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Abstract

Autophagy, a lysosomal intracellular degradation system, is characterized by the de novo biogenesis
of autophagosomes. This biogenesis is mediated by approximately 20 core Atg proteins, exhibiting a
high degree of conservation from yeast to humans. Over the preceding two decades, the structural
biology of autophagy has been investigated predominantly through X-ray crystallography, NMR
spectroscopy, and, more recently, cryo-electron microscopy, collectively contributing to the
elucidation of the structural basis of core Atg proteins. The recent introduction of AlphaFold has
significantly improved the precision of structure prediction and is transforming structural biology
research. In this review, we aim to synthesize the structural basis of the operational mechanisms of the
core Atg proteins, employing structures predicted by AlphaFold, and to discuss the molecular

mechanisms that drive autophagosome biogenesis.
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Abbreviations: 17BR, Atgl7-binding region; 17LR, Atgl7-linking region; AH, amphipathic helix;
BARA, beta-alpha repeated, autophagy-specific; BATS, Barkor/Atgl4(L) autophagosome targeting
sequence; CC, coiled-coil; Cryo-EM, cryo-electron microscopy; CTD, C-terminal domain; ER,
endoplasmic reticulum; FR, flexible region; HR, handle region; IDR, intrinsically disordered region;
IM, isolation membrane; MIM, MIT-interacting motif; NHD, N-terminal helical domain; NTD, N-
terminal domain; PAS, pre-autophagosomal structure; PE, phosphatidylethanolamine; PI,
phosphatidylinositol; PI3KC3-C1, Class III phosphatidylinositol 3-kinase complex 1; PI3P,
phosphatidylinositol 3-phosphate; tMIT, tandem microtubule-interacting and transport domain;
ULD, ubiquitin-like domain.

Introduction



Autophagy, a key cellular process for degradation, is defined by the biogenesis of autophagosomes [1].
Around 20 core Atg factors are essential for this biogenesis, working in six functional groups: i) the
autophagy-initiating Atg1/ULK complex; ii) the autophagy-specific Class I1I phosphatidylinositol (PI)
3-kinase complex 1 (PI3KC3-C1); iii) the lipid scramblase Atg9; iv) the lipid transfer Atg2—Atgl8
complex; v) the Atgl2—Atg5 conjugation system; and vi) the Atg8 lipidation system (Figure 1) [1, 2].
Structural investigations of these core Atg factors have been primarily carried out over the past two
decades using X-ray crystallography, NMR spectroscopy, and more recently cryo-electron microscopy
(Cryo-EM), establishing most of their three-dimensional structures and some of their interactions [3,
4]. The recent introduction of AlphaFold has dramatically increased the accuracy of structure
prediction, now allowing relatively straightforward prediction of structures for individual proteins and
even complexes, and is starting to revolutionize life science [5-7]. This review provides a summary of
the structural basis of the functional mechanisms of the core Atg factors essential for autophagosome
formation, drawing upon structures predicted by AlphaFold3 and, where more appropriate,
AlphaFold2. We have primarily focused on AlphaFold predictions that are congruent with prior
experimentally resolved structures and mutational data, but have also included predictions awaiting
experimental validation. We hope this review will serve as a valuable resource to advance autophagy
research in the transformative AlphaFold era. For a detailed review of the structural analysis of core

Atg factors using experimental techniques, we refer you to our recent review articles [3, 4].

Main

The Atgl/ULK complex in autophagy initiation

The Atgl complex, responsible for initiating autophagy in budding yeast (Figure 1) [8], is composed
of a protein kinase Atgl, an intrinsically disordered protein Atgl3, and a scaffolding subcomplex of
Atgl7-Atg29—Atg31. The mammalian equivalent, known as the ULK complex, includes ULK1 or
ULK2 (homologs of Atgl), ATG13, FIP200/RB1CCI1 (functionally analogous to Atg17), and ATG101

[9].

The Atgl complex

The Atgl complex is organized centrally by Atgl3, which contains a globular Hopl, Rev7, Mad2
(HORMA) domain and an intrinsically disordered region (IDR) (Figure 2A). This IDR is critical for
its interaction with Atgl and Atgl7 [10-13]. Atgl itself features an N-terminal kinase domain and a
C-terminal tandem microtubule-interacting and trafficking (tMIT) domain, linked by an IDR (Figure
2B) [11, 12]. A key interaction occurs between the tMIT domain of Atgl and two MIT-interacting
motifs (MIMs) located within the IDR of Atg13 (Figure 2B) [11]. In contrast to the dynamic nature of



these components, the Atgl7—Atg29—Atg31 complex forms a stable unit: Atgl7, largely a-helical,
forms an S-shaped homodimer, providing a concave surface for the attachment of the Atg29-Atg31
subcomplex (Figure 2C) [14]. An IDR is uniquely present at the C-terminus of Atg29 [15]. Within the
Atgl3 IDR are at least two binding elements, the Atgl 7-binding region (17BR) and the Atgl7-linking
region (17LR), which target distinct regions on Atgl7 (Figure 2C) [13]. Critically, the AlphaFold
model (Figure 2C) highlights that distance limitations prevent 17BR and 17LR from a single Atgl3
molecule simultaneously engaging a single Atgl7 dimer. As a result, Atg13 bridges two separate Atgl7
dimers using 17BR and 17LR, initiating the higher-order assembly of the Atgl complex (Figure 2D)
[13] and driving its liquid-liquid phase separation (Figure 2E) [16]. These Atgl complex condensates
then organize the pre-autophagosomal structure (PAS) in yeast, a key site where autophagosome
formation is facilitated by concentrating Atg factors like the Atgl2—AtgS5—Atgl6 complex and
precursor Atg9 vesicles, and by promoting crucial enzymatic reactions for autophagy (Figure 2E) [16,
17]. The Atg13 IDR contains numerous serine and threonine residues whose phosphorylation status is
regulated by kinases and phosphatases; phosphorylation at 17BR and MIM has been shown to disrupt
the formation of the Atgl complex and PAS assembly, thereby inhibiting the initiation of autophagy
(Figure 2D) [11, 16, 18].

The ULK complex

Although sharing HORMA and IDR features with yeast Atgl3, mammalian ATG13 uniquely forms a
stable complex with ATG101, another HORMA protein present in fission but not budding yeast (Figure
3A) [19-24]. The binding of this ATG13-ATG101 HORMA pair to ATG9A requires a conformational
change in the HORMA folds [25, 26]. ULK1 and ULK?2, homologs of yeast Atgl (Figure 3B) [27, 28],
consists of an N-terminal kinase domain, a C-terminal tMIT, and an intervening IDR, and they interact
with the MIMs of ATG13. In contrast, while the N-terminal domain (NTD) of the large 1594-amino
acid protein FIP200 shows weak homology to the NTD of the smaller 417-amino acid Atgl7, their
homodimeric structures differ: FIP200 NTD forms a U-shape (Figure 3C) [29], whereas Atgl7 forms
an S-shape. FIP200 also possesses a C-terminal Claw domain (named for its characteristic shape) that
interacts with selective autophagy receptors and the NTD, with these regions linked by an
exceptionally long a-helix forming a parallel coiled-coil (CC) in the dimeric assembly (Figure 3C)
[30, 31].

A key strength of the AlphaFold prediction is the atomic visualization it offers of the extended FIP200
structure. In contrast to yeast Atg13 IDR binding two separate Atgl7 dimers, mammalian ATG13 binds
two NTDs within a single FIP200 NTD dimer, a structural distinction clearly revealed by AlphaFold
(Figure 3D) [27-29]. Additionally, ULK1 tMIT directly binds the FIP200 NTD, forming a tripartite
complex with FIP200 and ATG13 (Figure 3D) [27, 28]. This single FIP200 dimer binding by ATG13

prevents it from driving higher-order ULK complex assembly in the same way yeast Atgl3 assembles



the Atgl complex. Nevertheless, FIP200 and ATG13 have been shown to undergo phase separation to
organize a mammalian autophagosome formation site through mechanisms that remain unclear [32].
Recent findings indicate that the interaction between the ULK complex and PI3KC3-C1 allows two
ATG13 molecules to interact with an FIP200 dimer, potentially providing a mechanistic basis for the

observed phase separation of the ULK complex [27].

The autophagy-specific phosphatidylinositol 3-kinase complex

In budding yeast, PI3KC3-C1 consists of the catalytic subunit Vps34 and the accessory proteins Vpsl15,
Atgl4, Atg6/Vps30, and Atg38; the mammalian equivalent shares this composition, with Atg6 named
Beclin 1 and Atg38 NRBF2 (Figure 1) [33-36]. The V-shaped overall structure of PI3KC3-C1 features
one arm composed of the helical and kinase domains of Vps34 and Vpsl15, and the other arm formed
by the Atg6/Beclin 1-Atgl4 heterodimer along with the WD40 domain of Vps15 (Figure 4) [37-39].
Functionally, the beta-alpha repeated, autophagy-specific (BARA) domain of Atg6/Beclin 1, with
its aromatic finger, and the Barkor/Atgl4 autophagosome targeting (BATS) motif of Atgl4, both
located at one end of the V’s arms, are known to interact with membranes [40-42]. Conversely, the
kinase domain of Vps34 resides at the other end (Figure 4). This spatial arrangement strongly implies
that PI3KC3-C1 binds to the membrane via these two ends, positioning the Vps34 kinase domain to
catalyze PI phosphorylation, as illustrated in Figure 4.

As previously described, the structure of the PI3KC3-C1 complex exhibits similarity between yeast
and mammals; however, the mode of interaction of the fifth component, yeast Atg38, and mammalian
NRBF2, demonstrates divergence. Both Atg38 and NRBF2 are characterized by an N-terminal MIT
domain and a C-terminal CC domain responsible for homodimerization (Figure 4). The MIT domains
of both proteins exhibit a similar binding affinity for Vps15 and the BH3 domain of Atg6/Beclin 1
(Figure 4). Remarkably, the MIT domain of Atg38 also binds to Atgl4, facilitating the binding of one
Atg38 homodimer to a single PI3KC3-C1 complex and contributing to its structural integrity (Figure
4A) [34]. Conversely, convergent prediction by AlphaFold did not identify a second binding site for
the MIT domain of NRBF2 within the human PI3KC3-C1 complex. Consistent with this, it has been
proposed that one NRBF2 homodimer interacts with two PI3KC3-C1 complexes, thereby promoting
their dimerization (Figure 4B) [43, 44]. However, biochemical and structural investigations have
posited the existence of a second, minor binding site for the MIT domain of NRBF2 within human
PI3KC3-Cl. The binding of a single NRBF2 homodimer to both the major and minor binding sites of
a single PI3KC3-C1 complex has been proposed to activate its kinase activity through modulation of
the kinase domain’s conformation [45]. Further investigation is warranted to more comprehensively
delineate the conserved and divergent roles of NRBF2 and Atg38 in the regulation of PI3KC3-Cl
activity. The recruitment of PI3KC3-Cl1 to the autophagosome formation site in yeast is contingent

upon the interaction between the IDR of Atg29 and the CC domain of Atg38 (a prediction derived



from AlphaFold lacking experimental structural validation) and the interactions between the BARA
domain of Atg6 and the IDR of Atg9 [46]. Upon recruitment, PI3KC3-C1 generates PI-3 phosphate
(PI3P) at autophagic membranes, which plays pivotal roles in the recruitment of PROPPIN (j3-
propellers that bind polyphosphoinositides) family proteins, as described subsequently [47, 48].

The lipid scrambling function of Atg9 and the lipid-transferring activity of the Atg2-
Atg18 complex

The biogenesis of a single autophagosome necessitates the incorporation of millions of lipid molecules,
which are considered to be predominantly sourced from the endoplasmic reticulum (ER) [1]. Atg9 and
the Atg2—Atgl8 complex represent the principal factors involved in lipid supply, and the mechanisms

governing their operation have only recently begun to be elucidated [49, 50].

Atg9

Atg9 represents the sole transmembrane protein within the complement of core Atg proteins [1]. In
yeast, Atg9 is integrated into vesicles designated Atg9 vesicles at the Golgi apparatus, and these
vesicles are dispersed throughout the cytoplasm under nutrient-replete conditions [51]. Upon the
induction of starvation, a subset of Atg9 vesicles targets PAS in yeast and is proposed to serve as the
initial membrane source for the generation of isolation membranes (IMs), also known as phagophores,
wherein Atg9 is incorporated and localized at the expanding margin of the IM [51-53]. ATG9A, the
mammalian orthologue of yeast Atg9, similarly exists in vesicular form. While it has been previously
posited that ATG9A transiently associates with the site of autophagosome formation before immediate
dissociation without incorporation into the IM [54-56], recent reports suggest that a minor fraction of
ATGIA is indeed incorporated into the IM, analogous to the behavior observed for yeast Atg9 [57,
58]. Atg9-family proteins are structurally defined by four transmembrane helices, two laterally-
membrane-buried helices, and long IDRs at both ends that enable interaction with other Atg proteins
like Atgl13 (Figure 5A) [25, 59-62]. These proteins assemble as homotrimers, forming a vertical pore
at the trimer’s center spanning the membrane and a lateral pore within each protomer, with these pores
being interconnected [59-61]. While the molecular function of Atg9 remained a long-standing mystery
since its discovery, recent functional assays using purified proteins have revealed that both yeast Atg9
and human ATG9A exhibit lipid scrambling activity, likely utilizing the described vertical and lateral
pores (Figure 5A) [60, 61, 63]. This scrambling activity is proposed to allow Atg9-family proteins to
distribute phospholipids, delivered from the ER by the Atg2—Atg18 complex, to both sides of the IM,
thus promoting its growth [49, 60, 61, 64].

The Atg2—Atg18 complex
Atg2 forms a stable complex with Atgl8, a protein belonging to the PROPPIN family, and its



localization to the expanding margin of the IM is mediated through interactions with PI3P and Atg9
[47, 52]. Additionally, the N-terminal region of Atg2 interacts with the ER, especially ER exit sites,
effectively tethering the ER to the IM via the Atg2—Atg18 complex [65-67]. The primary function of
Atg2, its ability to transfer lipids between membranes, has recently been clarified for both yeast Atg2
and human ATG2A/2B [68-71]. Figure 5B illustrates the structures of the yeast Atg2—Atg18 complex
(top) and the human ATG2A—-WIPI4 (an Atgl8 homolog) complex (bottom). Both Atg2 and ATG2A
exhibit a rod-like architecture with a central, elongated hydrophobic cavity [72-75]. Atg18 and WIP14
bind to the C-terminal side of their respective Atg2/ATG2A partners. While Cryo-EM has recently
provided structures of ATG2A and the ATG2A-WIPI4 complex, AlphaFold offers a key advantage by
predicting atomic models that include the membrane binding terminal regions of ATG2A and the
complete interaction interface of the ATG2A—-WIPI4 complex, details that were not resolved by Cryo-
EM. Furthermore, Atg2/ATG2A possesses a Chorein N domain with weak sequence similarity to
Vpsl3 family proteins, another group known to have lipid transfer activity [76]. The proposed
mechanism for IM expansion in yeast involves the Atg2—Atgl8 complex bridging the ER and the
growing edge of the IM: the N-terminus of Atg2 interacts with the ER, while the C-terminus of Atg2
and Atgl8 interact with the IM, facilitating the transfer of lipids from the ER to the IM (Figure 5B)
[69, 77]. A comparable mechanism is thought to operate for the mammalian ATG2A/2B-WIPI
complex [68, 70, 71]. Because Atg?2 is not a transmembrane protein and transfers lipids only to the
cytosolic leaflet of the IM, lipids delivered to the cytosolic leaflet of the IM by Atg2 must be
transported to the luminal leaflet of the IM for membrane expansion. As described above, Atg9 is
proposed to mediate this function [49, 60, 61]. Although Cryo-EM has shown interactions between
ATG2A and ATG9A [72, 73], the exact nature of these interactions is still debated, with several models
proposed, none of which have been predicted by AlphaFold. Further research is needed to clarify the
functionally important interactions in autophagy. Given the structural potential of Atg2 for
bidirectional lipid transport, external factors that ensure unidirectional movement from the ER to the

IM are crucial for IM expansion, one being the new synthesis of phospholipids at the ER [78, 79].

Systems for Atgl2—AtgS conjugation and Atg8 lipidation

For the expansion of the IM during autophagosome formation, the Atgl2—Atg5 conjugation and Atg8
lipidation systems are indispensable [80-83]. Atgl12 and Atg8 are both ubiquitin-like proteins that are
conjugated through ubiquitylation-like reactions, a process facilitated by autophagic E1, E2, and E3
enzymes (Figure 1). Remarkably, the Atgl2—Atg5 conjugate acts as an E3 enzyme within the Atg8
lipidation system, mediating a distinctive conjugation between a protein and a phospholipid molecule.
Due to the strong conservation of these systems across yeast and humans, our primary focus in this
section will be on their structures, enzymatic reaction pathways, and membrane-associated functions

as studied in yeast, with comparative references to their human counterparts.



The Atgl12—AtgS conjugation system

The Atgl2—Atg5 conjugation system, depicted with purple arrows in Figure 6A, involves several key
structural components. Atgl2 (dark purple) features an N-terminal IDR and a ubiquitin-like domain
(ULD) (Figure 6A) [84]. The E1 enzyme Atg7 (orange) possesses an NTD and a C-terminal domain
(CTD) connected by a linker [85-87]. Dimerization of Atg7 occurs through its CTDs, which include
an adenylation domain and a C-terminal IDR. The C-terminal glycine of Atgl2 is activated by ATP-
dependent adenylation, forming a thioester intermediate with Atg7, which then reacts with the catalytic
site of the E2 enzyme, Atgl0 (dark green) [88, 89]. Atgl0, characterized by a canonical E2 core
domain with an additional a helix and  sheet [90, 91], binds to the NTD of Atg7 (Figure 6A). The
Atgl2~Atgl0 thioester intermediate forms in frans on the Atg7 dimer [88, 89]. The C-terminus of
Atgl2 is then covalently linked to a lysine residue of Atg5, a protein composed of two ULDs and a
helix-rich domain [92-94]. Finally, Atg5 is stably bound to Atgl6 (light purple), which contains an
Atg5-binding region and a parallel CC domain (Figure 6A) [94-96]. The PROPPIN family protein
Atg21 plays a role in regulating the E3 ligase complex by binding to the CC domain of Atgl6, which
facilitates the localization of the E3 to PI3P-rich autophagic membranes (Figure 6A, left bottom) [97-
99]. Human cells express ATG16L1 and ATG16L2 as homologs of Atgl6, with ATG16L1 being the
more studied [100]. Structurally, ATG16L1 contains an ATGS5-binding region, a parallel CC domain,
an IDR, and a WD40 repeat domain, although this last domain is not required for autophagy (Figure
6B) [101]. The ATG12-ATG5-ATG16L1 complex shows a preference for binding to highly curved
membranes via its N-terminal region [102, 103], and other regions within ATG16L1 also contribute to
membrane binding [102, 104]. Moreover, the interaction of WIPI2, a homolog of yeast Atgl8 and
Atg21, with multiple sites on the ATG16L1 CC domain is crucial for proper E3 ligase activity (Figure
6B) [105-109]. The lack of experimentally resolved atomic structures for these complete E3 complexes
and their interactions with PROPPINs underscores the utility of AlphaFold prediction. The autophagic
E3 enzyme possesses a distinct overall structure compared to canonical E3 enzymes, with the Atgl12—

Atg5 conjugate serving as the E3 component within the Atg8 lipidation system [110, 111].

The Atg8 lipidation system

The Atg8 lipidation system, shown with blue arrows in Figure 6A, involves a single protein, Atg8, in
yeast, but a family of six homologs—LC3A, LC3B, LC3C, GABARAP, GABALAPLI1, and
GABARAPL2—in humans (Figure 6A, cyan) [112]. Despite their individual roles in autophagy
regulation, with LC3B and GABARAP being extensively studied, these homologs share similar
structural features [112-115]. Atg8 itself is structurally defined by an N-terminal helical domain
(NHD) and a ULD [116]. Remarkably, Atg8-family interacting motifs (AIMs) and LC3-interacting

regions (LIRs), characterized by the consensus sequence (W/F/Y)xx(I/L/V) (where x can be any amino



acid), are prevalent in various proteins, including the core Atg machinery, and exhibit moderate
binding strengths (Figure 6A, bottom right) [112, 117-121].

Newly synthesized Atg8 must first be processed by the cysteine protease Atgd to expose its C-
terminal glycine residue [122]. Atg4 (yellow, Figure 6A) possesses a papain-like protease domain, a
short-fingers domain, and IDRs at both its N- and C-termini [123-125]. This processing involves
recognition of Atg8 by the short-fingers domain and an AIM motif in the C-terminal IDR of Atg4,
ensuring accurate cleavage [123, 126]. In humans, there are four ATG4 isoforms (ATG4A, ATG4B,
ATGA4C, and ATG4D) with unique substrate specificities and activities [127]. Similar to Atgl2, the
processed Atg8 is then adenylated in an ATP-dependent manner by the E1 enzyme Atg7, forming an
Atg8~Atg7 thioester intermediate (Figure 6A, center) [85-87]. However, unlike Atgl2, Atg8
subsequently forms a thioester intermediate with the E2 enzyme, Atg3 (light green), which contains
an N-terminal amphipathic helix (AH), a flexible region (FR), and a handle region (HR) in addition to
a canonical E2 core domain [128]. Atg3 interacts with the NTD of Atg7 via its E2 core domain and
FR, facilitating the formation of a thioester intermediate with Atg8 in a trans configuration on the Atg7
dimer [85, 86]. Subsequently, the FR of Atg3 engages with the Atgl2 moiety of the E3 enzyme,
inducing a conformational change in the catalytic site of Atg3, which facilitates the transfer of Atg8 to
phosphatidylethanolamine (PE) phospholipids [129-132]. Furthermore, the N-terminal AH within
Atg3 recognizes membrane packing defects, particularly those present in highly curved membranes,
thereby promoting the transfer of Atg8 to PE within the autophagic membranes (Figure 6A, light green
in the bottom) [133, 134]. The less bulky and hydrophobic nature of the human ATG3 AH allows for
a more refined interaction with autophagic membranes [135]. The E3-PROPPIN complex further
ensures correct localization and efficient Atg8—PE conjugation on autophagic membranes [99, 107,
109]. The resulting Atg8—PE conjugate exhibits membrane tethering, hemi- or full-fusion, and
membrane perturbation activities, all likely contributing to autophagosome biogenesis, although their
precise functions are still under investigation [83, 136-140].

Atg4 also functions to delipidate Atg8—PE by cleaving the amide bond linking Atg8 and the PE lipid,
releasing free Atg8 [80, 123]. This delipidation activity by Atg4 primarily occurs on inappropriate
membranes within the cell, allowing for the recycling of Atg8 for subsequent lipidation at the correct
autophagic membranes [141-143]. Furthermore, the Atgl kinase negatively regulates Atg8—PE levels
on the IM by phosphorylating the E2 and E3 enzymes involved in its formation, thereby suppressing
their activity [144]. Because the abundance of Atg8—PE is directly linked to autophagosome formation
[82], and the accumulation of excessive Atg8—PE on the IM hinders its expansion [145], the formation
of Atg8—PE is precisely controlled in both space and time through the coordinated actions of core Atg
proteins, utilizing their unique structural architectures to ensure proper autophagosome biogenesis.

In addition to its role in protein-phospholipid conjugation, the Atg8 lipidation system is critical for

the structural formation of a dynamic membrane scaffold (Figure 6C) [146-148]. Evidence from in



vitro reconstitution studies indicates that these enzymes associate with Atg8—PE through multiple
interactions involving their IDRs (Figure 6C), resulting in a flexible, meshwork-like scaffold on the
membrane. This scaffold’s ability to induce membrane remodeling is analogous to the observed
transition from sheet-like to cup-like IM structures during autophagosome formation. Therefore,
beyond their enzymatic functions, the E1, E2, and E3 enzymes of the Atg8 lipidation system utilize
their unique structural architectures to build an autophagic membrane scaffold with Atg8—PE,

effectively driving the membrane remodeling necessary for autophagosome formation.

Using AlphaFold in autophagy research

The majority of the information presented thus far has been derived from insights gained through
experimental structural analysis methodologies. AlphaFold possesses an astonishing capability: it can
predict the structures of all Atg proteins within a matter of hours, a process that has required over two
decades to elucidate experimentally. Beyond its speed, a significant advantage lies in its capacity to
predict the architectures of large or highly flexible proteins. For example, AlphaFold models of the
Atgl/ULK complex, which contains elongated CC domains and extensive IDRs, aid in clarifying their
overall shapes and offer insights into how these proteins organize higher-order scaffolding, a process
crucial for autophagosome assembly. Such rapid structure determination also facilitates the design of
targeted mutational studies aimed at validating predicted interaction interfaces, thereby accelerating
the generation of testable hypotheses. A further benefit of AlphaFold lies in its utility in illuminating
previously elusive protein-protein interactions. Within the ULK complex, AlphaFold predictions have
revealed the interaction between the IDR of ATG13 and the N-terminal domain of FIP200. Similar
advancements have been achieved in understanding the PI3KC3-C1 complex, particularly concerning
the binding of Atg38 to other subunits and to Atg29. AlphaFold also provides a valuable complement
to high-resolution techniques, including Cryo-EM. Although Cryo-EM has provided groundbreaking
insights into large complexes like the ATG2A—-WIPI4 complex, the dynamic nature of terminal regions
often limits their structural resolution. By synergistically combining experimental Cryo-EM data with
AlphaFold-generated models, researchers can gain a more complete picture of how ATG2A utilizes its
terminal regions to interact with the ER and IM during autophagosomal membrane expansion.
Importantly, computational structure prediction is also paving the way for new therapeutic strategies.
With autophagy dysregulation being implicated in a range of diseases, including neurodegeneration
and cancer, AlphaFold models offer a powerful platform for rational drug design, potentially enabling
the identification of small molecules or peptides that can selectively modulate autophagy. Therefore,
AlphaFold not only significantly accelerates fundamental discoveries in autophagy research but also

holds substantial promise for driving clinical applications.

Concluding remarks



The structural basis of autophagosome biogenesis has significantly advanced our knowledge of
autophagy. While X-ray crystallography, NMR spectroscopy, and Cryo-EM have provided valuable
atomic models for many Atg proteins and complexes, AlphaFold-based structure predictions are
rapidly yielding insights into complex multimeric assemblies and protein-protein interfaces that have
so far eluded experimental determination. Remarkably, predictions that are consistent with mutational
and biochemical findings can illuminate previously unrecognized interactions or direct targeted
experiments to confirm their functional importance. Despite the increasing clarity surrounding the
molecular mechanisms of autophagosome formation, significant questions remain, including the
precise mechanisms regulating lipid transfer and the interplay between phase-separated autophagy
complexes and membrane remodeling events. The continued synergistic integration of powerful
computational approaches like AlphaFold with biochemical and biophysical experiments promises to
significantly further our understanding of autophagy, leading to new discoveries in this dynamic and

crucial field.
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Figure legends
Figure 1. Summary of the core Atg proteins responsible for autophagosome formation.

Autophagosome formation in yeast is initiated by the Atgl complex (Atgl, Atgl3, Atgl7, Atg29,
Atg31), which organizes the PAS. The PAS then recruits the Atg9-containing vesicles, providing the
initial membrane source, and the PI3KC3-C1 complex (Atg6, Atgl4, Atg38, Vpsl5, Vps34), which
generates the signaling lipid PI3P on these vesicles. This PI3P then serves as a docking site for the
Atg2—-Atgl8 complex and Atg21. The Atg2—Atgl8 complex acts as a tether between the ER and the
nascent autophagic membranes, facilitating lipid transfer from the ER, a process aided by the lipid
scramblase activity of Atg9. Atg21 then recruits the Atgl2—Atg5—-Atgl6 complex, a product of
Atg7- and Atgl0-dependent conjugation. Finally, this complex, along with Atg4, Atg7, and Atg3,
mediates the reversible generation of Atg8—PE on autophagic membranes, leading to the formation
of the autophagic membrane scaffold on the IM and the progression of autophagosome formation.

The corresponding human Atg complexes are listed at the bottom.

Figure 2. Structural insights into the yeast autophagy initiation complex.

(A—C) AlphaFold-predicted structures of (A) Atgl3, (B) the Atgl-Atgl3 MIM complex, and (C) the
Atgl7-Atg29-Atg31-Atgl3 (17BR/17LR) complex, highlighting that Atg13 (17BR/17LR)
segments do not form intramolecular crosslinks within an Atgl7 dimer, as shown in (C).

(D) Regulation of Atgl complex formation through phosphorylation of Atgl3.

(E) Schematic representation illustrating how the IDRs of Atg13 (depicted as lines) bridge separate
Atgl7-Atg29-Atg31 dimers via the 17BR and 17LR segments to drive liquid-liquid phase
separation of the Atgl complex, leading to PAS recruitment of downstream Atg factors that directly
interact with the Atgl complex. The structures presented in this manuscript were generated using

AlphaFold3 predictions unless otherwise specified and visualized with ChimeraX [149].

Figure 3. Structural analysis of the human autophagy initiation complex.

(A-D) AlphaFold-predicted structures of (A) the ATG13—-ATG101 complex, (B) ULK1-ATG13
MIM, and (C) FIP200. The bottom panels in (A) provide a comparative view of the yeast Atgl3
HORMA domain (left) and the human ATG13 HORMA-ATG101 complex (right), highlighting
evolutionary conservation. Similarly, the bottom panels in (B) compare the yeast Atgl tMIT—Atg13
MIM interaction (left) with the corresponding human ULK1 tMIT-ATG13 MIM interaction (right).
Given the predicted high structural similarity to ULK1, the ULK2 structure is not presented. (D)
Schematic representation of the mammalian ULK1 complex assembly, informed by AlphaFold
predictions. The structural model of the FIP200 NTD in complex with the ATG13 IDR and ULK 1
tMIT was generated using AlphaFold2 predictions. IDRs are represented as lines. For clarity, the CC
and Claw domains of FIP200 have been omitted.



Figure 4. Structural insights into the PI3KC3-C1 complex.

(A,B) AlphaFold-predicted structures of the PI3KC3-C1 complex, illustrating the distinct subunit
compositions in (A) yeast (Atg6, Atgl4, VpslS5, Vps34, Atg38) and (B) humans (BECN1 [Beclin 1],
ATG14, VPS15, VPS34, NRBF2). The BARA and BATS domains are crucial for the interaction of
both complexes with autophagic membranes. A key difference lies in the role of the MIT domains:
in yeast, the two MIT domains from an Atg38 homodimer bind to separate subcomplexes (Vps15—
Vps34 and Atg6—Atgl4) to stabilize PI3KC3-C1, whereas in humans, the two MIT domains from an
NRBF2 homodimer bind to two VPS15 molecules, promoting dimerization of the entire complex.
An alternative model suggests a regulatory role for the NRBF2 MIT domain, involving weak
binding to another site within the same PI3KC3-Cl1 to potentially activate its kinase activity. The
product of the kinase activity of VPS34, PI3P (represented with a circled P), serves as a key
recruitment signal for PROPPIN proteins (Atgl8 and Atg21 in yeast, and WIPIs in humans).

Figure S. The lipid supply system in autophagy.

(A) AlphaFold-predicted structures of the lipid scramblase Atg9 (yeast) and its human counterpart
ATGYA (IDRs shown as lines). Both proteins are localized to small cytoplasmic vesicles and exhibit
lipid scramblase activity. A key difference lies in their interaction partners: the IDRs of yeast Atg9
interact with Atg6 and Atgl3, while the IDRs of human ATG9A interact with the ATG13-ATG101
complex.

(B) AlphaFold-predicted structures of the lipid transfer complexes Atg2—Atgl8 (yeast) and ATG2A—
WIPI4 (human). The Chorein_N domain mediates binding to the ER in both systems, while Atg18
(yeast) and WIPI4 (human) bind PI3P enriched at the IM, thus connecting the ER to the IM. Both
Atg2 and ATG2A facilitate direct lipid transfer from the ER to the IM via elongated hydrophobic

channels, crucial for IM expansion.

Figure 6. The Atg12—AtgS conjugation and Atg8 lipidation systems.

(A) An overview of the Atgl2—Atg5 conjugation and Atg8 lipidation systems, informed by
AlphaFold-predicted structures. In humans, the LC3 and GABARAP families are the functional
equivalents of yeast Atg8. The pathways for the Atgl2—Atg5 conjugation and Atg8 lipidation are
depicted by purple and blue arrows, respectively. The PROPPIN family member Atg21, by
interacting with both the E3 ligase and PI3P on autophagic membranes, defines the site of Atg8—PE
production. The AH of Atg3 interacts with autophagic membranes, facilitating the transfer of Atg8
from Atg3 to PE. Once formed on autophagic membranes, Atg8—PE interacts with various proteins,
including Atgl, Atg3, Atg4, and Atg7, through their AIM/LIR motifs.

(B) AlphaFold-predicted structure of the human E3 ligase complex ATG12-ATG5-ATG16L1-



WIPI2. Both Atg21 and WIPI2, belonging to the PROPPIN family, bind PI3P on autophagic
membranes, a crucial step for proper localization of the conjugation machinery.
(C) Summary of the interactions between the components of the Atg8 conjugation machinery that

are essential for building the autophagic membrane scaffold.
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