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Vesicular trafficking and autophagosome formation

A Longatti' and SA Tooze*'

The source of the autophagosome membrane, and the formation of the autophagosome remain the most important questions for
understanding autophagy. Fundamentally, the process of autophagosome formation is similar between yeast and mammalian
cells and many of the proteins involved (called the autophagy-related (Atg) proteins) are known, having been first discovered in
yeast. However, both in yeast and mammalian cells, the molecular details are missing to explain how the double-membrane
autophagosome is formed. Important advances in our understanding of the formation process have recently been obtained, and
here, we review and interpret these data in the context of well-known paradigms of membrane trafficking to develop some

hypothetical models for how an autophagosome forms in mammalian cells.
Cell Death and Differentiation (2009) 16, 956-965; doi:10.1038/cdd.2009.39; published online 17 April 2009

In mammalian cells, autophagy is an inducible cell survival
pathway that relies on the lysosomal degradation pathway for
its execution (Figure 1). Autophagosomes sequester cytosolic
components constitutively, or during the times of nutrient
deprivation or stress, and fuse with the endosomal and
lysosomal system to acquire degradative enzymes to digest
the sequestered material." In mammalian cells, autophagy
is initiated by the formation or elongation of the isolation
membrane (IM), also called a phagophore. In yeast, the IM
arises from the yeast pre-autophagosomal structure (PAS),?
the PAS is defined as the initial site of autophagy-related (Atg)
protein recruitment. In mammalian cells, so far there is no
evidence for a PAS, and so the mammalian IM could either
be derived from the equivalent of the yeast PAS, or be, in fact,
the PAS itself. One of the major differences between
yeast and mammalian autophagy seems to be that, in yeast,
all autophagosomes apparently arise from a single PAS,
whereas in mammalian cells, it appears that they can be
generated anywhere in the cytoplasm. The IM is induced to
grow and expand into a double-membrane vesicle (Figure 1).
Expansion of the IM requires a unique set of proteins and is
followed by the closure of the double membrane forming a
spherical immature autophagosome. The full molecular
details of how the IM expands and closes remain to be
understood. Autophagy is completed by fusion of autophagic
vacuole (AV)i (immature autophagosomes) with endosomes
and lysosomes, forming an AVd (degradative autophago-
some) or autolysosome, followed by consumption of the
content, and release of amino acids and other building blocks
into the cytosol.

Much of the molecular details about the autophagosome
formation were originally obtained in the yeast. Among the
31 Atg proteins in yeast, 18 have been shown to be involved
in autophagosome formation (Atg1-10, Atg12-14, Atg16-18,
Atg29, and Atg31).%* Most, if not all, of these proteins are
recruited to the PAS, on which some remain throughout the
autophagosome maturation and can be used as markers, in
particular, Atg8 (or microtubule-associated protein light chain
3 (LC3) in mammals). Genetic and biochemical studies have
elucidated many of the interactions between these proteins as
well as the sequence of their action, allowing a hierarchy to be
established. However, this hierarchy reveals a complex inter-
relationship of the Atg proteins and the molecular events they
mediate, which do not occur in a linear sequence. All the data
to date suggest that the hierarchy in yeast and mammalian
cells are identical or very similar. Owing to this complex
hierarchy, the most ‘upstream’ event, the initiating event in
autophagosome formation, has been so far impossible to
identify. The identification of this initiating event combined
with an increased understanding of what the IM/PAS is, the
sequence of recruitment of Atg proteins to IMs, and the source
of components allowing expansion could finally define the
mysterious membrane source of the autophagosome.

Molecular Machinery Required for Induction of
Autophagy

Recent data have dramatically expanded our knowledge
of how the Atg proteins function to expand the IM into an
autophagosome. This has mostly come about through work
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Scheme of macroautophagy pathway in mammalian cells. Autophagy is initiated during an induction phase on IMs/PAS (isolation membranes/pre-

autophagosomal structures) that serves both as a signalling platform and a membrane source/acceptor compartment (see Figure 2 for IM-associated molecules). The source
of the IM is unknown. During the expansion phase, the IM grows sequestering cytosolic components (for simplicity the sequestered cytosolic components are not illustrated).
The possible mechanisms for expansion of the double-membrane IM are addressed in Figure 4. After closure of the expanded IM, the immature autophagosome (AVi) fuses
with the endosomal compartments (E) and lysosomes (LY), becoming a degradative autophagosome AVd. Degradation of the sequestered cytosolic components occurs in the
AVd as it matures into an autolysosome. At the final stage, the AVd is shown in cross-section to aid visualization of the membrane fusion event(s)
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Figure 2 Proteins localized to the isolation membrane (IM). Proteins required
for the expansion of the IM are shown on the membrane by their mode of
association (if known). For example, the PI3K complex | associates with the
membrane through p150, which has an N-terminal myristoylation acceptor
sequence,”® LC3 is bound through PE, and mAtg9 has six transmembrane
domains. It is not known how ULK1 or the Atg16L complexes are associated with
the membrane. 1, ULK1; 5, Atg5; 12, Atg12; 13, Atg13; 16L, Atg16L; 200, FIP200;
34, Vps 34; 14, Atg14; bent, Beclini

on (1) the two ubiquitin-related pathways (the Atg5-12 and
Atg8-PE (Atg8-phosphatidylethanolamine) conjugation sys-
tems); (2) the regulation of the class Ill phosphatidylinositol-
3-phosphate (PI3P) kinase complex | (PI3K complex 1), which
forms PI3P, an essential phospholipid for IM expansion, and
its interactors; (3) the transmembrane protein, mammalian
Atg (mAtg)9; and (4) the Atg1 kinase homologues, unc-51-like
kinase (ULK)1 and ULK2. As in yeast, these are all present on
the IM (Figure 2). We will briefly review advances in the field
with emphasis on how our knowledge about these molecules

has increased our understanding of the formation and
expansion process.

Ubiquitin-like conjugation pathways. In the first ubiquitin-
related system, Atg12 is conjugated to Atg5 by the combined
action of Atg7 and Atg10 (E1 and E2-like enzymes, respec-
tively). The Atg5-12 conjugate, the formation of which is
essentially constitutive, associates with Atg16L, and this
trimeric complex homodimerizes to form a multimeric
800kDa complex called the Atg16L complex.® The second
ubiquitin-related system leads to the conjugation of LC3
(the homologue of Atg8 in yeast) to the lipid PE by Atg7 and
Atg3, the latter of which acts as an E2-like enzyme in this
conjugation reaction. The lipidated form of LC3 is referred to
as LC3-lIl and localizes to autophagosomal membranes,
whereas the unlipidated, cytosolic form is called LC3-l.
Importantly, recent data suggests that the Atg16L complex
associates with the IM by an unknown mode of recognition,
possibly involving Rab33b (see below), and here it can act as
a novel E3-like enzyme allowing the recruitment of the Atg3
(E2)-LC3 intermediate to the substrate PE in the membrane,
thus determining the site of LC3 lipidation.®”

Elongation of the IM requires the Atg16L complex® and
LC3-1I/Atg8-PE. The properties of the Atg16L complex
suggest that it may provide a way to determine where the
autophagosome membrane expansion starts. Atg8-PE has
fusogenic properties,® which could catalyse the elongation
process. Recently, it was shown that ectopic localization of
Atg16L to the plasma membrane promoted recruitment of
LC3-1l to this site: Atg16L was targeted to the plasma
membrane by the addition of a C-terminal prenylation motif
(CAAX) derived from K-Ras.® The Atg16L-CAAX fusion
protein, through Atg12, recruited GFP-LC3 to the plasma
membrane, where it was lipidated by the Atg3-catalysed
transfer to PE. Interestingly, GFP-LCS3 lipidation was starva-
tion-independent and insensitive to wortmannin, which
inhibits the PI3K complex I, suggesting that the main output
of PI3P formation is the localization of the Atg16L complex to
the PI3P-rich IM. In addition, the expression of the Atg16L-

957

Cell Death and Differentiation



&

Vesicular trafficking and autophagosome formation
A Longatti and SA Tooze

958

CAAX-containing complex inhibited the starvation-induced
formation of LC3-positive autophagosomes in the cytosol,
presumably by competition for the endogenous pools of Atg4,
Atg7, and Atg3.

The lipidation of LC3 (and its paralogues GATE-16,
GABARAP, and Atg8L) requires prior cleavage by Atg4, a
cysteine protease. Importantly, Atg4 can also act on LC3-Il to
release LC3 from PE, and therefore from the autophagosomal
membrane. The removal of LC3-1I from the autophagosome
is required for its subsequent fusion with the endosome/
lysosome.’® There are four members of the Atg4 family,
Atg4a—d, also called the autophagins1—4,"" and among these
Atg4b seems to have the broadest specificity.'2~'*

The Atg4b-dependent cleavage of LC3 requires the
catalytic residue, Cys74, and mutation of this residue has
been shown to inhibit the cleavage of LC3-Il and GABARAP-II
in vitro and in vivo in cell culture model systems. Over-
expression of Atg4b was also found to inhibit the lipidation of
LC3, and the formation of GFP-LC3-positive autophago-
somes."'® The expression of the catalytically inactive mutant,
Atg4b-C47A, however, provided a more interesting pheno-
type. Although there was no effect on the Atg16L complex
formation or its recruitment to autophagosomes, the lifetime
of the Atg5-12 conjugate on membranes increased from
5min to 20 min in cells overexpressing Atg4b-C47A. In these
overexpressing cells, autophagosomes were readily detected
and a larger percentage of open IMs were found. Although the
length of the IMs was not altered after Atg4b-C74A expres-
sion, the closed autophagosomes were smaller than those
seen in control cells. mAtg9 localization was not affected and
ULK1 colocalization with Atg5 was also not perturbed.'® Note,
ULK1 is also recruited to Atg5-positive autophagosomes
formed in cells expressing conjugation-defective Atg5-K130R
mutant, which has mini-IMs.®

Lastly, in mouse embryonic fibroblasts (MEFs) isolated
from Atg3~~ mice several important observations were
made about the inter-relationship between the Atg5-12 and
LC3/Atg8 conjugation systems, and the role of these systems
in autophagy. In the Atg3~'~ MEFs, there was a reduced
conjugation of Atg12 to Atg5, and no LC3-1l, GABARAP-II, or
GATE16-ll could be detected. However, under starvation
conditions, autophagosomes were detected by EM analysis,
but they were smaller than in wild-type (wt) cells. Atg5
and Atg16L were recruited to and remained longer on IMs
compared with IMs in wt MEFs. Interestingly, in Ath”’ cells,
IMs were reported to be abnormally shaped, curling around
multiple sections of cytosol, and appeared either open ended
or multi-lamellar.'®

These data provide evidence that the elongation and
closure of the IM is controlled by the Atg16L complex and by
the LC3-lipidation system. The intimate inter-relationship
between these two systems is essential for the formation
of properly shaped and sealed autophagosomes. Interest-
ingly, alteration of either complex results in the formation
of visibly aberrant IMs, and, in all cases, the formation of
these IMs remains sensitive to wortmannin. Two conclu-
sions can be drawn from these experiments, first, LC3 is
required for closure of the IM, and second the expansion
of the IM is dependent on PI3P production at the site of
recruitment.
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Although the production of LC3-11 is required for autophagy,
and LC3-Il is a bona fide marker for autophagosomes, recent
reports have shown that the reverse is not the case. LC3-I
can form and accumulate in the absence of autophagosomes,
and in some cases, LC3-II levels were found to be insensitive
to inhibitors of lysosomal enzymes in ‘autophagic-flux’
assays.'”2° In another example, phagocytosis involving
activation of the Toll-like receptor signalling cascade resulted
in the recruitment of LC3-II to the phagosome, in an Atg5, Atg7
and Beclin1-dependent reaction.?" The recruitment of LC3-II
to the membrane did not result in the formation of
double-membrane autophagosomes, but rather resulted in
an enhanced fusion of the phagosomes with late endosomes.
This observation suggests that the conjugation of LC3 to PE
can occur on membranes that are either unrelated to IMs or to
autophagosomal membranes, or on membranes that may be
defective IMs unable to recruit the remaining machinery to
make autophagosomes. The lack of LC3-1I turnover in these
cases also suggests that the Atg4db machinery is prevented
from acting on LC3-1l on these membranes, and/or that there
is no fusion of the membranes with endosomes or lysosomes.

PIBK complex | and PI3P-effectors. In yeast, production
of PI3P by the class Il PI3-k complex | (consisting of
Vps34, Vps15, Vps30/Atg6, Atgl14) is essential for auto-
phagy. Complex Il (consisting of Vps34, Vps15, Vps30/Atg6,
Vps38) produces the same lipid species, but has been shown
to be required for the endosomal vacuolar protein sorting
(Vps)-pathway. The mammalian homologues of Vps34 and
Vps15, the shared lipid kinase and regulatory subunits, are
called Vps34, and p150, respectively. Beclin1, the mam-
malian homologue of Vps30, has been the cornerstone for
the advances in our understanding of the PI3K complex | in
autophagy, and has been shown to be regulated by
interaction with Bcl2,22 and JNK1.23 Importantly, however,
the orthologues of Atg14 and Vps38 have only been identi-
fied recently to be Atg14/Barkor and ultraviolet irradiation
resistant-associated gene (UVRAG), respectively.2+28
UVRAG, the homologue of Vps38, has a role in endocy-
tosis?” and autophagy.2® Recent data suggest that its role in
both pathways may be mediated by interaction with the class
C Vps complex, providing a means to coordinate the two
pathways to achieve a maximal autophagic response.?’ In
contrast, Itakura et al.2* did not detect a role for UVRAG in
autophagy and further work is required to clarify this issue.
Interestingly, UVRAG was shown to interact with
Bax-interacting factor 1 (BIF-1), also known as endophilin
B1.28 BIF-1 was shown to be required for autophagy and was
found on the surface of autophagosomes, colocalized with
GFP-Atg5 and GFP-LC3. This exciting result suggests that
recruitment of BIF-1 through UVRAG provides machinery to
deform membranes, as BIF-1 has a N-BAR domain. BAR
domains are modular protein domains, which bind mem-
branes and cause them to undergo curvature.?® Interestingly,
BIF-1 is also required for COPI vesicle budding through
interaction with ARF-GAP, the GTPase activating protein for
the small GTPase, ARF, thus providing additional support for
its role in membrane deformation. Finally, BIF-1 was
proposed to interact with mAtg9,%° a multi-spanning trans-
membrane Atg protein, which cycles between the



trans-Golgi network (TGN) and endosomes, and is present on
autophagosomes after starvation.®'

The mammalian homologue of Atg14,>* also called
Barkor,2® plays a key role in the function of the mammalian
PI3BK complex. The presence of either Atg14/Barkor or
UVRAG seems to be mutually exclusive. Thus, it seems that
the two PI3K complexes found in mammalian cells are
analogous to the yeast PI3K complexes | and Il. Atg14/
Barkor, which, interestingly, is only found on autophagosome
membranes after starvation, can localize to membranes
independent of Vps34 and Beclin1. In addition, the levels of
Atg14 influence the stability of both Beclin1 and Vps34.2*
Thus, understanding how Atg14 is localized to the IMs may be
the key for understanding the dynamics of PI3P production at
the IMs. Another important question is whether, like UVRAG,
Atg14 can recruit a BIF-1-like protein, and whether mAtg9
cycling from the TGN to endosomes and autophagosomes
influences Atg14 recruitment.

In the autophagy pathway, PI3P produced by PI3K
complex | is thought to be present on the IM as well as on
elongating autophagosomes. Interestingly, in yeast, PI3P is
preferentially localized to the inner autophagosomal mem-
brane,?%% where it recruits Atg18 along with Atg2.3* This
recent data raises questions about where the PI3K complex |
is localized on the autophagosomal membrane, and whether it
produces the lipid only on the inner membrane, or all over the
autophagosome, followed by segregation to the inner
membrane. A localized production would obviate the need
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for redistribution, but require targeting of PI3K to the inner
membrane. Atg18 associates with PI3P directly, whereas it
has been proposed that Atg2 may associate with an unknown
component on the IM.%2 This unknown component may
provide a clue as to how the distinct populations of PI3P are
generated and recognized specifically by the autophagy
machinery, and address the mystery of how and why a
specific population of PI3P can recruit unique downstream
effectors to catalyse autophagy.

So far, in yeast, the main direct effector of autophagosomal
PI3P is the Atg18-Atg2 complex. In mammalian cells, the
orthologue of Atg18 was identified to be WD-repeat protein
interacting with phosphoinositides (WIPI)-49,%® also called
WIPI-1, which is a member of a family of four proteins called
WIPI-1-4.% Overexpressed WIPI-1 is localized to Rab5 and
Rab9-positive membranes,3® and is recruited to GFP-LC3-
positive autophagosomes.®® Two Atg2 homologues exist in
mammalian cells, which have not yet been studied, but which
are predicted to contain an N-terminal Vps13-like domain.
Interestingly, although the function of this short domain is not
known, Vps13 functions in the endosome to Golgi transport in
yeast. Further work is required on the WIPI family and mAtg2
to uncover their role in PI3P-dependent autophagosome
formation.

Lastly, another PI3P effector has been identified called
DFCP1 (double FYVE domain-containing protein 1) that
localizes to endoplasmic reticulum (ER), ER-Golgi intermedi-
ate compartment (ERGIC) and Golgi membranes (Figure 3).
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Intracellular localization of membrane-associated molecules involved in the formation and expansion of the isolation membrane. IM/PAS and autophagosomes

are found distributed in the cytosol of mammalian cells, although there is some evidence that the maturing AVis are actively translocated to the perinuclear region. Shown is the
subcellular localization of membrane proteins that are required for autophagy. Also included is TP53INP2, which associates with VMP. In many cases, the induction of
autophagy causes a translocation of proteins to the IM or autophagosome from either the cytosol (LC3 and Rab proteins) or their steady-state location (mAtg9). Rab5, 7, 11,
and 33 are efficiently geranylgeranylated, whereas Rab24 is inefficiently modified. %> DFCP1 is thought to remain associated with the endoplasmic reticulum (ER) by binding to
PI3P on the ER, and transiently interacting with the IM. For simplicity, the Atg proteins, except for Atg9, are not shown. TP53INP2, tumour protein 53-induced nuclear protein 2;
VMP, vacuolar membrane protein; ERGIC; ER-Golgi intermediate compartment; TGN, trans-Golgi network; EE; early endosome, LE; late endosome, MVB; multi-vesicular

body, LY; lysosome
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After amino acid starvation, DFCP1 translocates to a punctate
compartment, which has been suggested to be a platform
for the expansion of IMs and recruitment of Atg proteins,
in particular, LC3 and Atg5.%” It remains to be determined
what role this protein has in autophagosome formation, and
whether this represents a specialized form of autophagy or
whether DFCP1 is essential in all autophagic processes.

ULK1 and ULK2. In yeast, the serine/threonine kinase Atg1
is known to be a key effector for the induction of autophagy,
acting downstream of the target of rapamycin (TOR) protein.
Atg1 functions as part of a large complex with other
Atg proteins, including Atg13 and Atg17. Recent studies
have shown that the mAtg1 homologues, ULK1 and 2,
have regulatory roles in autophagy and also have identified
ULK1/2-interacting proteins.'®383° Despite the high similarity
between ULK1 and ULK2 (52% overall identity) they seem
to have different roles, in particular, with regard to mAtg9
trafficking.®! In addition, siRNA knockdown of ULK1 inhibits
autophagy in HEK293A and Hela cells, whereas ULK2
depletion does not.*° The basis for these differences is not
known. However, recent experiments have identified three
new interacting proteins, which bind both ULK1 and ULK2:
the novel mammalian Atg13 homologue (KIAA0652), focal
adhesion kinase family interacting protein of 200kD
(FIP200), and Atg101 (see for review Chan and Tooze*?).

Yeast Atg13 is a phosphoprotein that, after inactivation
of TOR, is dephosphorylated, binds Atg1, and together
with Atg17 regulates its activity to promote autophagy. The
mAtg13 has recently been identified and was shown to be
required for autophagy.®®4'=** It binds ULK1 and ULK2 at the
C-terminal domain (CTD) independent of its phosphorylation
state; however, mAtg13 was shown to be a substrate for ULK1
and ULK2.38413 |nterestingly, ULK1/2 and mAtg13 form a
tight association with membranes and exhibit a partial
colocalization.®®

The FIP200 also interacts with ULK1 and ULK2,"® and may
be the mammalian equivalent of Atg17.%5 FIP200 is required
for autophagy, and colocalizes with ULK1/2 and Atg16L on
IMs. FIP200 also interacts with ULK1/2 in the CTD, and is
required for the recruitment of ULK1/2 to IMs. In addition, it
has been shown that ULK1-Atg13-FIP200 are present in a
large complex that, in nutrient-rich conditions, contains
mTOR.*? Atg101, identified through its homology to a Atg1-
binding protein in Drosophila, was shown to interact with
the ULK1-Atg13-FIP200 complex in an Atg13 dependent
manner.**

The identification and characterization of potential ULK1/2
effectors will allow a better understanding of the function of
these kinases in autophagosome formation. The two most
promising avenues would be a further understanding of the
membrane association of ULK1/2, mAtg13, and mTOR, how
and where the kinases are activated, and how their activity
regulates the initiation of autophagy and expansion of the IM.

Transmembrane proteins. Two transmembrane proteins
have so far been found to be involved in mammalian
autophagy. One is the homologue of yeast Atg9,*® called
mAtg9,%! or Atg9L1,*” and the other is vacuolar membrane
protein 1 (VMP1).“® Although absent in yeast, there is a
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VMP1 homologue in Dictyostelium discoideum, which functions
in organelle biogenesis, the secretory pathway, multicellular
development and, potentially, in autophagy.*® These proteins
localize to different compartments in the cell, yet both contri-
bute to the formation of autophagosomes (see Figure 3).

mAtg9 has six transmembrane domains with both the N and
C-termini in the cytosol. Although its function is not yet known,
mAtg9 cycles between the TGN and late endosomes in
an ULK1-dependent manner, and relocates to a peripheral
pool upon starvation or rapamycin treatment. This peripheral
pool was shown to overlap with both GFP-LC3-positive,
Rab7-negative and GFP-LC3-positive, Rab7-positive auto-
phagosomes, representing AVis and AVds, respectively.
siRNA-mediated knock down of mAtg9 resulted in an
impairment of autophagy.®' From the existing data in yeast,
mAtg9 has been proposed to deliver lipids to the forming
autophagosome,® an attractive hypothesis that remains to
be tested experimentally in mammalian cells.

VMP1 is predicted to be a multi-spanning transmembrane
protein, but unlike mAtg9, it localizes predominantly to the ER.
The topology of VMP1 remains to be determined, however,
the C-terminus contains a domain that interacts with Beclin1,
suggesting that this domain is cytosolic. It was found that both
VMP1 mRNA and protein levels increase after starvation.
VMP1 has been shown to colocalize with LC3 and Beclin1
on autophagosome membranes.®' Overexpression of VMP1
induces autophagosomes even under nutrient-rich conditions
and this seems to be dependent on its direct binding to
Beclin1. Importantly, depletion of VMP1 by RNAi inhibits auto-
phagosome formation after starvation or rapamycin treat-
ment. These findings suggest a role for VMP1 in recruitment
of Beclin1 along with the other components of the PI3K
complex | to the IM, which leads to the recruitment of further
Atg-proteins.

Recently, a novel VMP1-interacting protein, called tumour
protein 53-induced nuclear protein 2 (TP53INP2), has been
identified and was discovered to be essential for autophagy. 2
Interestingly, TP53INP2 translocates from the nucleus to
autophagosomes upon induction of autophagy, where it binds
to LC3 and other LC3-family members (Gate-16, GABARAP),
as well as VMP1. Therefore, TP53INP2 was proposed to act
as a scaffold protein to recruit other Atg proteins to the IM.
TP53INP2 is absent in ancient eukaryotes and it is tempting to
speculate that it has evolved later to regulate the more diverse
functions of autophagy in multicellular organisms.

It remains to be determined what the function of mAtg9 or
VMP1 is; do they function as lipid carriers or provide platforms
for recruitment of Atg-proteins and/or other effectors to the
IM? Further study of these proteins and their binding partners
should give us valuable information about autophagosome
formation.

Membrane Trafficking Proteins Required for
Autophagosome Formation

We propose four potential models to illustrate how an IM and
autophagosome may form (see Figure 4). In developing each
model, we have identified a set of common requirements,
some of which are Atg proteins, and some based on data
from other membrane trafficking and membrane biogenesis
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Figure 4 Four models for isolation membrane (IM) expansion. The mechanisms driving the growth and expansion of the IM are not well-understood. There are many
potential scenarios by which the IM can expand, and as discussed in the text, we propose four possible alternative models. Model 1 is based on a de novo delivery of lipids by
either lipid transfer proteins (light blue) to sealed bilayers (left side) or to open bilayers stabilized by a putative capping protein (purple). Models 2 and 3 both use conventional
trafficking pathways through heterotypic fusion of vesicles (Model 2) or homotypic fusion (Model 3) of individual IMs. In Models 2 and 3, it is assumed that the IM is a pre-
existing, and perhaps stable vesicle or double-membrane structure. Model 4 proposes that the IM is derived and expands from a compartment, such as the endoplasmic
reticulum. Segregation of membrane proteins and lipids into the elongating tip, and retention of resident proteins and lipids would generate a unique membrane domain. This
unique domain could either bend and enclose cytosol, while still attached to the donor organelle, and then pinch off, or first pinch off as a large sheet, and then undergo

curvature and closure

pathways. For brevity, we have not included a comprehensive
assessment of the role of the cytoskeleton in autophagosome
formation. After a discussion below of the common require-
ments, we will discuss these models and hypothesize on the
specific cellular machinery that would be required for each
model.

Curvature machinery. Regardless of the mechanism by
which autophagosomes are assembled, a principal require-
ment is a membrane deforming and/or lipid organizing
machinery to induce membrane curvature. The best charac-
terized curvature-generating machineries are coat protein
complexes (clathrin, COPI, and COPIl), and proteins or
protein complexes capable of bending membranes, for
instance ENTH and BAR domain-containing proteins.® So
far, there are two main candidates known to be required for
autophagy, which may drive IM curvature.

All Atg proteins, apart from LC3/Atg8, exhibit some
preference for localization to the external surface of the

nascent autophagosome.8 The Atg16L complex, in particular,
has been proposed to act as a proteinaceous coat.>®
Importantly, the complex dissociates from the membrane
during the formation process, which is a common feature of
other coat machinery. BIF-1 is a second possible candidate to
fulfil this function, as it has a BAR and an SH3 domain, both of
which are required to induce autophagosome formation
through activation of the class Il PI3K complex.?® Interest-
ingly, at least in yeast, PI3P seems to be localized primarily to
the inner autophagosome bilayer.32 Atg16L, BIF-1, or both
together, combined with a differential distribution of lipid,
could generate a lipid and protein asymmetry that could
be responsible for driving membrane curvature intrinsically, or
through the recruitment of additional proteins.

Expansion, closure, and fusion machinery. Another
common requirement in all four models is for the machinery
to expand and then close the nascent autophagosomes,
allowing subsequent fusion with early and late endosomes,
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lysosomes and multi-vesicular bodies (MVBs). Expansion
and closure are sequential steps that are likely to be linked
either through utilization of the same machinery or through
interacting machinery. Although still one of the big questions,
recent data provides some suggestion on how expansion of
the IM may occur, and also begins to address how the
closure of the IM occurs.

Microtubule-associated protein light chain 3. As discussed
above, LC3 might be directly responsible for autophagosome
closure,® possibly through its intrinsic hemifusion activity
first shown in vitro.° In yeast, Atg8 has been shown to be
responsible for PAS expansion, and the amount of Atg8
present directly determined the size of the completed auto-
phagosome.54 In contrast, in mammalian cells, IM expansion
did not seem to be affected by LC3-Il inactivation and further
work is required to reconcile these differences.

ESCRT complex machinery. Several subunits of the endo-
somal sorting complex required for transport (ESCRT) are
essential for autophagy. Deletion of vps28 (ESCRT-I), vps25
(ESCRT-Il), vps32 (ESCRT-Ill), or vps4 (AAA-ATPase)
results in accumulation of non-degradative autophago-
somes in flies.?® Likewise, loss of mSnf7-2 or overexpres-
sion of CHMP2B'™""S (hoth subunits of ESCRT-III) in cortical
neurons of mice led to a similar phenotype,® showing that a
functional pool of MVBs is essential for autophagosome
maturation by providing target organelles for fusion. Although
the data suggests that loss of ESCRT function was a result
of a fusion defect, it cannot be entirely excluded that there
was also a closure defect, and expanded, but not closed, IMs
accumulated. As the membrane topology of a closing auto-
phagosome is similar to the inward budding vesicle on a late
endosome (see Figure 4), we speculate that components of
the ESCRT complex itself may be responsible for the final
closure of autophagosomes. However, it has been shown
that the deletion of ESCRT proteins in yeast does not seem
to affect autophagy,®”-%® thus this hypothesis remains entirely
speculative.

Rabs and SNAREs. The final two classes of common
machinery are the Rab and soluble N-ethylmaleimide-
sensitive factor attachment protein receptors (SNARE)
proteins.>® Both Rabs and SNAREs act in most, if not all,
membrane trafficking pathways. Rab proteins are small
molecular weight GTP-binding proteins, which act as mole-
cular switches, mediating transport and fusion of vesicles.
Relevant to this discussion are the data, which suggests that
Rab proteins are crucial for developing subdomains on
membranes to facilitate maturation; for example, during early
to late endosome maturation, Rab5-positive domains give
way to Rab7-positive domains.

Regarding autophagosome formation, the early endosomal
protein Rab5 has been shown to act at early formation stages
through Vps34, and regulates the conjugation of Atg12 to
Atg5, possibly by promoting the recruitment of Atg12 or the
conjugation machinery to the PI3P and Atg5-positive IM.%°

The late endosomal Rab7 has been shown to be involved in
late stages of autophagosome maturation, presumably by
facilitating fusion of autophagosomes with late endosomes
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and lysosomes (Figure 3). Likewise, Rab11, which is present
on MVBs in K562 cells may promote fusion of autophago-
somes with MVBs.®' Rab24 was initially shown to partially
associate with GFP-LC3-positive autophagosomes.®? Rab24
is usually localized to the ER, cis-Golgi, and ERGIC, but
relocalizes to punctate structures after induction of autophagy
through starvation or vinblastine treatment. However, it
seems to be recruited mainly to fully formed degradative
autophagosomes or autolysosomes, indicating that it is not
involved in vesicular extension of the IM and its exact function
remains to be elucidated.

Recent evidence suggest that Rab33 might play an
important role in the targeting and recruitment of Atg16L to
the IM.% It was shown that the Golgi residents (Rab33a and
Rab33b) bind directly to Atg16L in a GTP-dependent manner
and overexpression of GFP-Rab33b causes Atg16L recruit-
ment to the Golgi. A constitutively active mutant of Rab33b
(Rab33b-Q92L) significantly increased LC3-Il levels regard-
less of the nutrient state, but did not lead to formation of LC3-
positive puncta, normally found under starvation conditions.
This indicates that the Atg16L complex was recruited and
functional, but additional factors needed for autophagosome
expansion were lacking, and therefore, no large LC3 puncta
could be observed. In fact, overexpression of Rab33b-Q92L
in full medium led to an accumulation of the autophagy
substrate, p62/SQSTM1, suggesting an inhibition of constitu-
tive, basal autophagy. However, after starvation, p62 was
efficiently degraded indicating that perhaps when enough
additional autophagy-factors were activated, the process
could continue. Alternatively, the pathway for constitutive
autophagy could be different from the inducible autophagy
pathway, and a different set of proteins could be involved
in autophagosome formation in each case.

Finally, many vesicular fusion steps in the cell are catalysed
by the SNARE protein family. SNARE proteins drive
membrane fusion through the formation of a four-member
alpha helix bundle (the SNARE complex), comprised of
cognate target and vesicle SNAREs (called t and vSNAREs,
respectively) on opposing membranes, which is regulated by
N-ethylmaleimide-sensitive factor (NSF). Both the distribution
of each of the four SNAREs comprising the complex, and
complex formation is a characteristic of each membrane
compartment. In Saccharomyces cerevisiae, it has been
shown that Sec18 (NSF) and Vti1 (a SNARE) are required for
fusion of the AV to the vacuole;®* however, no tSNARES could
be detected on the PAS, suggesting that Rabs, NSF, or
SNARESs are not involved in AV biogenesis.®® Although in
mammalian cells no data exists about the presence of
SNAREs on the IM, Vtitb knockout mice accumulate auto-
phagosomes, showing that this SNARE (and presumably its
SNARE complex) is required for maturation, but not formation
of autophagosomes.®® This leaves open the question of
the role of SNARE-mediated fusion events for expansion,
assembly or closure during autophagosome formation.

Models for Autophagosome Formation

Model 1: lipid delivery/de novo synthesis. This model
implies that the IM is elongated through the delivery of lipids,



lipid droplets, or micelles. Lipids from lipid droplets could be
delivered by spontaneous exchange and insertion, or through
lipid transfer proteins. Delivery of lipids to the outer leaflet will
allow it to expand. However, for expansion of the inner
leaflet, lipids delivered to the outer leaflet will have to
undergo ‘flip-flop’ (see Figure 4, model 1). This could be
accomplished by a lipid flippase enzyme.®® Alternatively, we
have speculated that the IM may be comprised of two distinct
bilayers held in close proximity by a protein scaffold that
could also act as a capping protein. This capping protein, or
protein complex could receive lipids through a lipid transfer
protein.

A third alternative is that, a close proximity of the IM to
the lipid synthesis machinery in the ER could provide fatty
acids for de novo autophagosomal membrane formation.

Recent studies by Axe et al3” have found that at least
some autophagosomes seem to arise from ER membrane-
associated cups, called omegasomes because of their shape.
These omegasomes are highly enriched in PI3P and the
PI3P-binding protein termed DFCP1, the marker for omega-
somes, which might provide a signalling platform for auto-
phagosome biogenesis (see Figure 3). However, additional
experiments are required to determine the exact function of
DFCP1 and the omegasomes, whether lipid synthesis occurs
in or around these structures, or whether they might provide
ER membrane itself to the autophagosome.

Yeast or mammalian screens have not revealed any protein
machinery to support our first model, but the apparent
scarceness of protein in the autophagosomal membranes®”-¢®
and the failure to identify a definitive membrane source for
autophagosome biogenesis suggests that this hypothesis
may be worth further investigation.

Model 2: vesicular transport. The second model proposes
that the autophagosomal membrane is delivered to the
growing IM through vesicular transport (Figure 4, model 2). In
this case, one would expect a similar set of trafficking
machinery to be necessary as in other regulated vesicular
transport events. This includes cytoskeletal motor proteins to
ensure directional transport, tethers to bridge the vesicle to
the target, Rab GTPases and their effectors, as well as
SNARE proteins to mediate homotypic and heterotypic
fusion events.®®

Microtubules have been shown to facilitate autophagosome
formation in mammalian cells,®®7° although it is not clear what
role they have in AV formation. The motor protein required for
transport of the autophagosome to the endosomal compart-
ments has been identified as dynein;”' however, there is no
evidence yet that this motor is required for IM expansion or
closure.

Interestingly, there may be a link, which has not yet been
investigated, between microtubules and the Atg machinery.
ULK1/Atg1 is not only an important early regulator of
autophagy,®*7272 but has also been shown to be involved in
neurite extension and axonal vesicular transport in the mouse
and fly, respectively.”*”® The Drosophila homologue of ULK1/
Atg1 has recently been shown to mediate neuronal vesicular
trafficking by binding and phosphorylating UNC-76, a kinesin
heavy chain adaptor protein, and possibly other targets. This
activated form of UNC-76 binds to synaptic vesicle proteins,
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and thereby links these vesicles to kinesin and the micro-
tubule cytoskeleton for transport to the axon tip. Thus, it is
tempting to speculate that ULK1 activity, which is a very early
requirement in induction of autophagy, may promote transport
of vesicles to the IM.

Lastly, of the Rab proteins listed above, Rab5 and Rab33b
seem to be the most promising candidates. Rab proteins are
recruited to specific membranes by a network of Rab effector
proteins that form a membrane-specific platform.”® No
autophagy-specific Rab effectors have been identified, and
thus it is not yet clear how these Rab proteins would be
recruited to the IM.

Model 3: cisternal assembly. This model proposes that the
autophagosome is assembled by homotypic fusion of special
autophagy vesicles or discrete IMs. A similar model has been
proposed earlier (see also Reggiori et al®®). These vesicles
are either constantly present in the cytoplasm and come
together after induction of autophagy, or they are generated
in response to autophagic stimuli. In the latter possibility,
of course, the questions of how and where they would arise
are raised, and their creation may involve special fission
machinery. Otherwise, similar components would be needed,
as in the vesicular transport model, with a homotypic instead
of heterotypic fusion machinery.

Model 4: membrane remodelling/extension. In this
model, the autophagosome is not so much generated by
gradual expansion of the IM, but by extension and curvature
of a pre-existing membrane sheet, or even by flattening an
endosome-like structure. An analogy for such membrane
remodelling/extension is the biogenesis of peroxisomes from
specialized ER subdomains, in which ER-resident proteins
are excluded and peroxisomal proteins get enriched.””

The first scenario (extension and curvature) would require
some kind of selection and/or exclusion machinery to
determine which lipids and proteins would enter into the
autophagosome membrane and which would be excluded.
The second possibility (flattening) would require a protein
scaffold to deform the membrane and a mechanism to alter
the lipid composition as the membrane changes shape. On
the basis of immunofluorescence and EM data, it is often
assumed that the IM is a crescent shaped membrane vesicle,
distributed randomly throughout the cytoplasm.® In this
scenario, however, the IM would be more like a signalling
platform attached to the donor membrane structure. Seen
in cross-section by EM, the sorted domain with its selective
localization of proteins would resemble a cup-shaped
structure.

Conclusions

Our first three hypothetical models are based on pre-existing,
largely established mechanisms for lipid movement between
membranes, and vesicular trafficking pathways. The last
model is based on speculation, but was developed from the
notion that the IM arises from the ER.”® It should be noted that
these models could coexist and drive different stages of
autophagy. For example, biogenesis of the PAS/IM might use
one mechanism, whereas expansion would employ another.
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Further advances in our understanding could come from the

identification of early intermediates, either visualized by
sophisticated microscopy techniques, or using conventional
approaches after manipulation of the process to accumulate
intermediates. In addition, the continued identification of novel
effectors of the key players will allow a greater understanding
of the function of the proteins localized to the IM.
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