those proteins also directly or indir-
ectly function in lipid droplets morphology and dispersion
(Velikkakath et al., 2012).

Atg18/WIPI4 as Regulators of ATG2 Proteins

Structure and Molecular Function
Yeast Atg18 and its paralogues Atg21 and Hsv2 belong to the
β-propellers that bind polyphosphoinositides (PROPPINs)

protein family, and have four mammalian homologues:
WIPI1, WIPI2, WIPI3 and WIPI4 (Proikas-Cezanne et al.,
2015; Lei et al., 2021). The hallmarks of this family are the
β-propeller conformation and the presence of that conserved
FRRG/LRRG motif that allow binding to PtdIns3P and
PtdIns3,5P2 (Figure 4A) (Dove et al., 2004; Krick et al.,
2006; Thumm et al., 2013; Proikas-Cezanne et al., 2015; Lei
et al., 2021). Thus, Atg18/WIPI proteins are considered as con-
served PtdIns3P effectors that, except for Hsv2, play an import-
ant role in autophagy (Dove et al., 2004; Watanabe et al., 2012;
Thumm et al., 2013). The seven β-propeller blades are formed
by four antiparallel β-strands (Figure 4B) (Watanabe et al.,
2012; Thumm et al., 2013). Each blade is connected by an
amino acid loop and contains WD40 repeats, which are charac-
teristic of these proteins, and this is why they are also known as
WD-repeat protein interacting with phosphoinositides (WIPI)
(Proikas-Cezanne et al., 2004). WD40 repeats are composed
of approximately 40 amino acids often ending with a dipeptide
formed by Trp and Asp, and frequently fold into β-propellers
(Li and Roberts, 2001). β-propellers are seen as scaffold pro-
teins providing a platform for protein-protein interactions and
protein complex assembly (Paoli, 2001).

Figure 4. Structural Characteristics of Atg18 and WIPI4. (A) The domain organization of Atg18 and WIPI4 is characterized by seven

β-propeller blades connected by loops, highlighted with different colours. These proteins function as PtdIns3P effectors and the conserved

FRRG/LRRG PtdIns3P-binding motif is indicated. A recent study has shown the presence of the unique 7AB loop (light green) in Atg18.

Moreover, the 6CD loop (light blue) is longer in Atg18 than WIPI4. (B) AlphaFold prediction of Atg18 and WIPI4 structures analysed using

ChimeraX software are presented. Each blade and loop were coloured based on the domain diagram shown in Panel A. The binding sites for

Atg2 and ATG2A/ATG2B are marked by a red arc line in Atg18 and WIPI4, respectively. Similarly, the FRRG and LRRG motif of Atg18 and

WIPI4 are highlighted with a black arc line and a dashed arrow, respectively. The 6CD (light blue) 7AB (light green) loops are also indicated.
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PROPPINs are also subunits of large molecular com-
plexes (Baskaran et al., 2012a; Lei et al., 2021). The high-
resolution structure for Atg18 is still unsolved, hindering
the full understanding the function of the Atg2-Atg18 and
Atg9-Atg2-Atg18 complexes (Lei et al., 2021) (see below).
The predicted structure of Atg18 and WIPI proteins has
been initially deducted by solving the structure of Hsv2
from Kluyveromyces lactis (Krick et al., 2006; Baskaran
et al., 2012a; Baskaran et al., 2012b; Watanabe et al.,
2012). Like Hsv2, the overall structure of Atg18 and WIPI
proteins displays a highly conserved discoidal shape
(Figure 4B). The structural investigations have confirmed
the biochemical data (Krick et al., 2006) and showed that
the FRRG/LRRG motif, which is localized to the loop 5, is
indeed the phosphoinositide-binding site in Atg18 and
WIPI proteins (Krick et al., 2006; Baskaran et al., 2012a;
Lei et al., 2021) (Figure 4). The existence of a second
phosphoinositide-binding site at the blade 6 of Atg18 has
been postulated based on the structure of Hsv2 (Baskaran
et al., 2012a). Mutational analysis has confirmed that
Atg18 interacts with PtdIns3P also via this second binding
site (Watanabe et al., 2012). Since blades 5 and 6 are
highly conserved, the dual PtdIns3P binding mode is very
likely conserved among all the WIPI proteins as well
(Proikas-Cezanne et al., 2015).

Although the seven blades are well structured, bioinfor-
matics and structural analysis have highlighted that Atg18
contains two long loops connecting the blades, i.e., the
6CD and the 7AB loop (Figure 4) (Lei et al., 2021).
Alignment of the amino acid sequences has revealed that
the 7AB loop (position 433–460) is not present in Atg21,
Hsv2 and the WIPI proteins, suggesting a functional import-
ance of this region (Lei et al., 2021). Indeed, it was shown
that the 7AB loop is required for autophagy and may
harbour a new binding site for Atg2 (Lei et al., 2021).
Consistently, the 7AB loop appears to modulate Atg2 local-
ization to the PAS (Lei et al., 2021). However, two different
other studies reported that the Atg2 binding site in Atg18 is
located at the blade and loop 2, and mutation of these sites
affects autophagy progression (Watanabe et al., 2012;
Rieter et al., 2013). This apparent discrepancy could reflect
a dynamicity in the Atg2-Atg18 interaction. Although it
appears that all the WIPI proteins can interact to different
extend at least with ATG2B in vitro (Zheng et al., 2017),
WIPI4 is clearly a binding partner of ATG2A and ATG2B
also in vivo (Behrends et al., 2010; Zheng et al., 2017;
Chowdhury et al., 2018; Maeda et al., 2019). In contrast, it
remains to be established whether the interaction between
ATG2A/ATG2B and the rest of the WIPI proteins occurs
in vivo.

More specifically, WIPI4 interacts via its loop 3 with the
conserved aromatic His/Phe/Tyr motif in ATG2A and
ATG2B (Zheng et al., 2017; Chowdhury et al., 2018; Lei
et al., 2021). Since the 7AB loop is absent in the WIPI pro-
teins, this might point to a difference in the Atg2-Atg18 and

ATG2A/ATG2B-WIPI4 interaction (Lei et al., 2021).
However, it has been shown that three sites within blades 1
and 3 of WIPI3 recognize a conserved motif in ATG2 pro-
teins that consists of β-strand-(X)n-Φ-X-Φ-X-X-X-Ψ-F, in
which Φ and Ψ are an hydrophobic and aromatic residue,
respectively (Ren et al., 2020). This interaction resembles
the one described for Atg2 and Atg18 in yeast. Thus,
although essential for autophagy, how ATG2 and Atg18/
WIPI4 proteins interact remains to be understood.

Atg18 and WIPI4 have not an evident enzymatic activity.
β-propellers are often a domain within a protein that as men-
tioned, is involved in protein–protein interactions and
complex formation (Paoli, 2001). As a result, one hypothesis
is that the regulated recruitment of Atg18 and WIPI4 onto
PtdIns3P-positive autophagosomal membranes and inter-
action with ATG2 proteins, promote the assembly of a
complex and/or a structural rearrangement that regulate the
function of ATG2 proteins. In this context, structural
studies in the methylotrophic yeast Pichia angusta have
revealed that Atg18 rapidly forms oligomers upon membrane
binding while it remains as a monomer in solution (Scacioc
et al., 2017). This oligomerization, which is promoted by
membrane curvature (Scacioc et al., 2017), might create a
local microdomain that could be important to locally regulate
the function and assembly of other factors. Interestingly, in
vitro experiments have revealed that the presence of Atg18
and WIPI4 assists both the tethering and the lipid transfer
activity of Atg2 and ATG2A in a PtdIns3P dependent
manner (Otomo et al., 2018; Osawa and Noda, 2019;
Chumpen Ramirez et al., 2022). Another postulated scenario
is that Atg18, possibly together with Atg9, might define the
direction of phospholipids that are transferred by Atg2
(Osawa and Noda, 2019). Despite all this information, the
precise molecular function of Atg18 and WIPI4 is still a
mystery.

Localization and Role in Autophagosome Formation
Atg18 is a peripheral membrane-associate protein that loca-
lizes to the PAS, but also endosomes and vacuoles (Barth
et al., 2001; Krick et al., 2006; Obara et al., 2008). Like
WIPI proteins, Atg18 is recruited onto autophagic mem-
branes upon the induction of autophagy and this redistribu-
tion depends on its ability to bind PtdIns3P (Barth et al.,
2001; Krick et al., 2006; Efe et al., 2007; Obara et al.,
2008; Proikas-Cezanne et al., 2015). Consistently with its
localization, Atg18 is involved in autophagy, endosomal traf-
ficking, and regulation of vacuolar morphology (Barth et al.,
2001; Courtellemont et al., 2022; Marquardt et al., 2023).
Atg18 functions as a subunit of the PtdIns3P 5-kinase Fab1
complex to regulate vacuolar morphology at the vacuole
via binding to PtdIns3,5P2 (Watanabe et al., 2012),
whereas it interacts with the Vps5-Vps17-Vps35 retromer
complex for endosomal traffic (Courtellemont et al., 2022;
Marquardt et al., 2023). Atg18 is also essential for autophagy
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(Barth et al., 2001; Obara et al., 2008) and forms a complex
with Atg2 (Obara et al., 2008; Watanabe et al., 2012; Rieter
et al., 2013). Where and how this complex is assembled is
controversial. On the one hand, it has been proposed that
the Atg2-Atg18 complex is formed constitutively and
recruited en bloc to the PAS in a PtdIns3P-dependent
manner (Obara et al., 2008). On the other hand, it has been
shown that Atg18 is recruited to the PAS by coincidence
binding to PtdIns3P and Atg2 (Rieter et al., 2013), and that
Atg18 interaction with Atg2 requires Atg2–Atg9 binding
(Gomez-Sanchez et al., 2018). Nonetheless, Atg18 binding
to Atg2 is essential for its function in autophagy (Rieter
et al., 2013) and together with Atg2 and Atg9, it localizes
to the extremities of the phagophore where it is part of the
phagophore-ER MCSs (Graef et al., 2013; Suzuki et al.,
2013; Gomez-Sanchez et al., 2018).

Atg18 could have a possible regulatory role in lipid trans-
fer at the phagophore-ER MCSs, since phagophores fail to
expand into an autophagosome in the absence of ATG18
(Gomez-Sanchez et al., 2018; Chumpen Ramirez et al.,
2022). Additionally, Atg18 is involved in Atg9 retrieval
from autophagosomal membranes (Reggiori et al., 2004),
although this could be linked to its function together with
the retromer complex (Courtellemont et al., 2022;
Marquardt et al., 2023). Since deletion of ATG2 leads to
the same Atg9 trafficking defect (Reggiori et al., 2004),
however, it may be that the Atg9 retrograde transport from
autophagosomal intermediates is a downstream event follow-
ing phagophore expansion and/or closure.

All WIPI proteins function as PtdIns3P effectors in autop-
hagy (Thumm et al., 2013; Proikas-Cezanne et al., 2015).
While WIPI1 and WIPI2 have a role in the early stages of
autophagosome biogenesis, in which WIPI2 coordinates the
recruitment of the two ubiquitin-like conjugation systems
(Proikas-Cezanne et al., 2004; Proikas-Cezanne et al.,
2007; Itakura and Mizushima, 2010; Polson et al., 2010;
Dooley et al., 2014; Strong et al., 2021), WIPI3 and WIPI4
act in later stages since their simultaneous knockdown
leads to the accumulation of expanded phagophores
(Bakula et al., 2017; Ji et al., 2021). Depletion of WIPI4
leads to a modest defect in autophagy (Bakula et al., 2017;
Ji et al., 2021), indicating that it could have a redundant
role with WIPI3 or eventually another factor.

WIPI4 is a stronger binding partner of ATG2A and
ATG2B than WIPI1 or WIPI2 (Zheng et al., 2017).
Alignments of multiple amino acid sequences have under-
lined that the residues in loop 2 of Atg18 are conserved in
WIPI4, while the ones reported by Watanabe and co-workers
are not (Rieter et al., 2013; Zheng et al., 2017). However,
mutations in the loop 2 of WIPI4 do not alter its interaction
with ATG2B; suggesting that ATG2B binding site is
located elsewhere in WIPI4. Indeed, changes in loop 3
abolish WIPI4 binding to ATG2B (Zheng et al., 2017).
Thus, additional studies are required to identify how WIPI4
interact with mammalian ATG2 proteins.

Conclusions and Perspectives
The current notion is that ATG9, ATG2 and Atg18/WIPI4
proteins play an essential role during the phagophore expan-
sion until autophagosome completion by both establishing
the phagophore-ER MCSs and regulating lipid transport
from the ER to the phagophore (Figure 5). Although these

Figure 5. Putative Molecular Function of ATG9, ATG2 and Atg18/

WIPI4 Proteins at the Phagophore-ER MCSs. The ER is considered as

a key lipids source during phagophore expansion. The current model

is that ATG2 proteins localize to the extremities of the phagophore

together with ATG9 proteins and Atg18/WIPI4. Atg18/WIPI4 and

possibly ATG2 proteins bind to PtdIns3P (orange lipids). ATG2

proteins also bind the ER/ERES through a still unclear mechanism

(question mark), and thus they have a key role in establishing the

phagophore-ER MCSs. The oval structures on the ER represent the

putative ATG2 protein binding partners, which experimental

evidence has indicated to be ERES components although which one(s)

of them is directly interacting with the ATG2 proteins remains to be

determined. Although it remains unknown what is providing the force

for the flow of lipids, those are transferred from the ER to the

phagophore by ATG2 proteins (black arrow), a process that also

requires the presence of Atg18/WIPI4 at the phagophore-ER MCSs.

Lipids from ATG2 proteins may or may not be delivered to ATG9

scramblases, which translocate bidirectionally the lipids across the

phagophore membrane bilayer, maintaining the symmetric

distribution of lipids and ultimately allowing phagophore expansion.
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three proteins distinctly localize to the phagophore-ERMCSs
in yeast (Graef et al., 2013; Suzuki et al., 2013;
Gomez-Sanchez et al., 2018), it remains to be shown
whether they have a similar distribution in mammalian
cells. In this context, ATG9A appears to associate with
nascent autophagosomes only transitionally (Orsi et al.,
2012; Olivas et al., 2023) and consequently it may have a
less prominent role than its yeast counterpart as an organiza-
tional hub.

In vitro data clearly show that ATG2 proteins are central
for membrane tethering and lipid transfer activities (Figure 5)
(Chowdhury et al., 2018; Kotani et al., 2018; Otomo et al.,
2018; Maeda et al., 2019; Osawa et al., 2019; Valverde
et al., 2019; Chumpen Ramirez et al., 2022). Additionally,
a recent study has demonstrated that ATG2A mediates mem-
brane tethering in vivo using the dual-color particle tracking
technique (Broadbent et al., 2023). Lipids are very likely
transferred from ER to the cytosolic leaflet of the phagophore
membrane creating a lipid asymmetry and possibly a tension
that could hamper phagophore elongation. Therefore, it is not
surprising that ATG2 proteins would need the cooperation of
lipid scramblases, like ATG9 proteins, to dissipate the lipid
asymmetry that they create, by translocating lipids from the
cytosolic leaflet to the inner one of the phagophore mem-
brane and thus promoting its expansion (Figure 5) (Maeda
et al., 2020; Matoba et al., 2020; Melia and Reinisch,
2022; Zhang et al., 2022). Since ATG2 proteins probably
also generate a lipid asymmetry in the ER membrane
because the lipid extraction from the outer leaflet of the ER
limiting membrane, it is not unexpected that ER-localized
lipid scramblases such as mammalian VMP1 and
TMEM41B are also crucial for autophagy (Ghanbarpour
et al., 2021; McEwan and Ryan, 2022). This idea is sup-
ported by in vitro observations showing that insertion of
Atg9 in the acceptor or donor liposomes enhances the lipid
transfer activity of Atg2 (Chumpen Ramirez et al., 2022).
The force for lipids to enter and pass through the ATG2 pro-
teins could be provided by the biosynthesis of lipids on the
cytoplasmic leaflet of the ER. Within such mechanism,
however, ER-localized scramblases would lower the
tension between the ER membrane leaflets, blocking lipid
transfer by ATG2 proteins. Thus, additional investigations
are necessary to unveil how lipid are transferred at the
phagophore-ER MCSs and the role of ER-localized scram-
blases in this.

The function of Atg18 and WIPI4 is more enigmatic, but
the in vitro data revealed that the tethering and lipid transfer
activity of ATG2 proteins is enhanced by these proteins,
respectively (Otomo et al., 2018; Osawa and Noda, 2019;
Chumpen Ramirez et al., 2022). A simple hypothesis is
that Atg18 and WIPI4 are regulators that proof-read
whether ATG2 proteins and eventually ATG9 scramblases
are localized and/or assembled at the right place before start-
ing lipid transfer (Figure 5). The ability of Atg18 to coinci-
dentally associated with Atg9-bound Atg2 and PtdIns3P

could allow this protein to distinguish the phagophore mem-
brane from other ones (Figure 5) (Rieter et al., 2013;
Gomez-Sanchez et al., 2018). However, other scenarios are
also possible.

Although enormous advances on the molecular role of
ATG9, ATG2 and Atg18/WIPI4 proteins in autophagosome
formation have been achieved in recent years, numerous
questions still wait for an answer. For instance, it is
unknown how ATG2 proteins associate to the ER, even if
studies in yeast have shown the interaction with a specialized
ERES may mediate this anchoring (Graef et al., 2013; Suzuki
et al., 2013). Moreover, it is still unclear whether the estab-
lishment of the phagophore-ER MCSs and lipid transfer
involved additional players. In this respect, it is totally
unknown which kind of force makes it possible that a
massive amount of lipids rapidly passes from the ER to the
phagophore, although lipid biosynthesis may play a role in
this (Nishimura et al., 2017; Schutter et al., 2020).
Understanding these aspects will not only be important to
decipher the mechanism of autophagy, but it would also
provide molecular insights into lipid droplet biogenesis,
since both ATG2A and ATG9A have a role in lipid mobiliza-
tion/size regulation of this organelle (Velikkakath et al.,
2012; Mailler et al., 2021). Additionally, addressing these
questions could help to uncover the mechanism of lysosomal
repair, in which ATG2 proteins appear to have an important
function (Tan and Finkel, 2022). Overall ATG9, ATG2 and/
or Atg18/WIPI4 proteins may represent a modular system
that eukaryotic cells may use to establish MCSs between spe-
cific organelles for lipid transfer. The relevance of this system
is also underlined by the fact that mutations in WIPI4 cause
ß-propeller protein associated neurodegeneration (BPAN), a
lethal neurodevelopmental disorder (Cong et al., 2021;
Shimizu et al., 2023). Henceforth, the elucidation of the
molecular function of the phagophore-ER MCSs could aid
to understand the generation of autophagosomes and pos-
sibly other organelles, in health and disease.
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