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In autophagy, which is an intracellular degradation system that

is conserved among eukaryotes, degradation targets are

sequestered through the de novo synthesis of a double-

membrane organelle, the autophagosome, which delivers them

to the lysosomes for degradation. The core autophagy

machinery comprising 18 autophagy-related (Atg) proteins in

yeast plays an essential role in autophagosome formation;

however, the molecular role of each Atg factor and the

mechanism of autophagosome formation remain elusive.

Recent years have seen remarkable progress in structural

biological studies on the core autophagy machinery, opening

new avenues for autophagy research. This review summarizes

recent advances in structural biological and mechanistic

studies on the core autophagy machinery and discusses the

molecular mechanisms of autophagosome formation.
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Introduction
Autophagy is an intracellular degradation system con-

served among eukaryotes ranging from yeast to mammals.

In comparison with other degradation systems, the most

distinguishing feature of autophagy is its ability to degrade

almost everything in cells, including not only biomole-

cules (such as proteins) but also various organelles and

invasive microbes [1]. The ability to degrade targets of

various sizes is conferred by a unique mechanism of

autophagy: the de novo formation of the autophagosome

[2]. Autophagy induction is accompanied by the sudden

appearance of an isolation membrane in the cytoplasm;

this membrane expands and seals itself into an autophago-

some while sequestering various materials inside it

(Figure 1a). The autophagosome fuses with a lysosome,
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and all the contents of the autophagosome are degraded by

lysosomal hydrolases. Thus, autophagosome formation

determines the degradation of targets by autophagy.

Despite the crucial role of autophagosome formation in

autophagy, its molecular mechanism remains elusive.

Eighteen autophagy-related (Atg) proteins are required

for starvation-induced autophagosome formation in bud-

ding yeast [2]. These proteins are classified into six func-

tional groups: the Atg1 complex, also known as the

autophagy initiation complex; Atg9; the Atg2–Atg18 com-

plex; the autophagy-specific phosphatidylinositol (PI)

3-kinase (PI3K) complex; the Atg12–Atg5 conjugation

system; and the Atg8–PE conjugation system [2]. These

six groups localize to a perivacuolar site in a hierarchical

manner to form the pre-autophagosomal structure (PAS),

from which autophagosomes are generated [3] (Figure 1b).

These six functional groups are evolutionarily conserved

among eukaryotes, and thus are often called the ‘core

autophagy machinery.’ To elucidate the molecular mech-

anism of autophagosome formation, understanding the

function and structure of the core autophagy machinery

is critical. Almost all previous structural biological studies

focused on two conjugation systems [4,5]; however, recent

studies have greatly increased our structural knowledge of

the autophagy initiation and autophagy-specific PI3K com-

plexes [6,7,8�]. We focused on findings regarding the

structure and molecular function of the core autophagy

machinery reported within the past few years and discussed

the molecular mechanism of autophagosome formation.

Autophagy initiation complex
The autophagy initiation complex, directly regulated by

several kinases such as TOR kinase complex 1 and AMP-

activated protein kinase, represents the core of the PAS

and functions as the most upstream factor in the core

autophagy machinery [9,10]. The budding yeast autop-

hagy initiation complex comprises five components (Atg1,

13, 17, 29, and 31) (Figures 1a and 2a). Atg1 (897 aa) is the

sole protein kinase in the core autophagy machinery and

comprises an N-terminal kinase domain (KD); two

C-terminal tandem microtubule-interacting and transport

(MIT) domains (MIT1 and 2), which are responsible for

Atg13 binding [11��]; and an intrinsically disordered

region (IDR), which links the KD and MIT domains

(Figure 2a). MIT2 is partially disordered when unbound

to Atg13 [12]. Atg13 (738 aa) comprises an N-terminal

Hop1, Rev7, and Mad2 (HORMA) domain [13] and an

IDR comprising approximately 60% of Atg13 residues.

The flexibility of the Atg13 IDR was revealed by high-

speed atomic force microscopy [14�]. Unlike the flexible

structural features of Atg1 and Atg13, Atg17 (417 aa) folds
www.sciencedirect.com
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Principles of autophagosome formation. (a) Schematic drawing of autophagosome formation. (b) Core autophagy machineries. Six groups are

targeted to the PAS in a hierarchical manner with the Atg1 complex and the Atg8 system as the most upstream and downstream factors,

respectively. Atg proteins are indicated by spheres (roughly proportional to the protein size) with each number. Atg proteins that were not

mentioned in this manuscript are colored gray. Some established functions of each group are also indicated.
into a single rigid architecture comprising four a-helices

to form a unique S-shaped homodimer [15]. Atg29

(213 aa) and Atg31 (196 aa) form a stable heterodimer

by sharing a single b-sheet and bind to the concave region

of the S-shaped Atg17 [15]. The Atg17–Atg29–Atg31

complex is constitutively formed [16]; however, its inter-

action with Atg1 and Atg13 depends on nutrient condi-

tions [11��,17]. The IDR of Atg13 possesses two

functionally important Atg17-binding regions, 17BR

(Atg17-binding region) and 17LR (Atg17-linking region),

and Atg1-binding MIT-interacting motifs [11��,14�]. The

formation of the pentameric complex is impaired under

nutrient-rich conditions; this is attributed to the phos-

phorylation of serines in the binding regions [11��]. The

17BR and 17LR of Atg13 link Atg17 dimers to each other

by binding to their binding pockets in different Atg17

dimers rather than in the same Atg17 dimer [14�]
(Figure 2a,b). Direct weak interactions between Atg17

dimers were also revealed using small-angle X-ray scat-

tering [18]. These interactions promote the supramolec-

ular assembly of autophagy initiation complexes

(Figure 2b), which function as the core of the PAS; dozens

of each Atg protein were observed in the autophagy

initiation complex in vivo [18,19].

All the components of the core autophagy machinery are

highly evolutionarily conserved, except for those that

compose the autophagy initiation complex. In mammals,

the autophagy initiation complex comprises four compo-

nents: Unc-51-like kinase (ULK)1/2 (Atg1 homologs),

FIP200 also known as RB1CC1, Atg13, and Atg101

(Figure 2c). FIP200 (1594 aa) may be a functional coun-

terpart of Atg17, despite markedly different size and little
www.sciencedirect.com 
sequence homology, and Atg13 interacts with ULK1/2

and FIP200 via its C-terminal IDR in a manner similar to

budding yeast Atg13 [20]. Atg101 (218 aa), not conserved

in budding yeast, directly interacts with the HORMA

domain of Atg13 [21]. This is unlike Atg29 and Atg31,

which bind Atg17 but not Atg13 [15,22], indicating that

Atg101 is not the counterpart of Atg29 or Atg31. The

crystal structure of ULK1KD shows a typical bilobal

kinase fold with phosphorylated Thr180 in the activation

loop, which forms salt bridges with Arg137 and Arg170,

thereby fixing the activation loop in the active conforma-

tion [23]. These residues are highly conserved among

Atg1/ULK family kinases, indicating that autophosphor-

ylation at Thr180 is a common mechanism for activating

Atg1/ULK family kinases. Structural study has never

been reported for FIP200 and thus its structure remains

elusive. However, FIP200 possesses predicted coiled

coils and a conserved sequence responsible for Atg17

dimerization [24], suggesting that FIP200 has at least

partial structural similarity to Atg17. Structural studies on

Atg101 alone [25] or complexed with Atg13 [26�,27]

revealed that Atg101 is a HORMA protein. Structural

studies on a representative HORMA protein, Mad2,

established that the HORMA fold may assume two

distinct conformations, open and closed. The HORMA

domains of Atg101 and Atg13 correspond to the open and

closed conformations, respectively, and the Atg101–
Atg13 heterodimer is structurally quite similar to the

dimer comprising the open and closed conformations of

Mad2, wherein closed Mad2 is stabilized by open Mad2.

These observations suggest that Atg13 is similarly stabi-

lized by Atg101. In budding yeast, which does not have a

conserved Atg101, Atg13HORMA has an additional b-sheet
Current Opinion in Structural Biology 2017, 43:10–17
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Figure 2
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Structural basis of the autophagy initiation complex. (a) Structure of the components of the yeast autophagy initiation complex. (b) String-like

Atg13 (red) binds multiple Atg17 dimers (green) using 17BR and 17LR, thereby promotes the supramolecular assembly of the autophagy initiation

complexes. (c) Structure of the components of the mammalian autophagy initiation complex. For comparison, the Mad2 dimer structure is also

shown. For model production, crystal structures of the Atg13–Atg17–Atg29–Atg31 complex (PDB 5JHF), the Atg1MIT–Atg13MIM complex (PDB

4P1N), Atg13HORMA (PDB 4J2G), ULK1KD (PDB 4WNO), human and fission yeast Atg101–Atg13 complex (PDB 5C50 and 4YK8, respectively), and

the Mad2 dimer (PDB 2V64) were used. Structural models in this manuscript were prepared using PyMOL (The PyMOL Molecular Graphics

System, Version 1.8 Schrödinger, LLC) or CCP4MG [62].
named cap that stabilizes the HORMA fold [13,26�],
allowing the protein to be stable without Atg101

(Figure 2a). Besides stabilizing Atg13, Atg101 plays an-

other important role in autophagy: recruiting downstream

factors to the autophagosome formation site. This process

is mediated by the WF finger, a loop containing conserved

Trp and Phe residues [26�], which seems to be mediated

by Atg13HORMA [28] and Atg29–Atg31 in the case of

budding yeast that lacks Atg101. It remains to be estab-

lished how the WF finger exerts its role in recruiting

downstream factors.

Autophagy-specific PI3K complex
The autophagy-specific PI3K complex, also known as

PI3K complex I in yeast and class III PI3K complex I

in mammals, comprises Vps34 (875 aa), Vps15 (1454 aa),

Atg6/Vps30 (557 aa) (Beclin 1 in mammals), Atg14

(344 aa), and the recently identified Atg38 (226 aa)
Current Opinion in Structural Biology 2017, 43:10–17 
(NRBF2 in mammals) [2,29] (Figure 1b). PI3K complex

I localizes to the PAS, dependent on the autophagy

initiation complex and Atg9, and recruits downstream

factors by producing PI 3-phosphate (PI3P) at the PAS

[2]. The tetrameric human complex I (Vps34–Vps15–
Beclin 1–Atg14) structure was determined by negative-

stain electron microscopy at 28 Å resolution, which

revealed a unique V-shaped architecture [30��]
(Figure 3a, meshes). One arm of the V comprises a parallel

coiled-coil heterodimer of Atg6 and Atg14 and the WD40

repeat domain of Vps15, whereas the other arm comprises

two KDs and helical domains from Vps34 and Vps15. The

edge of one arm corresponds to the C-terminal region of

Atg6 and Atg14, which contains the beta-alpha repeated,

autophagy-specific domain responsible for PAS targeting

[31] and the Barkor/Atg14 autophagosome targeting

sequence domain responsible for binding the curved

PI3P-enriched membrane [32]. The edge of another
www.sciencedirect.com
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Figure 3
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Architecture of the autophagy-specific PI3K complex. (a) 3D reconstruction of human PI3K complex I (EMDB 2846) on which the crystal structure

of yeast PI3K complex II (PDB 5DFZ) was superimposed. (b) NRBF2 (Atg38 in yeast) binds to the bottom of the V-shape using MIT and dimerizes

using the coiled-coil, thereby dimerizing the V-shaped PI3K complex I.
arm contains the lipid kinase domain of Vps34. These

observations suggest that the PI3K complex faces the

membrane using these two edges and catalyzes the phos-

phorylation of PI while exposing the bottom of the V

shape to the cytoplasm. This orientation would enable

the N-terminal region of Atg6 and Atg14 (located at the

bottom of the V) to mediate interactions with various

proteins and undergo various modifications [33]. The

crystal structure of yeast PI3K complex II, which pos-

sesses Vps38 instead of Atg14 and is responsible for the

multivesicular body pathway rather than autophagy,

revealed a similar V-shaped or Y-shaped overall architec-

ture with more precise and detailed structural information

[34��] (Figure 3a, ribbon model). A large positional dif-

ference at Vps34KD was observed between the PI3K

complex I and II structures. This finding, with studies
www.sciencedirect.com 
of PI3K complex I showing high mobility of Vps34KD

[30��], suggests that Vps34KD is highly mobile and

changes its relative arrangement in the complex in solu-

tion. Negative-stain electron microscopic analysis of the

pentameric human PI3K complex I showed that NRBF2

binds to the bottom of the V shape [8�]. Atg38/NRBF2

comprises an N-terminal MIT domain, responsible for

interactions with other components of PI3K complex I,

and a C-terminal coiled-coil domain, responsible for

dimerization [29]. These observations indicate a model

of two V-shaped complexes connected to each other at

the bottom (Figure 3b). Although the molecular roles of

the V shape and its dimerization remain elusive, such

structural information would help accelerate the elucida-

tion of the functions and regulation of the autophagy-

specific PI3K complex.
Current Opinion in Structural Biology 2017, 43:10–17
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Ubiquitin-like proteins Atg8 and Atg12
Among the 18 Atg proteins constituting the core autop-

hagy machinery, as many as eight are involved in the Atg8

and Atg12 ubiquitin-like conjugation systems. Extensive

structural studies were conducted on these systems and

are summarized in several reviews [4–7]. Here we focus

on the molecular roles of the two conjugation products in

autophagosome formation. The Atg12–Atg5 conjugate

(Atg12: 186 aa; Atg5: 294 aa) contains three ubiquitin

folds, one from Atg12 and two from Atg5, which interact

to create a globular architecture [35,36] (Figure 4a). The

Atg12–Atg5 conjugate functions as an E3-like enzyme in

the Atg8 system [37] and rearranges the catalytic site of

Atg3 (310 aa), the E2 enzyme for Atg8, to allow a

conjugation reaction [38]. Atg12 mediates the E2–E3

interaction by directly recognizing the flexible region

of Atg3 [39]. The molecular mechanism underlying the
Figure 4
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conformational change in Atg3 induced by the Atg12–
Atg5 conjugate remains elusive owing to a lack of clarity

regarding the overall E2–E3 complex structure. The

Atg12–Atg5 conjugate plays another important role as

an E3 in vivo: it targets the E2 to the membrane, thereby

providing the conjugation target PE. The latter role

absolutely requires Atg16 (150 aa), a dimeric coiled-coil

protein that binds Atg5 [40,41], enhancing the mem-

brane-binding activity of the Atg12–Atg5 conjugate

[42]. Besides its role as an E3 enzyme, the Atg12–Atg5

conjugate (in complex with Atg16) interacts with Atg8–
PE via an Atg12–Atg8 interaction to form a membrane

scaffold crucial for autophagosome formation, according

to an in vitro study using giant liposomes [43]. More

detailed characterization, including structural studies

on the Atg12–Atg8 complex, would provide further sup-

port for this scaffolding model.
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Atg8 (117 aa) comprises a ubiquitin-like fold and two

unique a-helices at the N-terminus [44]. One established

function of the Atg8–PE conjugate is as a receptor for

recognizing cargos during selective autophagy, usually

with the help of adaptors/cargo receptors [44,45]. Besides

cargo recognition, the Atg8–PE conjugate appears to have

a critical role in autophagosome formation. In mammals,

Atg8 lipidation-active vesicles are generated from the

ER–Golgi intermediate compartment. These vesicles

may be a membrane source of the autophagosomes

[46,47]. In yeast, Atg3 was observed at the isolation

membrane, suggesting that Atg8 lipidation occurs there

[48,49]. The molecular role of the Atg8–PE conjugate in

membrane dynamics is unclear. In vitro experiments

showed that yeast Atg8–PE can tether and hemifuse

liposomes [50], whereas mammalian Atg8 homologs can

tether and fully fuse liposomes [51]. The worm Atg8

homologs LGG-1 and LGG-2 were shown to mediate

the tethering and full fusion (LGG-1) or tethering alone

(LGG-2) of liposomes [52]. All these studies indicate the

importance of the unique N-terminal region of Atg8-

family proteins. Structural comparisons suggested that

the N-terminal conformation of Atg8 homologs can be

characterized as open or closed [52]; this may determine

the different activities of these proteins (Figure 4b). It is

imperative to establish the molecular role of these mem-

brane-related activities of the Atg8–PE conjugate in the

context of autophagosome formation.

Atg9 and the Atg2–Atg18 complex: unexplored
but absolutely critical factors
Despite advanced structural studies on other members of

the core autophagy machinery, the structures of Atg9 and

the Atg2–Atg18 complex remain unexplored. This omis-

sion is merely owing to technical difficulties and does not

reflect a dearth of interest in these two members.

Atg9 (997 aa), the sole transmembrane protein in the core

autophagy machinery, is predicted to possess six trans-

membrane helices. In cells, Atg9 is mainly incorporated

into the Atg9 vesicle, a single-membrane vesicle that is

generated from the Golgi apparatus and moves around in

the cytoplasm [53]. When autophagy is induced, no more

than three Atg9 vesicles localize to the PAS through

interactions with the HORMA domain of Atg13 [28,53]

and receive phosphorylation by Atg1 [54], both of which

require the supramolecular assembly of the autophagy

initiation complex [14�]. Furthermore, in vitro experiments

showed that the autophagy initiation complex tethers Atg9

vesicles to each other [55]. These data suggest that the

autophagy initiation complex recruits several Atg9

vesicles, which then fuse together to form an initial mem-

brane source of the autophagosomes (Figure 4c).

Atg2 is a large, soluble protein (1592 aa) with no known

domains/motifs. In mammals, Atg2 was reported to

localize to lipid droplets without Atg18, suggesting that
www.sciencedirect.com 
Atg2 itself is able to interact with lipids [56]. Unlike Atg2,

the structure of Atg18 (500 aa) is predicted to be a seven-

bladed b-propeller with two binding pockets for PI3P

based on the crystal structure of an Atg18 paralog, Hsv2

[57–59]. Atg2 and PI3P bind to the opposite sides of Atg18

[57,60]. However, as a massive protein, Atg2 could simul-

taneously interact directly with the membrane and mem-

brane-bound Atg18 (Figure 4d). The Atg2–Atg18 complex

localizes to the expanding edge of the isolation membrane

[61], suggesting a preference for highly curved mem-

branes. This localization also indicates that the Atg2–
Atg18 complex plays a key role in the elongation and/or

closure of the isolation membrane. Structural studies on

the Atg2–Atg18 complex are expected to provide valuable

insights into these substantive questions.

Conclusions
Recently, structural studies on the core autophagy ma-

chinery have substantially progressed. However, the mo-

lecular mechanisms of autophagy, especially that of

autophagosome formation, remain masked in mystery

owing to the remarkable complexity of this phenomenon.

Sporadic structural studies cannot answer essential ques-

tions. Consecutive, comprehensive structural studies on

the core autophagy machinery in tight collaboration with

biochemical and cell biological studies are indispensable

for fully elucidating the molecular mechanisms of autop-

hagosome formation.

Note added in proof
In a recent study on Atg38 and NRBF2 [63], crystal

structure of the C-terminal dimerization domain of

Atg38 was reported. Furthermore, it was shown that

one Atg38 homodimer engages a single PI3K complex

I, whereas human NRBF2 homodimer can bridge two

PI3K complex I assemblies.

Conflict of interest statement
The authors declare no competing financial/personal

interests.

Acknowledgements
This work was supported by Japan Society for the Promotion of Sciences
KAKENHI [grant numbers 25111004, 26870828, 15H01651, 16K21593] and
CREST, Japan Science and Technology Agency.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

� of special interest
�� of outstanding interest

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

2. Mizushima N, Yoshimori T, Ohsumi Y: The role of Atg proteins in
autophagosome formation. Annu Rev Cell Dev Biol 2011,
27:107-132.
Current Opinion in Structural Biology 2017, 43:10–17

http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0315
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0315
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0320
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0320
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0320


16 Macromolecular assemblies
3. Suzuki K, Ohsumi Y: Current knowledge of the pre-
autophagosomal structure (PAS). FEBS Lett 2010,
584:1280-1286.

4. Noda NN, Ohsumi Y, Inagaki F: ATG systems from the protein
structural point of view. Chem Rev 2009, 109:1587-1598.

5. Klionsky DJ, Schulman BA: Dynamic regulation of
macroautophagy by distinctive ubiquitin-like proteins. Nat
Struct Mol Biol 2014, 21:336-345.

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

7. Hurley JH, Schulman BA: Atomistic autophagy: the structures
of cellular self-digestion. Cell 2014, 157:300-311.

8.
�

Young LN, Cho K, Lawrence R, Zoncu R, Hurley JH: Dynamics and
architecture of the NRBF2-containing phosphatidylinositol 3-
kinase complex I of autophagy. Proc Natl Acad Sci U S A 2016
http://dx.doi.org/10.1073/pnas.1603650113.

This study for the first time describes the architecture of the pentameric
PI3K complex I and establishes the molecular role of the most recently
identified component, Atg38/NRBF2.

9. Noda NN, Fujioka Y: Atg1 family kinases in autophagy initiation.
Cell Mol Life Sci 2015, 72:3083-3096.

10. Lin MG, Hurley JH: Structure and function of the ULK1 complex
in autophagy. Curr Opin Cell Biol 2016, 39:61-68.

11.
��

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

This study establishes the critical interactions constructing the autophagy
initiation complex by X-ray crystallography, and in combination with LC–
MS/MS and cell biological studies, reveal the molecular mechanism of
starvation-induced assembly of the autophagy initiation complex.

12. Stjepanovic G, Davies CW, Stanley RE, Ragusa MJ, Kim do J,
Hurley JH: Assembly and dynamics of the autophagy-initiating
Atg1 complex. Proc Natl Acad Sci U S A 2014, 111:12793-12798.

13. Jao CC, Ragusa MJ, Stanley RE, Hurley JH: A HORMA domain in
Atg13 mediates PI 3-kinase recruitment in autophagy. Proc
Natl Acad Sci U S A 2013, 110:5486-5491.

14.
�

Yamamoto H, Fujioka Y, Suzuki SW, Noshiro D, Suzuki H, Kondo-
Kakuta C, Kimura Y, Hirano H, Ando T, Noda NN et al.: The
intrinsically disordered protein Atg13 mediates
supramolecular assembly of autophagy initiation complexes.
Dev Cell 2016, 38:86-99.

Combination of structural biological, biochemical and cell biological
studies reveals the molecular mechanism of supramolecular assembly
of the autophagy initiation complexes that functions as the core of the
PAS.

15. Ragusa MJ, Stanley RE, Hurley JH: Architecture of the Atg17
complex as a scaffold for autophagosome biogenesis. Cell
2012, 151:1501-1512.

16. Kabeya Y, Noda NN, Fujioka Y, Suzuki K, Inagaki F, Ohsumi Y:
Characterization of the Atg17–Atg29–Atg31 complex
specifically required for starvation-induced autophagy in
Saccharomyces cerevisiae. Biochem Biophys Res Commun
2009, 389:612-615.

17. Kamada Y, Funakoshi T, Shintani T, Nagano K, Ohsumi M,
Ohsumi Y: Tor-mediated induction of autophagy via an Apg1
protein kinase complex. J Cell Biol 2000, 150:1507-1513.

18. Kofinger J, Ragusa MJ, Lee IH, Hummer G, Hurley JH: Solution
structure of the Atg1 complex: implications for the
architecture of the phagophore assembly site. Structure 2015,
23:809-818.

19. Geng J, Baba M, Nair U, Klionsky DJ: Quantitative analysis of
autophagy-related protein stoichiometry by fluorescence
microscopy. J Cell Biol 2008, 182:129-140.

20. Mizushima N: The role of the Atg1/ULK1 complex in autophagy
regulation. Curr Opin Cell Biol 2010, 22:132-139.

21. Noda NN, Mizushima N: Atg101: not just an accessory subunit
in the autophagy-initiation complex. Cell Struct Funct 2016,
41:13-20.
Current Opinion in Structural Biology 2017, 43:10–17 
22. Chew LH, Lu S, Liu X, Li FK, Yu AY, Klionsky DJ, Dong MQ, Yip CK:
Molecular interactions of the Saccharomyces cerevisiae Atg1
complex provide insights into assembly and regulatory
mechanisms. Autophagy 2015, 11:891-905.

23. Lazarus MB, Shokat KM: Discovery and structure of a new
inhibitor scaffold of the autophagy initiating kinase ULK1.
Bioorg Med Chem 2015, 23:5483-5488.

24. Li F, Chung T, Vierstra RD: AUTOPHAGY-RELATED11 plays a
critical role in general autophagy- and senescence-induced
mitophagy in Arabidopsis. Plant Cell 2014, 26:788-807.

25. Michel M, Schwarten M, Decker C, Nagel-Steger L, Willbold D,
Weiergraber OH: The mammalian autophagy initiator complex
contains 2 HORMA domain proteins. Autophagy 2015,
11:2300-2308.

26.
�

Suzuki H, Kaizuka T, Mizushima N, Noda NN: Structure of the
Atg101–Atg13 complex reveals essential roles of Atg101 in
autophagy initiation. Nat Struct Mol Biol 2015, 22:572-580.

This study for the first time reveals the structure of Atg101 and establishes
two critical roles of Atg101: stabilizing Atg13 and recruiting downstream
autophagy factors using newly identified WF finger.

27. Qi S, Kim do J, Stjepanovic G, Hurley JH: Structure of the human
Atg13–Atg101 HORMA heterodimer: an interaction hub within
the ULK1 complex. Structure 2015, 23:1848-1857.

28. Suzuki SW, Yamamoto H, Oikawa Y, Kondo-Kakuta C, Kimura Y,
Hirano H, Ohsumi Y: Atg13 HORMA domain recruits Atg9
vesicles during autophagosome formation. Proc Natl Acad Sci
U S A 2015, 112:3350-3355.

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

30.
��

Baskaran S, Carlson LA, Stjepanovic G, Young LN, Kim do J,
Grob P, Stanley RE, Nogales E, Hurley JH: Architecture and
dynamics of the autophagic phosphatidylinositol 3-kinase
complex. Elife 2014, 3.

This study for the first time reveals the overall V-shaped architecture of
tetrameric PI3K complex I at low resolution, which can be a structural
basis for studying the molecular functions of this huge protein complex.

31. Noda NN, Kobayashi T, Adachi W, Fujioka Y, Ohsumi Y, Inagaki F:
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 2012, 287:16256-16266.

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

33. Levine B, Liu R, Dong X, Zhong Q: Beclin orthologs: integrative
hubs of cell signaling, membrane trafficking, and physiology.
Trends Cell Biol 2015, 25:533-544.

34.
��

Rostislavleva K, Soler N, Ohashi Y, Zhang L, Pardon E, Burke JE,
Masson GR, Johnson C, Steyaert J, Ktistakis NT et al.: Structure
and flexibility of the endosomal Vps34 complex reveals the
basis of its function on membranes. Science 2015,
350:aac7365.

This study for the first time reveals the crystal structure of PI3K complex II
and unambiguously shows the domain arrangement and domain–domain
interactions in the huge protein complex, which can also be a structural
basis for the PI3K complex I.

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

36. Noda NN, Fujioka Y, Hanada T, Ohsumi Y, Inagaki F: Structure of
the Atg12–Atg5 conjugate reveals a platform for stimulating
Atg8–PE conjugation. EMBO Rep 2013, 14:206-211.

37. Hanada T, Noda NN, Satomi Y, Ichimura Y, Fujioka Y, Takao T,
Inagaki F, Ohsumi Y: The Atg12–Atg5 conjugate has a novel E3-
like activity for protein lipidation in autophagy. J Biol Chem
2007, 282:37298-37302.

38. Sakoh-Nakatogawa M, Matoba K, Asai E, Kirisako H, Ishii J,
Noda NN, Inagaki F, Nakatogawa H, Ohsumi Y: Atg12–Atg5
www.sciencedirect.com

http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0325
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0325
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0325
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0330
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0330
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0335
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0335
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0335
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0340
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0340
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0345
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0345
http://dx.doi.org/10.1073/pnas.1603650113
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0355
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0355
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0360
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0360
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0365
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0365
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0365
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0365
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0370
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0370
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0370
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0375
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0375
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0375
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0380
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0380
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0380
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0380
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0380
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0385
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0385
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0385
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0390
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0390
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0390
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0390
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0390
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0395
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0395
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0395
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0400
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0400
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0400
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0400
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0405
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0405
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0405
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0410
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0410
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0415
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0415
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0415
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0420
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0420
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0420
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0420
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0425
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0425
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0425
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0430
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0430
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0430
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0435
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0435
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0435
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0435
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0440
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0440
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0440
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0445
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0445
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0445
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0450
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0450
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0450
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0450
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0455
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0455
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0455
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0455
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0460
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0460
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0460
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0460
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0465
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0465
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0465
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0465
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0470
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0470
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0470
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0475
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0475
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0475
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0480
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0480
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0480
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0480
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0480
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0485
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0485
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0485
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0485
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0490
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0490
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0490
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0495
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0495
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0495
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0495
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0500
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0500


Structural biology of autophage Suzuki et al. 17
conjugate enhances E2 activity of Atg3 by rearranging its
catalytic site. Nat Struct Mol Biol 2013, 20:433-439.

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

40. Fujioka Y, Noda NN, Nakatogawa H, Ohsumi Y, Inagaki F: Dimeric
coiled-coil structure of Saccharomyces cerevisiae Atg16 and
its functional significance in autophagy. J Biol Chem 2010,
285:1508-1515.

41. Fujita N, Itoh T, Omori H, Fukuda M, Noda T, Yoshimori T: The
Atg16L complex specifies the site of LC3 lipidation for
membrane biogenesis in autophagy. Mol Biol Cell 2008,
19:2092-2100.

42. Romanov J, Walczak M, Ibiricu I, Schuchner S, Ogris E, Kraft C,
Martens S: Mechanism and functions of membrane binding by
the Atg5–Atg12/Atg16 complex during autophagosome
formation. EMBO J 2012, 31:4304-4317.

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

44. Noda NN, Ohsumi Y, Inagaki F: Atg8-family interacting
motif crucial for selective autophagy. FEBS Lett 2010,
584:1379-1385.

45. Birgisdottir AB, Lamark T, Johansen T: The LIR motif — crucial
for selective autophagy. J Cell Sci 2013, 126:3237-3247.

46. Ge L, Zhang M, Schekman R: Phosphatidylinositol 3-kinase and
COPII generate LC3 lipidation vesicles from the ER–Golgi
intermediate compartment. Elife 2014, 3:e04135.

47. Ge L, Melville D, Zhang M, Schekman R: The ER–Golgi
intermediate compartment is a key membrane source for the
LC3 lipidation step of autophagosome biogenesis. Elife 2013,
2:e00947.

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

49. Ngu M, Hirata E, Suzuki K: Visualization of Atg3 during
autophagosome formation in Saccharomyces cerevisiae. J
Biol Chem 2015, 290:8146-8153.

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

51. Weidberg H, Shpilka T, Shvets E, Abada A, Shimron F, Elazar Z:
LC3 and GATE-16 N termini mediate membrane fusion
processes required for autophagosome biogenesis. Dev Cell
2011, 20:444-454.
www.sciencedirect.com 
52. Wu F, Watanabe Y, Guo XY, Qi X, Wang P, Zhao HY, Wang Z,
Fujioka Y, Zhang H, Ren JQ et al.: structural basis of the
differential function of the two C. elegans Atg8 homologs,
LGG-1 and LGG-2, in autophagy. Mol Cell 2015, 60:914-929.

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

54. Papinski D, Schuschnig M, Reiter W, Wilhelm L, Barnes CA,
Maiolica A, Hansmann I, Pfaffenwimmer T, Kijanska M, Stoffel I
et al.: Early steps in autophagy depend on direct
phosphorylation of Atg9 by the Atg1 kinase. Mol Cell 2014,
53:471-483.

55. Rao Y, Perna MG, Hofmann B, Beier V, Wollert T: The Atg1-kinase
complex tethers Atg9-vesicles to initiate autophagy. Nat
Commun 2016, 7:10338.

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

57. Watanabe Y, Kobayashi T, Yamamoto H, Hoshida H, Akada R,
Inagaki F, Ohsumi Y, Noda NN: Structure-based analyses reveal
distinct binding sites for Atg2 and phosphoinositides in Atg18.
J Biol Chem 2012, 287:31681-31690.

58. Baskaran S, Ragusa MJ, Boura E, Hurley JH: Two-site
recognition of phosphatidylinositol 3-phosphate by
PROPPINs in autophagy. Mol Cell 2012, 47:339-348.

59. Krick R, Busse RA, Scacioc A, Stephan M, Janshoff A, Thumm M,
Kuhnel K: Structural and functional characterization of the two
phosphoinositide binding sites of PROPPINs, a beta-propeller
protein family. Proc Natl Acad Sci U S A 2012, 109:E2042-E2049.

60. Rieter E, Vinke F, Bakula D, Cebollero E, Ungermann C, Proikas-
Cezanne T, Reggiori F: Atg18 function in autophagy is regulated
by specific sites within its beta-propeller. J Cell Sci 2013,
126:593-604.

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

62. McNicholas S, Potterton E, Wilson KS, Noble ME: Presenting
your structures: the CCP 4 mg molecular-graphics software.
Acta Crystallogr D Biol Crystallogr 2011, 67:386-394.

63. Y. Ohashi, N. Soler, M. Garcı́a Ortegón, L. Zhang, M.L. Kirsten, O.
Perisic, G.R. Masson, J.E. Burke, A.J. Jakobi, A.A. Apostolakis
et al.: Characterization of Atg38 and NRBF2, a fifth subunit of
the autophagic Vps34/PIK3C3 complex, Autophagy in press.
Current Opinion in Structural Biology 2017, 43:10–17

http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0500
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0500
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0505
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0505
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0505
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0510
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0510
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0510
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0510
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0515
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0515
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0515
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0515
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0520
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0520
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0520
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0520
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0525
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0525
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0525
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0530
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0530
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0530
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0535
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0535
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0535
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0535
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0540
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0540
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0540
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0545
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0545
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0545
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0545
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0550
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0550
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0550
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0550
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0555
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0555
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0555
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0560
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0560
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0560
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0565
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0565
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0565
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0565
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0570
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0570
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0570
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0570
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0575
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0575
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0575
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0575
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0580
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0580
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0580
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0580
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0580
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0585
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0585
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0585
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0590
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0590
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0590
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0590
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0595
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0595
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0595
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0595
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0600
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0600
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0600
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0605
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0605
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0605
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0605
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0610
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0610
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0610
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0610
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0615
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0615
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0615
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0615
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0620
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0620
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0620
http://refhub.elsevier.com/S0959-440X(16)30148-8/sbref0620

	Structural biology of the core autophagy machinery
	Introduction
	Autophagy initiation complex
	Autophagy-specific PI3K complex
	Ubiquitin-like proteins Atg8 and Atg12
	Atg9 and the Atg2–Atg18 complex: unexplored but absolutely critical factors
	Conclusions
	Note added in proof
	Conflict of interest statement
	References and recommended reading
	Acknowledgements


