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Autophagy is an intracellular degradation system conserved among eukaryotes that mediates the degradation of
various biomolecules and organelles. During autophagy, a double membrane-bound organelle termed an au-
tophagosome is synthesized de novo and delivers targets from the cytoplasm to the lysosomes for degradation.
Autophagosome formation involves complex and dynamic membrane rearrangements, which are regulated by
dozens of autophagy-related (Atg) proteins. In this review, we summarize our current knowledge of membrane-
binding domains and motifs in Atg proteins and discuss their roles in autophagy.

1. Overview of autophagy and autophagy-related (Atg) proteins

Autophagy is an intracellular degradation system conserved among
eukaryotes and mediates the degradation of macromolecules (proteins,
nucleic acids, and lipids), organelles, and invasive microbes
(Mizushima and Komatsu, 2011). This versatile degradation system is
made possible through a unique mechanism involving the sequestration
of degradation targets inside the lumen of de novo-generated double-
membrane organelles (termed autophagosomes) and subsequent de-
livery to the lytic compartment (lysosomes in mammals and vacuoles in
yeasts and plants). On fusing an autophagosome with a lysosome, the
sequestered materials, together with the inner membrane of the au-
tophagosome, are degraded by lysosomal hydrolases. Autophagy in-
discriminately degrades all materials sequestered within the autopha-
gosome, and determining the targets of autophagy occurs at the step of
autophagosome formation. Using yeast as a model organism, more than
40 autophagy-related (Atg) proteins have been identified (Mizushima
et al., 2011; Tsukada and Ohsumi, 1993). These Atg proteins play
various roles in autophagy, and in budding yeasts, 18 Atg proteins are
essential for autophagosome formation. These “core Atg” proteins are
classified into six functional groups: (i) the Atgl complex, also known
as the autophagy-initiation complex; (ii) Atg9; (iii) the Atg2-Atgl8
complex; (iv) the autophagy-specific phosphatidylinositol (PI) 3-kinase
complex; (v) the Atgl2-Atg5 conjugation system; and (vi) the Atg8—-
phosphatidylethanolamine (PE) conjugation system (Mizushima et al.,
2011; Noda and Inagaki, 2015). When autophagy is induced in response
to intracellular stresses, such as nutrient depletion, each functional
group of the Atg proteins is hierarchically recruited to a peri-vacuolar
site, forming the pre-autophagosomal structure (PAS) from which au-
tophagosomes are believed to be generated (Suzuki et al., 2001). Most

non-core Atg proteins are involved in selective-type autophagy, during
which various organelles and biomolecules are selectively degraded
(Wen and Klionsky, 2016).

Since autophagy involves unique membrane dynamics, Atg proteins
interact in various ways with the membranes during autophagy. Among
the Atg proteins identified to date (Atgl-42 at the time of writing), nine
(Atg9, 15, 22, 27, 32, 33, 37, 39, and 40) encode transmembrane he-
lices. Intriguingly, these transmembrane proteins are involved mainly
in selective autophagy, with only one (Atg9) belonging to the core Atg
proteins that regulate autophagosome formation. Therefore, other core
Atg proteins must use membrane-binding domains or motifs to interact
with the membrane. In this review, we summarize our knowledge of the
membrane-binding domains and motifs of Atg proteins, focusing mainly
on the core Atg proteins. We discuss the roles of these proteins in au-
tophagosome formation (membrane-binding domains and motifs dis-
cussed throughout the article are summarized in Fig. 1 and Table 1, the
functions of each protein complex in autophagy are summarized in
Table 2, and the abbreviations used are summarized in Table 3).

2. The Atgl complex

The Atgl complex, which consists of five core Atg proteins (Atgl,
13,17, 29, and 31) in the budding yeast, functions as the most upstream
core Atg factor and mediates autophagy initiation (Noda and Fujioka,
2015). Under nutrient-rich conditions, Atgl3 is hyperphosphorylated
by the Tor kinase complex 1 (TORC1), which impairs the formation of
the Atgl complex. When TORCL is inhibited during nutrient starvation,
Atg13 is dephosphorylated, leading to the formation of the hetero-
pentameric Atgl complex (Fujioka et al., 2014; Kamada et al., 2000).
Atgl3 has another role in linking Atgl complexes to one another,
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Fig. 1. Summary of the membrane-binding
domains and motifs in autophagy-related pro-
teins.
Atgl complex and Atg9 vesicle: Atgl complex
consists of Atgl, Atgl3, and Atgl7-Atg29-
Atg31 complex, where intrinsically disordered
protein Atgl3 links Atgl and Atgl7-Atg29-
Atg31. Atgl EAT/tMIT domain binds SUVs in
vitro. The concave surface of Atgl7 may bind
Atg9 vesicles, which is inhibited by Atg29-
Atg31. Atgl3 HORMA domain recruits Atg9
ER vesicles via interaction with Atg9. Atg9 ve-
sicles contain Atg9 and Atg27 and may func-
tion as initial membrane source for autopha-
gosome formation.
PI 3-kinase complex: Autophagy-specific PI 3-

A/IIVI:rER

AHCR

Chorein_N

Atg2

kinase complex consists of Atg6/Beclin-1,
Atg14/ATG14L, Atg38/NRBF2, Vpsl5 and

conJugatlon“% §

Atg8
Atg12 -5-16

Vps34. Vps34 KINASE, Atgl4/ATG14L BATS,
and Atg6/Beclin 1 BARA bind membranes
using AH (KINASE and BATS) and an aromatic
finger (BARA). Cys-repeats in ATG14L mediate
ER targeting and t-SNARE complex formation.
Atg38/NRBF2 CC may bind membranes. Vps34
KINASE phosphorylates PI to produce PI(3)P.

Atg2-Atg18 complex: The Atg2-Atgl8 complex
tethers IM to ER. Atg2 has at least three
membrane-binding regions: Chorein N, AHCR,
and ATG2_CAD. Chorein N and ATG2_CAD
bind ER and IM, respectively, whereas it is not
clear whether AHCR binds ER or IM. Atg2

binds PROPPINs using the Y/HF motif.

| Atg20-Atg24 complex |

PROPPINSs bind two PI(3)P molecules using the
FRRG motif. In addition, AH in the CD loop
binds membranes.

Atg conjugation system: Atg8 is conjugated

with PE through reactions similar to ubiquitination. Atg3, the E2 enzyme for Atg8, binds SUVs using AH. Atg3 also binds Atgl2-Atg5-Atgl6 complex, the E3 enzyme
for Atg8. Atg5 binds membranes, which is inhibited by conjugation of Atgl2 to Atg5 and this inhibition is canceled by Atgl16. Atg3 and Atgl2-Atg5-Atgl6 complex

cooperatively mediate conjugation between Atg8 and PE.

Atg20-Atg24 complex: The Atg20-Atg24 complex functions in the Cvt pathway (selective autophagy of vacuolar enzymes). Both Atg20 and Atg24 consist of PX and
BAR domains, which binds PI(3)P and senses membrane curvature, respectively. Atg20 BAR contains AH, which also binds membranes.

generating higher-order assemblages of Atgl complexes that function as
the core of the PAS (Yamamoto et al., 2016). After the PAS core is
formed, Golgi-derived vesicles containing the transmembrane protein
Atg9 (Atg9 vesicles) localize to the PAS in an Atgl3-dependent process,
and are proposed to represent the initial membrane source for autop-
hagosome formation (Suzuki et al., 2015; Yamamoto et al., 2012).
Therefore, recruitment of the Atg9 vesicles to the PAS is a critical event
in autophagosome formation. The Atgl3 HORMA domain was reported
to mediate the recruitment of Atg9 to the PAS (Suzuki et al., 2015).
Since Atgl3 lacks membrane-binding activity, it probably recruits Atg9
vesicles through protein—protein interactions. All five components of
the Atgl complex are soluble and have no canonical membrane-binding
domains or motifs. However, the C-terminal domain of Atgl, which
consists of two tandem MIT domains (tMIT) that mediate Atgl3 binding
(Fujioka et al., 2014), has been reported to interact in vitro with small
unilamellar vesicles (SUVs) ranging in size from 20 to 30 nm (Ragusa
et al., 2012). The tMIT domain was shown to mediate the tethering of
SUVs, and thus was named the “early autophagy targeting/tethering”
(EAT) domain (Ragusa et al., 2012). The EAT/tMIT domain did not
interact with large unilamellar vesicles (LUVs), suggesting a preference
for highly curved membranes. Although the MIT domain is well known
for mediating protein-protein interactions (Hurley and Yang, 2008), its
membrane-binding activity has rarely been studied and the mechanisms
underlying SUV recognition by Atgl EAT/tMIT domains remain to be
elucidated. Moreover, the role of this domain’s membrane-binding ac-
tivity in autophagy also remains to be established.

Atgl7 has an elongated coiled-coil (CC) architecture forming an “S”

shape (Ragusa et al., 2012). Its two concave surfaces are suitable for
recognizing the convex surfaces of SUVs with sizes of ~20nm; this
process is similar to BAR domains that use their concave surfaces to
recognize membrane curvature (Frost et al., 2007). However, Atgl7
does not interact with SUVs in vitro and it is unclear whether Atgl7
actually uses its concave surface to recognize curved membranes
(Ragusa et al., 2012). Recently, Atg9-containing proteoliposomes were
shown to bind Atgl7 via an Atg9-Atgl7 interaction, which was nega-
tively regulated by the Atg29-Atg31 subcomplex. Moreover, the At-
g1-Atgl3 interaction was shown to override negative regulation by
Atg29-Atg31, thereby enabling the Atgl complex to bind Atg9-con-
taining proteoliposomes (Rao et al., 2016).

3. The autophagy-specific PI 3-kinase complex producing PI 3-
phosphate

PI 3-phosphate (PI(3)P) is an essential phospholipid for autophagy
because it enables the recruitment of various Atg factors equipped with
PI(3)P-recognition domains. In budding yeast, phosphorylation of PI to
yield PI(3)P is governed by the sole class III PI 3-kinase, Vps34, which
forms two distinct complexes (I and II) with Vpsl5, Vps30/Atg6, and
either Atgl4 or Vps38, respectively (Kihara et al., 2001). Complex I
functions specifically in autophagy. By contrast, mammals have mul-
tiple PI 3-kinases (classes I-III). In collaboration with a class II PI 3-
kinase, the heterotetrameric complex, consisting of Vps34, Vpsl5, Be-
clin 1 (Vps30/Atg6 homolog), and ATG14L/Barkor (Atgl4 homolog), is
involved in PI(3)P synthesis for autophagy (Devereaux et al., 2013;
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Table 2

Proposed functions of the membrane-localized proteins in autophagy.

Table 1

Summary of the membrane-binding domains and motifs in autophagy-related proteins.
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Protein Domains/motifs Binding target

Atgl complex

Atgl EAT/tMIT Highly curved membrane
Atgl7 CcC Curvature sensing (no binding)?

PI3-kinase complex
Beclin 1

Aromatic finger in BARA

ATG14 BATS (containing AH)
Vps34 C-terminal helix (AH)
Atg38 CcC
PI3P effectors
Atg2 Chorein_ N

ATG2_CAD

Atg18 (PROPPINS)

AHCR (containing AH)
B-propeller

AH
Atg20 PX

BAR (containing AH)
Atg24 PX

BAR

Atg conjugation system

Atg3 N-terminal helix (AH)

Atg5 Unknown

Atg8 Ubiquitin fold

Atgl6 Unknown

Transmembrane proteins

Atg9 6 transmembrane helices
Atgl5 Single transmembrane helix
Atg22 10-12 transmembrane helices
Atg27 Single transmembrane helix
Atg32 Single transmembrane helix
Atg33 4 transmembrane helices
Atg37 Single transmembrane helix
Atg39 Single transmembrane helix
Atg40 2 transmembrane helices

Membrane (cardiolipin preference)
Membrane with packing defects
Membrane

Membrane or Membrane protein?

ER, Highly curved membrane
Curvature sensing, IM binding?
IM or ER

PI(3)P, PI(3,5)P2

Membrane with packing defects
PI(3)P

Curvature sensing (binding)
PI(3)P

Curvature sensing (no binding?)

Membrane with packing defects
Binding to GUVs

PE (via conjugation reaction)
Supporting Atg5 to bind GUVs

Atg9 vesicle, IM

Vacuolar membrane

Vacuolar membrane

Atg9 vesicle

Mitochondrial outer membrane
Mitochondrial outer membrane
Peroxisome membrane
Nuclear membrane

ER membrane

Table 3

Abbreviations used in this manuscript.

Protein complexes

Proposed functions in autophagy

AH

AHCR

Atgl complex

PI3-kinase complex
PI3P effectors
Atg2-Atg18 complex

Atg20-Atg24
complex

Atg conjation system

Atg8-PE

Atg3
Atgl12-Atg5-Atgl6
Transmembrane proteins
Atg9, Atg27

Atg32, Atg33
Atg37
Atg39
Atg40
Atgl5
Atg22

Construction of autophagosome formation sites on the
vacuolar membrane (in yeast) or on the ER (in mammals).
Recruitment of Atg9 vesicles.

Phosphorylation of Atg proteins.

Production of PI(3)P at autophagic membranes.

Tethering of ER to IM.
Lipid transport from ER to IM?
Promotion of the Cvt pathway.

Selective target recognition.

IM expansion and closure.
Degradation of autophagic bodies.
Conjugation of Atg8 to PE.
Conjugation of Atg8 to PE.

Construction of Atg9 vesicles.

Supply of initial membranes for autophagosome
formation.

Promotion of mitophagy.

Promotion of pexophagy.

Promotion of nucleophagy.

Promotion of ERphagy.

Degradation of autophagic bodies.

Efflux of amino acids from the vacuole to the cytoplasm.

Atg
BARA
BATS
cC
Cvt
EAT
ER
ERES
GUV

LUV

PAS

PE

PI

PI(3)P
PROPPIN
ERphagy
nucleophagy
mitophagy
pexophagy
Suv

tMIT
TORC1

amphipathic a-helix

AH-containing region
autophagy-related
beta-alpha-repeated, autophagy specific
Barkor/Atg14(L) autophagosome-targeting sequence
coiled-coil

cytoplasm-to-vacuole targeting
early autophagy targeting/tethering
endoplasmic reticulum

ER exit site

giant unilamellar vesicle

isolation membrane

large unilamellar vesicle
pre-autophagosomal structure
phosphatidylethanolamine
phosphatidylinositol

PI 3-phosphate
polyphosphoinositides

selective autophagy of ER

selective autophagy of nucleus
selective autophagy of mitochondria
selective autophagy of peroxisome
small unilamellar vesicle

tandem MIT domains

Tor kinase complex 1

autophagosome-targeting sequence (BATS) domain of ATG14L. The
membrane-binding ability of complex I depends on the narrow tips of
the arms, formed from an amphipathic a-helix (AH) at the C-terminus

Itakura et al., 2008; Volinia et al., 1995). Structural studies revealed
that both complexes have V-shaped architectures (Baskaran et al.,
2014; Ma et al., 2017; Rostislavleva et al., 2015). The Vps34 and Vps15
kinase domains are located at the tip of the right arm of the complex,
and the tip of the left arm consists of the beta-alpha-repeated, autop-
hagy specific (BARA) domain of Atg6/Beclin 1 and the Barkor/Atg14(L)

of the Vps34 kinase domain, the BATS domain of ATG14L, and an
aromatic finger of the Beclin 1 BARA domain (Fan et al., 2011; Huang
et al.,, 2012). The C-terminal a-helix of the Vps34 kinase domain is
involved in membrane binding, which cancels its autoinhibition func-
tion and increases the kinase activity of Vps34 (Miller et al., 2010).
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Deformation of the complex’s V-shape is also necessary to activate the
Vps34 kinase through cancelling the negative regulation by Vpsl5
(Baskaran et al., 2014; Stjepanovic et al., 2017).

The ATG14L BATS domain serves as a PI(3)P-dependent sensor for
membrane curvature (Fan et al., 2011). In vitro, the BATS domain
preferentially binds smaller liposomes containing ~2% PI(3)P; lipo-
somes containing a larger amount of PI(3)P negate the domain’s pre-
ference for highly curved membranes. The BATS domain also bears an
AH sequence at its C-terminus, which is essential for the targeting of
mammalian complex I to early autophagic membranes with high cur-
vatures. Although a sequence homologous to the BATS domain was
undetectable in yeast Atgl4, the C-terminal region of Atgl4 appears to
contain an AH motif according to computational predictions (Gautier
et al., 2008) although its function has not yet been experimentally
validated. By contrast, N-terminal regions of Atgl4 orthologs are con-
served across species. Characteristic cysteine repeats in the N-terminal
region localize ATG14L to endoplasmic reticulum (ER) membranes,
thus forming a platform for autophagosome formation by recruiting the
remaining mammalian complex I subunits (Matsunaga et al., 2010).
Furthermore, in the late stages of autophagy, the cysteine repeats
mediate ATG14L oligomerization, which is essential for binding to a t-
SNARE complex consisting of STX17 and SNAP29 (Diao et al., 2015).
The t-SNARE complex, stabilized by oligomeric ATG14L, facilitates
membrane fusion between autophagosomes and endolysosomes con-
taining v-SNARE VAMP8. Thus, the complex I-specific subunit ATG14L
participates in various ways in autophagic membrane binding through
both its termini.

BARA domain is conserved at the C-terminus of Beclin 1 and Vps30/
Atg6 (Huang et al., 2012; Noda et al., 2012). In budding yeast, the
BARA domain is crucial for the targeting of complex I to the PAS (Noda
et al., 2012). The membrane-binding region of the BARA domain has
been identified in Beclin 1 (Huang et al., 2012). Partially conserved
Phe-Phe-Trp loop-forming sequence, known as an aromatic finger, is
required for membrane binding, with preference to cardiolipin, of the
Beclin 1 BARA domain in vitro and for autophagic activity. The struc-
tural and biochemical properties of complex I suggest that two edges of
the V-shaped complex I face membranes. A recent EM study of mam-
malian complex I on a lipid monolayer demonstrated that the BATS
domain anchors the complex to a lipid monolayer, and the Vps34 kinase
domain determines the orientation of the complex (Ma et al., 2017).
The bottom of complex I interacts with Atg38 in yeast and its homolog
NRBF2 in mammals (Araki et al., 2013). They comprise an N-terminal
MIT domain that binds Atg6 and Atgl4 and a C-terminal CC domain
that mediates homodimerization (Araki et al., 2013; Cao et al., 2014; Lu
et al., 2014; Ohashi et al., 2016). During starvation-induced autophagy,
Atg38 promotes the localization of complex I to the PAS and enhances
autophagic activity. Subcellular fractionation experiments suggested
that the CC domain of Atg38 is required for the association with
membranes or membrane proteins (Ohashi et al., 2016).

4. PI(3)P effectors

PI(3)P produced at the PAS by the autophagy-specific PI 3-kinase
complex I recruits downstream Atg proteins either directly or indirectly.
Direct PI(3)P effectors include the Atg2-Atgl8 and the Atg20-Atg24
complexes. The Atg conjugation system is recruited to the PAS in a PI(3)
P-dependent manner, but there has been no report of a direct interac-
tion between the components of the conjugation system and PI(3)P. In
mammals, DFCP1 is recruited to a specific ER compartment, termed an
omegasome, through interactions of the FYVE domains of DFCP1 with
PI(3)P (Axe et al., 2008). Although DFCP1 has been widely used as a
marker for omegasomes, the role of DFCP1 in autophagy remains un-
known because it is not conserved in yeasts and its deletion has no
effect on the autophagic activity in mammals. Therefore, DFCP1 is not
further discussed here.
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4.1. The Atg2-Atg18 complex

The Atg2-Atgl8 complex localizes to the PAS in a PI(3)P-dependent
manner. During expansion of the isolation membrane (IM; autophago-
some intermediate) for target sequestration, the Atg2-Atgl8 complex
localizes to the edge of the IM where it makes contact with ER exit sites
(ERESs), where COPII-coated vesicles are generated (Graef et al., 2013;
Suzuki et al., 2013). Considering that ER membranes are candidate
membrane sources in autophagosome formation (Tooze and Yoshimori,
2010), the Atg2—-Atgl8 complex, which bridges the putative membrane
donor and the IM, may play a central role in IM expansion. Hence,
elucidating the molecular function of the Atg2-Atgl8 complex is cri-
tical to understand the molecular mechanisms of autophagosome for-
mation; however, much less is known about the function of this com-
plex in comparison with other proteins and complexes.

Atg18 belongs to the (-propellers that bind polyphosphoinositides
(PROPPIN) family and possesses binding activity with both PI(3)P and
phosphatidylinositol 3,5-bisphosphate (PI(3,5)P2). The PI(3)P-binding
ability of Atgl8 is essential for the recruitment of the Atg2-Atgl8
complex to the PAS during autophagic processes (Obara et al., 2008b).
Atgl8 assumes a seven-bladed f-propeller fold that resembles a
doughnut ring. Two blades (blades 5 and 6), which lie next to one
another and share a conserved FRRG motif belonging to the PROPPIN
family, harbor a phosphoinositide-binding site each (Baskaran et al.,
2012; Krick et al., 2012, 2006; Nair et al., 2010; Watanabe et al., 2012).
Both the arginine residues in the FRRG motif constitute a distinct
phosphoinositide-binding site and are thought to interact with the
phosphorylated inositol rings of PI(3)P and PI(3,5)P2. Arginine-to-
threonine substitutions in the FRRG motif cause loss of phosphoinosi-
tide binding and defects in autophagy (Krick et al., 2006). In blade 6, 3
strands C and D are connected by the long CD loop. Contact between
Atgl8 and membranes containing PI(3,5)P2 and/or PI(3)P results in
reorganization of part of the CD loop into an AH, whose aligned hy-
drophobic residues penetrate the outer leaflet of the lipid bilayer
(Gopaldass et al., 2017). The binding of PROPPIN Hsv2 (an Atgl8
paralog) to liposomes was abolished by replacing the CD loop with a
glycine-rich linker or substituting the aromatic residues in the AH with
alanine (Baskaran et al., 2012; Busse et al., 2015). Moreover, deleting
the CD loop in Atgl8 resulted in the concentration of Atg18 on vacuolar
membranes, although Atg18 lacking the amphipathic properties of the
AH was less efficiently recruited to vacuoles than wild-type Atgl8
(Gopaldass et al., 2017). These results suggest that AH formation within
the CD loop acts as a positive regulator of membrane binding by
PROPPIN proteins. Furthermore, the AH of Atgl8 plays a crucial role in
vacuole fission, but contributes to a much smaller degree to autophagic
processes (Gopaldass et al., 2017). It is possible that Atg2 compensates
for the loss of the membrane-binding function of the Atgl8 mutants in
autophagy, since Atg?2 itself can also bind membranes. A recent struc-
tural and biophysical study of Atgl8 revealed in detail its interaction
with membranes (Scacioc et al.,, 2017). After initially binding to
membranes through electrostatic interactions, Atgl8 uses two phos-
phoinositide-binding sites to interact with PI(3)P or PI(3,5)P2 and
maintain membrane residence. Membrane phosphoinositides, espe-
cially PI(3,5)P2, promote the oligomerization of Atgl8, which exists as
a monomer in solution. It is unclear whether Atg18 oligomerization is
physiologically relevant and whether this also occurs when Atgl8isin a
complex with Atg2. It has been proposed that during membrane
binding, a doughnut-shaped Atgl8 molecule is oriented perpendicu-
larly to membranes, with both phosphoinositide-binding sites and the
CD loop oriented toward membrane, and it simultaneously makes
contact with other Atgl8 molecules through its rim, leading to Atgl8
oligomerization. Hsv2 shows much higher affinity for SUVs than LUVs
(Busse et al., 2015), indicating that PROPPIN-family proteins prefer to
bind membranes with high curvature. The edge of the IM, where the
Atg2-Atg18 complex localizes during the autophagic process, is highly
curved (~30nm diameter) (Nguyen et al., 2017), suggesting that the
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sensing of membrane curvature by Atgl8 is probably important for
autophagy (Michaillat et al., 2012). As AHs prefer highly curved
membranes with lipid packing defects (Bigay and Antonny, 2012;
Nguyen et al., 2017), Atgl8 might efficiently bind the IM by sensing
lipid packing defects via its CD loop in addition to electrostatic inter-
actions and the specific recognition of PI(3)P.

Recent studies on mammalian Atg2 orthologs have shed light on the
membrane-binding mode of Atg2 and its function in autophagy. There
are two mammalian Atg2 orthologs, ATG2A and ATG2B, both of which
are essential for mammalian autophagy (Velikkakath et al., 2012).
ATG2A localizes to IMs, which appears to depend on four regions of
ATG2A. Three of the four regions, which are evolutionally conserved
among Atg2 orthologs, are registered in the Pfam database: Chorein N
(residues 14-111), ATG2_CAD (residues 1116-1251), and ATG_C (re-
sidues 1840-1932) (residue numbers corresponding to human ATG2A).
The fourth region consists of residues 1723-1829 and includes a con-
served AH-forming sequence (residues 1750-1767) (Chowdhury et al.,
2018; Tamura et al., 2017). To simplify its description, this AH-con-
taining region is hereinafter referred to as AHCR. The amphiphilicity of
the AHCR’s AH is essential for the localization of ATG2A to the IM as
well as for autophagic activity. Interestingly, AHCR alone binds to SUVs
and LUVs in vitro, suggesting that the AHCR AH is dispensable in re-
cognizing membrane curvature. The N-terminal region containing
Chorein_N is also essential for autophagic activity, whereas the ATG_C-
containing region is dispensable for that (Tamura et al., 2017). Al-
though the relationship between ATG2_CAD and autophagy remains
elusive, ATG2_CAD appears to act as a sensor for highly curved mem-
branes. Three-dimensional reconstructions of the ATG2A-WIPI4 (also
known as WDR45) and ATG2B-WIPI4 complexes (Atg2-Atgl8 homo-
logs) using negative-staining EM revealed the relative positions of the
four conserved regions (Chowdhury et al., 2018; Tamura et al., 2017;
Zheng et al., 2017). ATG2A and WIPI4 form a rod-shaped heterodimer
in which ATG2A takes on an elongated bar-like shape and WIPI4 binds
to one end of the bar. These heterodimers are formed by interactions
between a Y/HF motif conserved in mammalian ATG2s and a loop at
the distal side of the phosphoinositide-binding sites of WIPI proteins
(Chowdhury et al., 2018; Rieter et al., 2013; Watanabe et al., 2012;
Zheng et al., 2017). Chorein N and ATG2_CAD near the WIPI4-binding
region are located at the opposite ends of the bar-shaped ATG2A,
whereas ATG_C and AHCR could be observed at both ends of the rod
due to the flexibility of the C-terminal region. Both ends of the bar-
shaped ATG2A bind to SUVs independently of PI(3)P, enabling ATG2A
to bridge the neighboring SUVs (Chowdhury et al., 2018). By contrast,
efficient tethering of LUVs by ATG2A occurs only in the presence of PI
(3)P and WIPI4. These in vitro experiments indicate that one end of the
bar-shaped ATG2A containging Chorein N can recognize various de-
grees of membrane curvature, while the other end of the bar (con-
taining ATG2_CAD) binds specifically to highly curved membranes
(Chowdhury et al., 2018). In this model, Atg2 ATG2_CAD and Atgl8
enable one end of the rod-shaped complex to make specific contact with
the IM edge by recognizing membrane curvature and PI(3)P. The re-
lationship between in vitro membrane binding and in vivo functions
was recently studied in detail for yeast Atg2. The N-terminal region in
Chorein_N (residues 1-46 of ScAtg2) fused to GFP can target to the ER,
whereas the C-terminal region containing an AH (residues 1347-1373
of ScAtg2) is necessary for targeting Atg2 to the PAS. Importantly, both
regions were shown to be required for tethering liposomes in vitro,
confirming that membrane binding and tethering activities observed in
vitro are important for autophagy, possibly through tethering ER to the
IM (Kotani et al., 2018). In yeast, the expanding edge of the IM, where
Atg2-Atgl8 complex and Atg9 colocalize, is in contact with the ER.
Mutation in Atg2 that impairs the interaction with Atg9 changed the
localization of Atg2 to the entire IM membranes and caused tethering of
the ER to the entire IM, suggesting that Atg2 and Atg9 cooperatively
form the contact site between the IM and the ER (Gomez-Sanchez et al.,
2018). These observations collectively suggest that the Atg2-Atgl8
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complex tethers the ER (especially the ER exit site) to the expanding
edge of the IM for autophagosome formation. Very recently, the
Chorein_N domain of Vps13, which functions at organelle contact sites,
was shown to possess lipid transfer activity in vitro (Kumar et al., 2018).
Although Vps13 is not related to autophagy and the sequence homolog
of Vps13 with Atg2 is quite low, it is tempting to speculate that Atg2
transfers lipids from ER to IM for autophagosome formation. Structural
study of the Atg2-Atgl8 complex at an atomic resolution will give us
important insights into such fascinating mechanisms.

4.2. The Atg20-Atg24 complex

The Atg20 and Atg24 sorting nexins form a heterodimer that binds
to the scaffold protein Atgll, an event that is essential for selective
autophagy including the cytoplasm-to-vacuole targeting (Cvt) pathway
(Nice et al., 2002; Reggiori and Klionsky, 2013). The precise roles of
these proteins in selective autophagy remain elusive, but their mem-
brane-binding regions have been defined (Popelka et al., 2017). Similar
to other sorting nexins, both Atg20 and Atg24 contain a PX domain
within their N-termini that acts as a PI(3)P-recognition module. The PX
domain was first identified in the N-terminal regions of the p40P"** and
p47PP°% subunits of the NADPH oxidase complex (Bravo et al., 2001;
Hiroaki et al., 2001). The PX domain folds into a wedge-like structure
with a single pocket for PI(3)P-binding. Recognition of PI(3)P by the PX
domains is mediated by two arginine residues and a tyrosine residue
that recognize the phosphate groups and the inositol ring, respectively
(Bravo et al., 2001; Lenoir et al., 2018; Xing et al., 2004; Zhou et al.,
2003). Although not structurally characterized, the PX domains of
Atg20 and Atg24 probably recognize PI(3)P contained in autophagic
membranes similarly with other PX domains (Pylypenko et al., 2007;
Wang et al., 2008). Besides the PX domain, Atg20 and Atg24 encode a
BAR domain within their C-terminal regions. The BAR domain, which is
composed of a three-helix bundle, dimerizes to form a well-known
crescent shape (Frost et al., 2007). Heterodimer formation between
Atg20 and Atg24 appears to be required for interactions between their
BAR domains, although this is yet to be shown by direct evidence
(Popelka et al., 2017). Except for the inverse BAR family, the concave
surfaces of BAR domain dimers are positively charged and bind to
membranes by electrostatic interactions. The BAR domains are involved
in sensing membrane curvature using their unique shapes, and some
domains contain an AH (Peter et al., 2004; Pylypenko et al., 2007). The
BAR domain of Atg20 is thought to harbor an AH within a region
connecting two helices within the helix bundle (Popelka et al., 2017).
Membrane binding and the physiological role of the Atg20-Atg24
complex depend on the AH of Atg20, because mutations of Atg20 that
affect the AH decrease the affinity of the heterodimer for liposomes and
cause a significant defect in the Cvt pathway. Understanding the de-
tailed functions of the Atg20-Atg24 complex together with Atgll is
important to understand the molecular mechanisms of selective au-
tophagy.

4.3. The Atg conjugation system

The Atg conjugation system comprises eight Atg proteins con-
stituting two ubiquitin-like conjugation systems essential for autophagy
(Mizushima et al., 2011; Noda and Inagaki, 2015). In the first system,
the ubiquitin-like protein Atg8 is processed by a cysteine protease,
Atg4, to expose a glycine at its C-terminus. Subsequently, an El-like
enzyme, Atg7, and an E2-like enzyme, Atg3, catalyze the conjugation of
Atg8 to the amine terminus of PE (Ichimura et al., 2000). In the second
system, another ubiquitin-like protein, Atgl2, is conjugated to a lysine
residue in Atg5 through reactions catalyzed by Atg7 and another E2-
like enzyme, Atgl0 (Mizushima et al., 1998). The Atgl2-Atg5 con-
jugate interacts with Atgl6, giving rise to the Atgl2-Atg5-Atgl6
complex (Mizushima et al., 1999). The Atgl2-Atg5-Atgl6 complex
functions as an E3-like enzyme to accelerate the conjugation of Atg8
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Fig. 2. Schematic drawing of selective autophagy and last steps of recycling mediated by transmembrane proteins.

Selective cargos such as mitochondria, ER, and nucleus possess a cargo receptor/adaptor with a transmembrane helix on the cytosolic side of their membrane. Atg8-
PE on the IM recognizes the receptor and tethers the cargo to the concave surface of the IM, thereby facilitates selective incorporation of the cargo into the
autophagosome. Autophagosomes then fuse with the vacuole and release their inner membrane (autophagic body), which is then degraded by a phospholipase Atgl5
and other hydrolases. Amino acids from degraded proteins are transported to the cytoplasm through Atg22 for recycling.

and PE (Hanada et al., 2007). Since all eight Atgs are soluble proteins,
they must interact with membranes in order to promote the conjugation
of Atg8 and PE in the membrane. As described above, Atg8-PE and
Atg12-Atg5-Atgl6 are targeted to autophagic membranes in a PI(3)P-
dependent manner (Suzuki et al., 2007); however, there have been no
reports of direct interactions between them. Here, we summarize the
membrane-binding properties of these proteins.

Atg8 is the only known protein that can be tightly bound to both the
concave and convex sides of both forming and complete autophago-
some membranes (Kirisako et al., 1999), and plays critical roles in the
processes of autophagosome formation and selective cargo recognition
(Fig. 2) (Nakatogawa et al., 2007; Noda et al., 2010). The tight mem-
brane binding of Atg8 is mediated through covalent conjugation of the
C-terminal glycine with PE (Ichimura et al., 2000). Although in vitro
experiments showed that Atg8 can be conjugated with several lipids
other than PE, including phosphatidylserine under high pH conditions
(> 7.0) (Oh-oka et al., 2008), PE is considered to be the sole lipid that
conjugates with Atg8 in vivo. In vitro experiments also revealed that the
addition of acidic lipids aided the conjugation reaction between Atg8
and PE (Oh-oka et al., 2008). Since the acidic lipid PI(3)P is produced at
the PAS and plays a critical role in recruiting Atg8 to the PAS, PI(3)P
might serve to accelerate the Atg8 conjugation reaction in vivo (Krick
et al., 2006; Obara et al., 2008a; Stromhaug et al., 2004; Suzuki et al.,
2007). The molecular function of Atg8-PE conjugates in autophago-
some formation has been a mystery. Atg8-PE was shown to be im-
portant for autophagic membrane expansion in yeast (Nakatogawa
et al., 2007; Xie et al., 2008), but not essential in mammals, where
mammalian Atg8-PE homologs were proposed to be important for the
closing step of membranes or their degradation step after lysosomal
fusion (Sou et al., 2008; Tsuboyama et al., 2016). PE has a small head
group and thus has a cone shape, which is in contrast with cylindrical
shapes of other phospholipids. Atg8 conjugation dramatically affects
the shape of PE, which might be important for some steps in autophagy.
Further biophysical characterization of Atg8-PE is important for un-
veiling the functions of this unique protein-lipid conjugate in autop-
hagy.

Atg3 mediates the conjugation reaction between Atg8 and PE
(Ichimura et al., 2000). The N-terminal region of Atg3 was predicted to
contain an AH that was shown to be essential for the conjugation re-
action between Atg8 and PE both in vitro and in vivo (Hanada et al.,
2009; Nath et al., 2014). Atg3 binds directly to highly curved liposomes
in an AH-dependent manner, especially those incorporating negatively
charged lipids, such as cardiolipin and phosphatidic acid (Nath et al.,
2014). The positively charged residues Lys9 and Lysl1 in the AH of
human Atg3 were shown to be important for this recognition (Hervas
et al., 2017). The high content of the cone-shaped lipid PE in liposomes

accelerated the conjugation between Atg8 and PE in vitro, even in the
absence of the E3-like Atg12-Atg5-Atgl6 complex (Nath et al., 2014).
This effect could be attributed to the AH of Atg3, which senses lipid
packaging defects in membranes and thereby anchors Atg3 to mem-
branes. Among autophagic membranes, the edges of IMs are considered
to be highly curved and thus to have lipid packing defects; therefore, it
might be speculated that Atg3 binds in these regions. However, recent
studies demonstrated that Atg3 is localized to entire IMs and not spe-
cifically to their edges (Ngu et al., 2015; Sakoh-Nakatogawa et al.,
2015). It was also observed that the localization of Atg3 to the IMs
depended on the Atg8-family interacting motif of Atg3, suggesting that
Atg3 binds to Atg8-PE on the IMs rather than to the membranes di-
rectly (Sakoh-Nakatogawa et al., 2015; Yamaguchi et al., 2010). Very
recently, the acetylation of Lys19 and Lys48 of Atg3 was reported to
promote interactions with liposomes containing a physiological ratio of
PE of 20% and to accelerate the conjugation between Atg8 and PE in
vitro (Li et al., 2017). It is important to carefully relate the in vitro
membrane-binding activities of Atg3 to its in vivo localization and
functions in future studies.

The Atgl2-Atg5-Atgl6 complex functions as an E3-like enzyme to
accelerate the conjugation between Atg8 and PE (Hanada et al., 2007).
This ternary complex is important for Atg8-PE formation in vivo (Suzuki
et al.,, 2001), whereas the Atgl2-Atg5 conjugate (in the absence of
Atgl6) is sufficient for E3-like activity in vitro (Fujioka et al., 2008;
Hanada et al., 2007). Atgl2 mediates direct interaction with Atg3
(Metlagel et al., 2013; Noda et al., 2013; Otomo et al., 2013), whereas
the Atg5-Atgl6 subcomplex is responsible for localization to the PAS
(Matsushita et al., 2007; Suzuki et al., 2001). The catalytic site of Atg3
is proposed to remain in an inactive conformation in the free form and
is reorganized into an active conformation when the Atgl2-Atg5 con-
jugate binds Atg3 (Sakoh-Nakatogawa et al., 2013). The Atgl2-At-
g5-Atg16 complex localizes to the PAS in a PI(3)P-dependent manner
(Suzuki et al., 2007), although the mechanisms underlying this event
are yet to be established. These observations suggest two distinct
functions of the Atgl2-Atg5-Atgl6 complex: activating Atg3 and de-
fining the site of Atg8—PE formation in cells. In vitro studies suggested
some membrane-binding activities of this complex. A study using giant
unilamellar vesicles (GUVs) suggested that Atg5 has binding activity
with negatively charged membranes, which is impaired by the con-
jugation with Atgl2 but reactivated by complex formation with Atgl6
(Romanov et al., 2012). The recognition of negative charges in mem-
branes was also shown to be mediated by Lys160 and Argl71 of Atg5.
Another study using GUVs proposed a two-step membrane-binding
model for the Atg12-Atg5-Atgl6 complex: the complex alone can bind
membranes, but with weak affinity yielding Atg8-PE on the membrane,
which then recruits additional Atgl2-Atg5-Atgl6 complexes and forms
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a two-dimensional meshwork over GUVs together with the Atgl2-At-
g5-Atg16 complexes (Kaufmann et al., 2014). The meshwork formation
model of Atg8-PE and Atgl2-Atg5-Atgl6 is attractive as a framework
for autophagosome formation, but requires further validation in vivo.
These observations do not explain the necessity of PI(3)P for the loca-
lization of the Atg conjugation system at the PAS. Two groups in-
dependently reported a similar model that could explain the necessity
of PI(3)P: the PI(3)P-binding PROPPIN-family proteins, Atg21 and
WIPI2b, recruit Atgl6 and ATG16L1 to the PAS in yeast and to the
autophagosome formation site in mammalian cells, respectively
(Dooley et al., 2014; Juris et al., 2015). Collectively, these observations
suggest that the targeting mechanism of the Atgl2-Atg5-Atgl6 com-
plex to the membrane is complicated and may be mediated through a
combination of several distinct mechanisms. Structural studies of this
complex with other Atgs and membranes are required for a more de-
finitive understanding of its membrane interactions.

5. Atg proteins with a transmembrane region

As described in the introduction, nine Atg proteins (Atg9, 15, 22,
27, 32, 33, 37, 39, and 40) are transmembrane proteins. Here we briefly
introduce the reported functions of these proteins (some of them are
summarized in Fig. 2).

Atg9 is predicted to possess six transmembrane helices and is in-
corporated into a small vesicle (Atg9 vesicle) together with Atg27,
which possesses one transmembrane helix (Kakuta et al., 2012;
Yamamoto et al., 2012). Atg9 interacts with various Atg proteins that
include Atg2, Atgll, Atgl3, Atgl7 and Atgl8 (He et al., 2006; Reggiori
et al., 2004; Sekito et al., 2009; Suzuki et al., 2015). Atg9 is essential for
both bulk and selective autophagy, whereas Atg27 is less important for
bulk autophagy (Yen et al., 2007). As mentioned above, Atg9 vesicles
are considered to provide initial membranes for generating IMs. How-
ever, the molecular functions of Atg9 and Atg27 remain to be estab-
lished.

During selective autophagy, specific cargo is generally linked to the
IM via a cargo receptor (or adaptor) and a lipidated form of Atg8-family
proteins that decorates the IM. Atg32, Atg39, and Atg40 are receptors
for selective autophagy of mitochondria (mitophagy), nucleus (nu-
cleophagy), and ER (ERphagy), respectively (Kanki et al., 2009b;
Mochida et al., 2015; Okamoto et al., 2009). They have a transmem-
brane helix that anchors each protein to each specific organelle mem-
brane, thereby labeling each organelle for specific sequestration by the
IM. Besides the labeling role, some of these receptors might have a role
in organelle fragmentation. In the case of nucleophagy and ERphagy
(and some cases in mitophagy), these organelles are too large to be
sequestered by an autophagosome. Therefore, they must be fragmen-
tated prior to the sequestration, for which these receptors might be
involved. Atg33 is also responsible for mitophagy, but its molecular
function remains to be established (Kanki et al., 2009a). Atg37 is re-
sponsible for selective autophagy of peroxisomes (pexophagy) (Nazarko
et al., 2014). It was reported that Atg37 regulates the phosphorylation
of Atg30, a pexophagy receptor, through recruiting the Hrr25 kinase
that positively regulates pexophagy (Zientara-Rytter et al., 2018).

Atgl5 and Atg22 function at the final steps of autophagy after fu-
sion of autophagosomes with the vacuole. Atgl5 is a vacuolar phos-
pholipase that is responsible for degradation of autophagic bodies in the
vacuole (Epple et al., 2001; Ramya and Rajasekharan, 2016; Teter et al.,
2001). A transmembrane helix is predicted at the N-terminus of Atgl5,
which would anchor this protein to the luminal side of the vacuolar
membrane. Since Atgl5 is a lipase, it is speculated that Atgl5 degrades
the membrane of autophagic bodies using its lipase activity; however,
the molecular mechanism remains to be elucidated. Atg22 is a vacuolar
membrane protein that is predicted to possess 10-12 transmembrane
helices (Suriapranata et al., 2000). Atg22 functions as a vacuolar ef-
fluxer that is proposed to mediate efflux of amino acids resulting from
autophagic degradation, the final step of recycling mediated by
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autophagy (Yang et al., 2006).

6. Relationship between membrane binding domains in
autophagy and membrane lipids

It is known that there are two membrane territories in the cell
(Bigay and Antonny, 2012). One territory includes ER and cis-Golgi,
where membranes are poorly charged on their cytosolic leaflet but have
high lipid-packing defects due to the abundance of lipids with mono-
unsaturated chains. The other territory includes trans-Golgi, endosome,
and plasma membrane, where membranes are abundant with negative
lipids on their cytosolic leaflet but are tightly packed due to the
abundance of saturated lipids. As mentioned above, many Atg proteins
possess an AH and utilize it for membrane binding. Since AHs prefer
highly curved membranes with lipid packing defects (Bigay and
Antonny, 2012; Nguyen et al., 2017), it can be speculated that autop-
hagy-related proteins favor ER and cis-Golgi membranes. Consistently,
in mammals, autophagy-related proteins are known to cluster on ER
membranes (Axe et al., 2008; Itakura and Mizushima, 2010). Mem-
branes with high lipid-packing defects are more easily deformed com-
pared with those with low lipid packing defects and thus seem to be
suitable for functioning as a membrane source for autophagosome
formation.

Among phospholipid biosynthetic enzymes involved in the de novo
synthesis and remodeling pathways, phosphatidylinositol synthase,
cholinephosphotransferase 1, choline/ethanolaminephosphotransferase
1, phosphatidylserine synthase 1, and phospholipase D1A were shown
to colocalize with the autophagy initiation complex in starved mam-
malian cells (Nishimura et al., 2017). These enzymes mediate de novo
synthesis of PI, phosphatidylcholine, PE, phosphatidylserine, and
phosphatidic acid, major components of endomembranes. Interestingly,
phosphatidylinositol synthase forms puncta on the ER membranes, to
which the autophagy-initiation complex is recruited. It is tempting to
speculate that upon autophagy induction, de novo synthesis of PI and
its conversion to PI(3)P procced at autophagosome formation sites,
which are used for recruiting autophagy-related PI(3)P effectors. It is
also important, but yet unresolved, issue that what percentage of
phospholipids that are used as building blocks for autophagosomes are
de novo synthesized after autophagy induction.

7. Conclusions and perspectives

In order to regulate membrane dynamics during autophagy, Atg
proteins must interact with membranes in various ways. Most of these
interactions, which are summarized here, appear to be weak and
transient. Even the well-characterized interaction of PROPPIN-family
proteins with PI(3)P is quite weak. It may be possible that the weakness
of the membrane-binding activity is important for the regulation of
complicated membrane dynamics during autophagy. The elucidation of
weak protein-membrane interactions is a major challenge that must be
overcome to unveil the mysteries of autophagy.

Acknowledgements

This work was supported by Japan Society for the Promotion of
Sciences KAKENHI25111001, 25111004, and 18H03989, Fellowship
and Grant-in-Aid from the Tokyo Biochemical Research Foundation,
and CREST JPMJCR13M7 from Japan Science and Technology Agency.

References

Araki, Y., Ku, W.C., Akioka, M., May, A.L, Hayashi, Y., Arisaka, F., Ishihama, Y., Ohsumi,
Y., 2013. Atg38 is required for autophagy-specific phosphatidylinositol 3-kinase
complex integrity. J. Cell Biol. 203, 299-313.

Axe, E.L., Walker, S.A., Manifava, M., Chandra, P., Roderick, H.L., Habermann, A.,
Griffiths, G., Ktistakis, N.T., 2008. Autophagosome formation from membrane com-
partments enriched in phosphatidylinositol 3-phosphate and dynamically connected


http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0005
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0005
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0005
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0010
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0010
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0010

T. Osawa et al.

to the endoplasmic reticulum. J. Cell Biol. 182, 685-701.

Baskaran, S., Carlson, L.A., Stjepanovic, G., Young, L.N., Kim do, J., Grob, P., Stanley,
R.E., Nogales, E., Hurley, J.H., 2014. Architecture and dynamics of the autophagic
phosphatidylinositol 3-kinase complex. Elife 3, e05115.

Baskaran, S., Ragusa, M.J., Boura, E., Hurley, J.H., 2012. Two-site recognition of phos-
phatidylinositol 3-phosphate by PROPPINs in autophagy. Mol. Cell 47, 339-348.

Bigay, J., Antonny, B., 2012. Curvature, lipid packing, and electrostatics of membrane
organelles: defining cellular territories in determining specificity. Dev. Cell 23,
886-895.

Bravo, J., Karathanassis, D., Pacold, C.M., Pacold, M.E., Ellson, C.D., Anderson, K.E.,
Butler, P.J., Lavenir, L., Perisic, O., Hawkins, P.T., Stephens, L., Williams, R.L., 2001.
The crystal structure of the PX domain from p40(phox) bound to phosphatidylinositol
3-phosphate. Mol. Cell 8, 829-839.

Busse, R.A., Scacioc, A., Krick, R., Perez-Lara, A., Thumm, M., Kuhnel, K., 2015.
Characterization of PROPPIN-phosphoinositide binding and role of loop 6CD in
PROPPIN-membrane binding. Biophys. J. 108, 2223-2234.

Cao, Y., Wang, Y., Abi Saab, W.F., Yang, F., Pessin, J.E., Backer, J.M., 2014. NRBF2
regulates macroautophagy as a component of Vps34 Complex 1. Biochem. J. 461,
315-322.

Chowdhury, S., Otomo, C., Leitner, A., Ohashi, K., Aebersold, R., Lander, G.C., Otomo, T.,
2018. Insights into autophagosome biogenesis from structural and biochemical
analyses of the ATG2A-WIPI4 complex. Proc. Natl. Acad. Sci. U. S. A. 115,
E9792-E9801.

Devereaux, K., Dall’Armi, C., Alcazar-Roman, A., Ogasawara, Y., Zhou, X., Wang, F.,
Yamamoto, A., De Camilli, P., Di Paolo, G., 2013. Regulation of mammalian autop-
hagy by class II and III PI 3-kinases through PI3P synthesis. PLoS One 8, e76405.

Diao, J., Liu, R., Rong, Y., Zhao, M., Zhang, J., Lai, Y., Zhou, Q., Wilz, L.M., Li, J., Vivona,
S., Pfuetzner, R.A., Brunger, A.T., Zhong, Q., 2015. ATG14 promotes membrane te-
thering and fusion of autophagosomes to endolysosomes. Nature 520, 563-566.

Dooley, H.C., Razi, M., Polson, H.E., Girardin, S.E., Wilson, M.L., Tooze, S.A., 2014. WIPI2
links LC3 conjugation with PI3P, autophagosome formation, and pathogen clearance
by recruiting Atg12-5-16L1. Mol. Cell 55, 238-252.

Epple, U.D., Suriapranata, 1., Eskelinen, E.L., Thumm, M., 2001. Aut5/Cvt17p, a putative
lipase essential for disintegration of autophagic bodies inside the vacuole. J.
Bacteriol. 183, 5942-5955.

Fan, W., Nassiri, A., Zhong, Q., 2011. Autophagosome targeting and membrane curvature
sensing by Barkor/Atg14(L). Proc. Natl. Acad. Sci. U. S. A. 108, 7769-7774.

Frost, A., De Camilli, P., Unger, V.M., 2007. F-BAR proteins join the BAR family fold.
Structure 15, 751-753.

Fujioka, Y., Noda, N.N., Fujii, K., Yoshimoto, K., Ohsumi, Y., Inagaki, F., 2008. In vitro
reconstitution of plant Atg8 and Atgl2 conjugation systems essential for autophagy.
J. Biol. Chem. 283, 1921-1928.

Fujioka, Y., Suzuki, S.W., Yamamoto, H., Kondo-Kakuta, C., Kimura, Y., Hirano, H.,
Akada, R., Inagaki, F., Ohsumi, Y., Noda, N.N., 2014. Structural basis of starvation-
induced assembly of the autophagy initiation complex. Nat. Struct. Mol. Biol. 21,
513-521.

Gautier, R., Douguet, D., Antonny, B., Drin, G., 2008. HELIQUEST: a web server to screen
sequences with specific alpha-helical properties. Bioinformatics 24, 2101-2102.

Gomez-Sanchez, R., Rose, J., Guimaraes, R., Mari, M., Papinski, D., Rieter, E., Geerts,
W.J., Hardenberg, R., Kraft, C., Ungermann, C., Reggiori, F., 2018. Atg9 establishes
Atg2-dependent contact sites between the endoplasmic reticulum and phagophores.
J. Cell Biol.

Gopaldass, N., Fauvet, B., Lashuel, H., Roux, A., Mayer, A., 2017. Membrane scission
driven by the PROPPIN Atg18. EMBO J. 36, 3274-3291.

Graef, M., Friedman, J.R., Graham, C., Babu, M., Nunnari, J., 2013. ER exit sites are
physical and functional core autophagosome biogenesis components. Mol. Biol. Cell
24, 2918-2931.

Hanada, T., Noda, N.N., Satomi, Y., Ichimura, Y., Fujioka, Y., Takao, T., Inagaki, F.,
Ohsumi, Y., 2007. The Atgl2-Atg5 conjugate has a novel E3-like activity for protein
lipidation in autophagy. J. Biol. Chem. 282, 37298-37302.

Hanada, T., Satomi, Y., Takao, T., Ohsumi, Y., 2009. The amino-terminal region of Atg3 is
essential for association with phosphatidylethanolamine in Atg8 lipidation. FEBS
Lett. 583, 1078-1083.

He, C., Song, H., Yorimitsu, T., Monastyrska, I., Yen, W.L., Legakis, J.E., Klionsky, D.J.,
2006. Recruitment of Atg9 to the preautophagosomal structure by Atgl1 is essential
for selective autophagy in budding yeast. J. Cell Biol. 175, 925-935.

Hervas, J.H., Landajuela, A., Anton, Z., Shnyrova, A.V., Goni, F.M., Alonso, A., 2017.
Human ATG3 binding to lipid bilayers: role of lipid geometry, and electric charge.
Sci. Rep. 7, 15614.

Hiroaki, H., Ago, T., Ito, T., Sumimoto, H., Kohda, D., 2001. Solution structure of the PX
domain, a target of the SH3 domain. Nat. Struct. Biol. 8, 526-530.

Huang, W., Choi, W., Hu, W., Mi, N., Guo, Q., Ma, M., Liu, M., Tian, Y., Lu, P., Wang, F.L.,
Deng, H., Liu, L., Gao, N., Yu, L., Shi, Y., 2012. Crystal structure and biochemical
analyses reveal Beclin 1 as a novel membrane binding protein. Cell Res. 22, 473-489.

Hurley, J.H., Yang, D., 2008. MIT domainia. Dev. Cell 14, 6-8.

Ichimura, Y., Kirisako, T., Takao, T., Satomi, Y., Shimonishi, Y., Ishihara, N., Mizushima,
N., Tanida, I., Kominami, E., Ohsumi, M., Noda, T., Ohsumi, Y., 2000. A ubiquitin-
like system mediates protein lipidation. Nature 408, 488-492.

Itakura, E., Kishi, C., Inoue, K., Mizushima, N., 2008. Beclin 1 forms two distinct phos-
phatidylinositol 3-kinase complexes with mammalian Atgl4 and UVRAG. Mol. Biol.
Cell 19, 5360-5372.

Itakura, E., Mizushima, N., 2010. Characterization of autophagosome formation site by a
hierarchical analysis of mammalian Atg proteins. Autophagy 6, 764-776.

Juris, L., Montino, M., Rube, P., Schlotterhose, P., Thumm, M., Krick, R., 2015. PI3P
binding by Atg21 organises Atg8 lipidation. EMBO J. 34, 955-973.

Kakuta, S., Yamamoto, H., Negishi, L., Kondo-Kakuta, C., Hayashi, N., Ohsumi, Y., 2012.

Chemistry and Physics of Lipids 218 (2019) 1-9

Atg9 vesicles recruit vesicle-tethering proteins Trs85 and Ypt1 to the autophagosome
formation site. J. Biol. Chem. 287, 44261-44269.

Kamada, Y., Funakoshi, T., Shintani, T., Nagano, K., Ohsumi, M., Ohsumi, Y., 2000. Tor-
mediated induction of autophagy via an Apgl protein kinase complex. J. Cell Biol.
150, 1507-1513.

Kanki, T., Wang, K., Baba, M., Bartholomew, C.R., Lynch-Day, M.A., Du, Z., Geng, J., Mao,
K., Yang, Z., Yen, W.L., Klionsky, D.J., 2009a. A genomic screen for yeast mutants
defective in selective mitochondria autophagy. Mol. Biol. Cell 20, 4730-4738.

Kanki, T., Wang, K., Cao, Y., Baba, M., Klionsky, D.J., 2009b. Atg32 is a mitochondrial
protein that confers selectivity during mitophagy. Dev. Cell 17, 98-109.

Kaufmann, A., Beier, V., Franquelim, H.G., Wollert, T., 2014. Molecular mechanism of
autophagic membrane-scaffold assembly and disassembly. Cell 156, 469-481.

Kihara, A., Noda, T., Ishihara, N., Ohsumi, Y., 2001. Two distinct Vps34 phosphatidyli-
nositol 3-kinase complexes function in autophagy and carboxypeptidase Y sorting in
Saccharomyces cerevisiae. J. Cell Biol. 152, 519-530.

Kirisako, T., Baba, M., Ishihara, N., Miyazawa, K., Ohsumi, M., Yoshimori, T., Noda, T.,
Ohsumi, Y., 1999. Formation process of autophagosome is traced with Apg8/Aut7p in
yeast. J. Cell Biol. 147, 435-446.

Kotani, T., Kirisako, H., Koizumi, M., Ohsumi, Y., Nakatogawa, H., 2018. The Atg2-Atgl8
complex tethers pre-autophagosomal membranes to the endoplasmic reticulum for
autophagosome formation. Proc. Natl. Acad. Sci. U. S. A. 115, 10363-10368.

Krick, R., Busse, R.A., Scacioc, A., Stephan, M., Janshoff, A., Thumm, M., Kuhnel, K.,
2012. Structural and functional characterization of the two phosphoinositide binding
sites of PROPPINS, a beta-propeller protein family. Proc. Natl. Acad. Sci. U. S. A. 109,
E2042-2049.

Krick, R., Tolstrup, J., Appelles, A., Henke, S., Thumm, M., 2006. The relevance of the
phosphatidylinositolphosphat-binding motif FRRGT of Atg18 and Atg21 for the Cvt
pathway and autophagy. FEBS Lett. 580, 4632-4638.

Kumar, N., Leonzino, M., Hancock-Cerutti, W., Horenkamp, F.A., Li, P., Lees, J.A.,
Wheeler, H., Reinisch, K.M., De Camilli, P., 2018. VPS13A and VPS13C are lipid
transport proteins differentially localized at ER contact sites. J. Cell Biol.

Lenoir, M., Ustunel, C., Rajesh, S., Kaur, J., Moreau, D., Gruenberg, J., Overduin, M.,
2018. Phosphorylation of conserved phosphoinositide binding pocket regulates
sorting nexin membrane targeting. Nat. Commun. 9, 993.

Li, Y.T., Yi, C., Chen, C.C., Lan, H., Pan, M., Zhang, S.J., Huang, Y.C., Guan, C.J., Li, Y.M.,
Yu, L., Liu, L., 2017. A semisynthetic Atg3 reveals that acetylation promotes Atg3
membrane binding and Atg8 lipidation. Nat. Commun. 8, 14846.

Lu, J., He, L., Behrends, C., Araki, M., Araki, K., Jun Wang, Q., Catanzaro, J.M., Friedman,
S.L., Zong, W.X., Fiel, M.I, Li, M., Yue, Z., 2014. NRBF2 regulates autophagy and
prevents liver injury by modulating Atgl4L-linked phosphatidylinositol-3 kinase III
activity. Nat. Commun. 5, 3920.

Ma, M., Liu, J.J., Li, Y., Huang, Y., Ta, N., Chen, Y., Fu, H., Ye, M.D., Ding, Y., Huang, W.,
Wang, J., Dong, M.Q., Yu, L., Wang, H.W., 2017. Cryo-EM structure and biochemical
analysis reveal the basis of the functional difference between human PI3KC3-C1 and
-C2. Cell Res. 27, 989-1001.

Matsunaga, K., Morita, E., Saitoh, T., Akira, S., Ktistakis, N.T., Izumi, T., Noda, T.,
Yoshimori, T., 2010. Autophagy requires endoplasmic reticulum targeting of the PI3-
kinase complex via Atgl4L. J. Cell Biol. 190, 511-521.

Matsushita, M., Suzuki, N.N., Obara, K., Fujioka, Y., Ohsumi, Y., Inagaki, F., 2007.
Structure of Atg5.Atgl6, a complex essential for autophagy. J. Biol. Chem. 282,
6763-6772.

Metlagel, Z., Otomo, C., Takaesu, G., Otomo, T., 2013. Structural basis of ATG3 re-
cognition by the autophagic ubiquitin-like protein ATG12. Proc. Natl. Acad. Sci. U. S.
A. 110, 18844-18849.

Michaillat, L., Baars, T.L., Mayer, A., 2012. Cell-free reconstitution of vacuole membrane
fragmentation reveals regulation of vacuole size and number by TORC1. Mol. Biol.
Cell 23, 881-895.

Miller, S., Tavshanjian, B., Oleksy, A., Perisic, O., Houseman, B.T., Shokat, K.M.,
Williams, R.L., 2010. Shaping development of autophagy inhibitors with the structure
of the lipid kinase Vps34. Science 327, 1638-1642.

Mizushima, N., Komatsu, M., 2011. Autophagy: renovation of cells and tissues. Cell 147,
728-741.

Mizushima, N., Noda, T., Ohsumi, Y., 1999. Apgl6p is required for the function of the
Apg12p-Apg5p conjugate in the yeast autophagy pathway. EMBO J. 18, 3888-3896.

Mizushima, N., Noda, T., Yoshimori, T., Tanaka, Y., Ishii, T., George, M.D., Klionsky, D.J.,
Ohsumi, M., Ohsumi, Y., 1998. A protein conjugation system essential for autophagy.
Nature 395, 395-398.

Mizushima, N., Yoshimori, T., Ohsumi, Y., 2011. The role of Atg proteins in autopha-
gosome formation. Annu. Rev. Cell Dev. Biol. 27, 107-132.

Mochida, K., Oikawa, Y., Kimura, Y., Kirisako, H., Hirano, H., Ohsumi, Y., Nakatogawa,
H., 2015. Receptor-mediated selective autophagy degrades the endoplasmic re-
ticulum and the nucleus. Nature 522, 359-362.

Nair, U., Cao, Y., Xie, Z., Klionsky, D.J., 2010. Roles of the lipid-binding motifs of Atgl8
and Atg21 in the cytoplasm to vacuole targeting pathway and autophagy. J. Biol.
Chem. 285, 11476-11488.

Nakatogawa, H., Ichimura, Y., Ohsumi, Y., 2007. Atg8, a ubiquitin-like protein required
for autophagosome formation, mediates membrane tethering and hemifusion. Cell
130, 165-178.

Nath, S., Dancourt, J., Shteyn, V., Puente, G., Fong, W.M., Nag, S., Bewersdorf, J.,
Yamamoto, A., Antonny, B., Melia, T.J., 2014. Lipidation of the LC3/GABARAP fa-
mily of autophagy proteins relies on a membrane-curvature-sensing domain in Atg3.
Nat. Cell Biol. 16, 415-424.

Nazarko, T.Y., Ozeki, K., Till, A., Ramakrishnan, G., Lotfi, P., Yan, M., Subramani, S.,
2014. Peroxisomal Atg37 binds Atg30 or palmitoyl-CoA to regulate phagophore
formation during pexophagy. J. Cell Biol. 204, 541-557.

Ngu, M., Hirata, E., Suzuki, K., 2015. Visualization of Atg3 during autophagosome


http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0010
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0015
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0015
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0015
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0020
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0020
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0025
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0025
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0025
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0030
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0030
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0030
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0030
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0035
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0035
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0035
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0040
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0040
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0040
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0045
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0045
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0045
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0045
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0050
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0050
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0050
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0055
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0055
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0055
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0060
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0060
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0060
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0065
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0065
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0065
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0070
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0070
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0075
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0075
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0080
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0080
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0080
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0085
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0085
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0085
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0085
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0090
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0090
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0095
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0095
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0095
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0095
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0100
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0100
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0105
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0105
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0105
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0110
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0110
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0110
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0115
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0115
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0115
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0120
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0120
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0120
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0125
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0125
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0125
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0130
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0130
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0135
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0135
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0135
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0140
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0145
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0145
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0145
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0150
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0150
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0150
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0155
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0155
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0160
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0160
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0165
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0165
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0165
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0170
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0170
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0170
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0175
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0175
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0175
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0180
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0180
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0185
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0185
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0190
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0190
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0190
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0195
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0195
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0195
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0200
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0200
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0200
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0205
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0205
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0205
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0205
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0210
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0210
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0210
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0215
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0215
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0215
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0220
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0220
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0220
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0225
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0225
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0225
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0230
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0230
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0230
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0230
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0235
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0235
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0235
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0235
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0240
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0240
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0240
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0245
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0245
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0245
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0250
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0250
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0250
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0255
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0255
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0255
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0260
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0260
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0260
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0265
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0265
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0270
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0270
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0275
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0275
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0275
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0280
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0280
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0285
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0285
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0285
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0290
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0290
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0290
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0295
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0295
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0295
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0300
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0300
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0300
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0300
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0305
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0305
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0305
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0310

T. Osawa et al.

formation in Saccharomyces cerevisiae. J. Biol. Chem. 290, 8146-8153.

Nguyen, N., Shteyn, V., Melia, T.J., 2017. Sensing membrane curvature in
Macroautophagy. J. Mol. Biol. 429, 457-472.

Nice, D.C., Sato, T.K., Stromhaug, P.E., Emr, S.D., Klionsky, D.J., 2002. Cooperative
binding of the cytoplasm to vacuole targeting pathway proteins, Cvt13 and Cvt20, to
phosphatidylinositol 3-phosphate at the pre-autophagosomal structure is required for
selective autophagy. J. Biol. Chem. 277, 30198-30207.

Nishimura, T., Tamura, N., Kono, N., Shimanaka, Y., Arai, H., Yamamoto, H., Mizushima,
N., 2017. Autophagosome formation is initiated at phosphatidylinositol synthase-
enriched ER subdomains. EMBO J. 36, 1719-1735.

Noda, N.N., Fujioka, Y., 2015. Atgl family kinases in autophagy initiation. Cell. Mol. Life
Sci. 72, 3083-3096.

Noda, N.N., Fujioka, Y., Hanada, T., Ohsumi, Y., Inagaki, F., 2013. Structure of the Atgl2-
Atg5 conjugate reveals a platform for stimulating Atg8-PE conjugation. EMBO Rep.
14, 206-211.

Noda, N.N., Inagaki, F., 2015. Mechanisms of autophagy. Annu. Rev. Biophys. 44,
101-122.

Noda, N.N., Kobayashi, T., Adachi, W., Fujioka, Y., Ohsumi, Y., Inagaki, F., 2012.
Structure of the novel C-terminal domain of vacuolar protein sorting 30/autophagy-
related protein 6 and its specific role in autophagy. J. Biol. Chem. 287, 16256-16266.

Noda, N.N., Ohsumi, Y., Inagaki, F., 2010. Atg8-family interacting motif crucial for se-
lective autophagy. FEBS Lett. 584, 1379-1385.

Obara, K., Noda, T., Niimi, K., Ohsumi, Y., 2008a. Transport of phosphatidylinositol 3-
phosphate into the vacuole via autophagic membranes in Saccharomyces cerevisiae.
Genes Cells 13, 537-547.

Obara, K., Sekito, T., Niimi, K., Ohsumi, Y., 2008b. The Atg18-Atg2 complex is recruited
to autophagic membranes via phosphatidylinositol 3-phosphate and exerts an es-
sential function. J. Biol. Chem. 283, 23972-23980.

Oh-oka, K., Nakatogawa, H., Ohsumi, Y., 2008. Physiological pH and acidic phospholipids
contribute to substrate specificity in lipidation of Atg8. J. Biol. Chem. 283,
21847-21852.

Ohashi, Y., Soler, N., Garcia Ortegon, M., Zhang, L., Kirsten, M.L., Perisic, O., Masson,
G.R., Burke, J.E., Jakobi, A.J., Apostolakis, A.A., Johnson, C.M., Ohashi, M., Ktistakis,
N.T., Sachse, C., Williams, R.L., 2016. Characterization of Atg38 and NRBF2, a fifth
subunit of the autophagic Vps34/PIK3C3 complex. Autophagy 12, 2129-2144.

Okamoto, K., Kondo-Okamoto, N., Ohsumi, Y., 2009. Mitochondria-anchored receptor
Atg32 mediates degradation of mitochondria via selective autophagy. Dev. Cell 17,
87-97.

Otomo, C., Metlagel, Z., Takaesu, G., Otomo, T., 2013. Structure of the human
ATG12~ATG5 conjugate required for LC3 lipidation in autophagy. Nat. Struct. Mol.
Biol. 20, 59-66.

Peter, B.J., Kent, H.M., Mills, I.G., Vallis, Y., Butler, P.J., Evans, P.R., McMahon, H.T.,
2004. BAR domains as sensors of membrane curvature: the amphiphysin BAR
structure. Science 303, 495-499.

Popelka, H., Damasio, A., Hinshaw, J.E., Klionsky, D.J., Ragusa, M.J., 2017. Structure and
function of yeast Atg20, a sorting nexin that facilitates autophagy induction. Proc.
Natl. Acad. Sci. U. S. A. 114, E10112-E10121.

Pylypenko, O., Lundmark, R., Rasmuson, E., Carlsson, S.R., Rak, A., 2007. The PX-BAR
membrane-remodeling unit of sorting nexin 9. EMBO J. 26, 4788-4800.

Ragusa, M.J., Stanley, R.E., Hurley, J.H., 2012. Architecture of the Atgl7 complex as a
scaffold for autophagosome biogenesis. Cell 151, 1501-1512.

Ramya, V., Rajasekharan, R., 2016. ATG15 encodes a phospholipase and is tran-
scriptionally regulated by YAP1 in Saccharomyces cerevisiae. FEBS Lett. 590,
3155-3167.

Rao, Y., Perna, M.G., Hofmann, B., Beier, V., Wollert, T., 2016. The Atgl-kinase complex
tethers Atg9-vesicles to initiate autophagy. Nat. Commun. 7, 10338.

Reggiori, F., Klionsky, D.J., 2013. Autophagic processes in yeast: mechanism, machinery
and regulation. Genetics 194, 341-361.

Reggiori, F., Tucker, K.A., Stromhaug, P.E., Klionsky, D.J., 2004. The Atgl-Atgl3 complex
regulates Atg9 and Atg23 retrieval transport from the pre-autophagosomal structure.
Dev. Cell 6, 79-90.

Rieter, E., Vinke, F., Bakula, D., Cebollero, E., Ungermann, C., Proikas-Cezanne, T.,
Reggiori, F., 2013. Atgl8 function in autophagy is regulated by specific sites within
its beta-propeller. J. Cell. Sci. 126, 593-604.

Romanov, J., Walczak, M., Ibiricu, I., Schuchner, S., Ogris, E., Kraft, C., Martens, S., 2012.
Mechanism and functions of membrane binding by the Atg5-Atg12/Atgl6 complex
during autophagosome formation. EMBO J. 31, 4304-4317.

Rostislavleva, K., Soler, N., Ohashi, Y., Zhang, L., Pardon, E., Burke, J.E., Masson, G.R.,
Johnson, C., Steyaert, J., Ktistakis, N.T., Williams, R.L., 2015. Structure and flex-
ibility of the endosomal Vps34 complex reveals the basis of its function on mem-
branes. Science 350 aac7365.

Sakoh-Nakatogawa, M., Kirisako, H., Nakatogawa, H., Ohsumi, Y., 2015. Localization of
Atg3 to autophagy-related membranes and its enhancement by the Atg8-family in-
teracting motif to promote expansion of the membranes. FEBS Lett. 589, 744-749.

Sakoh-Nakatogawa, M., Matoba, K., Asai, E., Kirisako, H., Ishii, J., Noda, N.N., Inagaki, F.,
Nakatogawa, H., Ohsumi, Y., 2013. Atg12-Atg5 conjugate enhances E2 activity of
Atg3 by rearranging its catalytic site. Nat. Struct. Mol. Biol. 20, 433-439.

Scacioc, A., Schmidt, C., Hofmann, T., Urlaub, H., Kuhnel, K., Perez-Lara, A., 2017.
Structure based biophysical characterization of the PROPPIN Atg18 shows Atgl18
oligomerization upon membrane binding. Sci. Rep. 7, 14008.

Sekito, T., Kawamata, T., Ichikawa, R., Suzuki, K., Ohsumi, Y., 2009. Atg17 recruits Atg9
to organize the pre-autophagosomal structure. Genes Cells 14, 525-538.

Sou, Y.S., Waguri, S., Iwata, J., Ueno, T., Fujimura, T., Hara, T., Sawada, N., Yamada, A.,

Chemistry and Physics of Lipids 218 (2019) 1-9

Mizushima, N., Uchiyama, Y., Kominami, E., Tanaka, K., Komatsu, M., 2008. The
Atg8 conjugation system is indispensable for proper development of autophagic
isolation membranes in mice. Mol. Biol. Cell 19, 4762-4775.

Stjepanovic, G., Baskaran, S., Lin, M.G., Hurley, J.H., 2017. Vps34 kinase domain dy-
namics regulate the autophagic PI 3-kinase complex. Mol. Cell 67 (528-534), e523.

Stromhaug, P.E., Reggiori, F., Guan, J., Wang, C.W., Klionsky, D.J., 2004. Atg21 is a
phosphoinositide binding protein required for efficient lipidation and localization of
Atg8 during uptake of aminopeptidase I by selective autophagy. Mol. Biol. Cell 15,
3553-3566.

Suriapranata, 1., Epple, U.D., Bernreuther, D., Bredschneider, M., Sovarasteanu, K.,
Thumm, M., 2000. The breakdown of autophagic vesicles inside the vacuole depends
on Aut4p. J. Cell. Sci. 113 (Pt 22), 4025-4033.

Suzuki, K., Akioka, M., Kondo-Kakuta, C., Yamamoto, H., Ohsumi, Y., 2013. Fine mapping
of autophagy-related proteins during autophagosome formation in Saccharomyces
cerevisiae. J. Cell. Sci. 126, 2534-2544.

Suzuki, K., Kirisako, T., Kamada, Y., Mizushima, N., Noda, T., Ohsumi, Y., 2001. The pre-
autophagosomal structure organized by concerted functions of APG genes is essential
for autophagosome formation. EMBO J. 20, 5971-5981.

Suzuki, K., Kubota, Y., Sekito, T., Ohsumi, Y., 2007. Hierarchy of Atg proteins in pre-
autophagosomal structure organization. Genes Cells 12, 209-218.

Suzuki, S.W., Yamamoto, H., Oikawa, Y., Kondo-Kakuta, C., Kimura, Y., Hirano, H.,
Ohsumi, Y., 2015. Atgl3 HORMA domain recruits Atg9 vesicles during autophago-
some formation. Proc. Natl. Acad. Sci. U. S. A. 112, 3350-3355.

Tamura, N., Nishimura, T., Sakamaki, Y., Koyama-Honda, I., Yamamoto, H., Mizushima,
N., 2017. Differential requirement for ATG2A domains for localization to autophagic
membranes and lipid droplets. FEBS Lett. 591, 3819-3830.

Teter, S.A., Eggerton, K.P., Scott, S.V., Kim, J., Fischer, A.M., Klionsky, D.J., 2001.
Degradation of lipid vesicles in the yeast vacuole requires function of Cvtl7, a pu-
tative lipase. J. Biol. Chem. 276, 2083-2087.

Tooze, S.A., Yoshimori, T., 2010. The origin of the autophagosomal membrane. Nat. Cell
Biol. 12, 831-835.

Tsuboyama, K., Koyama-Honda, 1., Sakamaki, Y., Koike, M., Morishita, H., Mizushima, N.,
2016. The ATG conjugation systems are important for degradation of the inner au-
tophagosomal membrane. Science 354, 1036-1041.

Tsukada, M., Ohsumi, Y., 1993. Isolation and characterization of autophagy-defective
mutants of Saccharomyces cerevisiae. FEBS Lett. 333, 169-174.

Velikkakath, A.K., Nishimura, T., Oita, E., Ishihara, N., Mizushima, N., 2012. Mammalian
Atg2 proteins are essential for autophagosome formation and important for regula-
tion of size and distribution of lipid droplets. Mol. Biol. Cell 23, 896-909.

Volinia, S., Dhand, R., Vanhaesebroeck, B., MacDougall, L.K., Stein, R., Zvelebil, M.J.,
Domin, J., Panaretou, C., Waterfield, M.D., 1995. A human phosphatidylinositol 3-
kinase complex related to the yeast Vps34p-Vps15p protein sorting system. EMBO J.
14, 3339-3348.

Wang, Q., Kaan, H.Y., Hooda, R.N., Goh, S.L., Sondermann, H., 2008. Structure and
plasticity of endophilin and sorting nexin 9. Structure 16, 1574-1587.

Watanabe, Y., Kobayashi, T., Yamamoto, H., Hoshida, H., Akada, R., Inagaki, F., Ohsumi,
Y., Noda, N.N., 2012. Structure-based analyses reveal distinct binding sites for Atg2
and phosphoinositides in Atgl8. J. Biol. Chem. 287, 31681-31690.

Wen, X., Klionsky, D.J., 2016. An overview of macroautophagy in yeast. J. Mol. Biol. 428,
1681-1699.

Xie, Z., Nair, U., Klionsky, D.J., 2008. Atg8 controls phagophore expansion during au-
tophagosome formation. Mol. Biol. Cell 19, 3290-3298.

Xing, Y., Liu, D., Zhang, R., Joachimiak, A., Songyang, Z., Xu, W., 2004. Structural basis
of membrane targeting by the Phox homology domain of cytokine-independent sur-
vival kinase (CISK-PX). J. Biol. Chem. 279, 30662-30669.

Yamaguchi, M., Noda, N.N., Nakatogawa, H., Kumeta, H., Ohsumi, Y., Inagaki, F., 2010.
Autophagy-related protein 8 (Atg8) family interacting motif in Atg3 mediates the
Atg3-Atg8 interaction and is crucial for the cytoplasm-to-vacuole targeting pathway.
J. Biol. Chem. 285, 29599-29607.

Yamamoto, H., Fujioka, Y., Suzuki, S.W., Noshiro, D., Suzuki, H., Kondo-Kakuta, C.,
Kimura, Y., Hirano, H., Ando, T., Noda, N.N., Ohsumi, Y., 2016. The intrinsically
disordered protein Atgl3 mediates supramolecular assembly of autophagy initiation
complexes. Dev. Cell 38, 86-99.

Yamamoto, H., Kakuta, S., Watanabe, T.M., Kitamura, A., Sekito, T., Kondo-Kakuta, C.,
Ichikawa, R., Kinjo, M., Ohsumi, Y., 2012. Atg9 vesicles are an important membrane
source during early steps of autophagosome formation. J. Cell Biol. 198, 219-233.

Yang, Z., Huang, J., Geng, J., Nair, U., Klionsky, D.J., 2006. Atg22 recycles amino acids to
link the degradative and recycling functions of autophagy. Mol. Biol. Cell 17,
5094-5104.

Yen, W.L., Legakis, J.E., Nair, U., Klionsky, D.J., 2007. Atg27 is required for autophagy-
dependent cycling of Atg9. Mol. Biol. Cell 18, 581-593.

Zheng, J.X., Li, Y., Ding, Y.H., Liu, J.J., Zhang, M.J., Dong, M.Q., Wang, HW., Yu, L.,
2017. Architecture of the ATG2B-WDR45 complex and an aromatic Y/HF motif
crucial for complex formation. Autophagy 13, 1870-1883.

Zhou, C.Z., Li de La Sierra-Gallay, I., Quevillon-Cheruel, S., Collinet, B., Minard, P.,
Blondeau, K., Henckes, G., Aufrere, R., Leulliot, N., Graille, M., Sorel, 1., Savarin, P.,
de la Torre, F., Poupon, A., Janin, J., van Tilbeurgh, H., 2003. Crystal structure of the
yeast Phox homology (PX) domain protein Grd19p complexed to phosphatidylino-
sitol-3-phosphate. J. Biol. Chem. 278, 50371-50376.

Zientara-Rytter, K., Ozeki, K., Nazarko, T.Y., Subramani, S., 2018. Pex3 and Atg37
compete to regulate the interaction between the pexophagy receptor, Atg30, and the
Hrr25 kinase. Autophagy 14, 368-384.


http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0310
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0315
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0315
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0320
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0320
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0320
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0320
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0325
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0325
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0325
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0330
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0330
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0335
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0335
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0335
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0340
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0340
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0345
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0345
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0345
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0350
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0350
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0355
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0355
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0355
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0360
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0360
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0360
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0365
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0365
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0365
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0370
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0370
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0370
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0370
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0375
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0375
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0375
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0380
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0380
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0380
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0385
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0385
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0385
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0390
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0390
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0390
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0395
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0395
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0400
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0400
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0405
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0405
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0405
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0410
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0410
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0415
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0415
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0420
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0420
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0420
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0425
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0425
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0425
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0430
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0430
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0430
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0435
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0435
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0435
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0435
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0440
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0440
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0440
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0445
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0445
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0445
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0450
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0450
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0450
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0455
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0455
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0460
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0460
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0460
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0460
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0465
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0465
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0470
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0470
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0470
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0470
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0475
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0475
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0475
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0480
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0480
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0480
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0485
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0485
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0485
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0490
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0490
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0495
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0495
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0495
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0500
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0500
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0500
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0505
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0505
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0505
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0510
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0510
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0515
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0515
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0515
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0520
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0520
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0525
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0525
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0525
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0530
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0530
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0530
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0530
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0535
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0535
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0540
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0540
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0540
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0545
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0545
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0550
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0550
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0555
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0555
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0555
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0560
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0560
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0560
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0560
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0565
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0565
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0565
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0565
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0570
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0570
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0570
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0575
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0575
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0575
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0580
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0580
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0585
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0585
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0585
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0590
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0590
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0590
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0590
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0590
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0595
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0595
http://refhub.elsevier.com/S0009-3084(18)30150-6/sbref0595

	Membrane-binding domains in autophagy
	Overview of autophagy and autophagy-related (Atg) proteins
	The Atg1 complex
	The autophagy-specific PI 3-kinase complex producing PI 3-phosphate
	PI(3)P effectors
	The Atg2–Atg18 complex
	The Atg20–Atg24 complex
	The Atg conjugation system

	Atg proteins with a transmembrane region
	Relationship between membrane binding domains in autophagy and membrane lipids
	Conclusions and perspectives
	Acknowledgements
	References




