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Summary

Autophagy is a process in which cytosol and organelles are
sequestered within double-membrane vesicles that deliver
the contents to the lysosome/vacuole for degradation and
recycling of the resulting macromolecules. It plays an
important role in the cellular response to stress, is involved
in various developmental pathways and functions in tumor
suppression, resistance to pathogens and extension of
lifespan. Conversely, autophagy may be associated with
certain myopathies and neurodegenerative conditions.
Substantial progress has been made in identifying the
proteins required for autophagy and in understanding its
molecular basis; however, many questions remain. For
example, Tor is one of the key regulatory proteins at the
induction step that controls the function of a complex
including Atgl kinase, but the target of Atgl is not known.

Although autophagy is generally considered to be
nonspecific, there are specific types of autophagy that
utilize receptor and adaptor proteins such as Atgll;
however, the means by which Atgll connects the cargo
with the sequestering vesicle, the autophagosome, is not
understood. Formation of the autophagosome is a complex
process and neither the mechanism of vesicle formation nor
the donor membrane origin is known. The final breakdown
of the sequestered cargo relies on well-characterized
lysosomal/vacuolar proteases; the roles of lipases, by
contrast, have not been elucidated, and we do not know
how the integrity of the lysosome/vacuole membrane is
maintained during degradation.
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Introduction

Autophagy is a ubiquitous process, occurring in all eukaryotic
cells (Klionsky, 2004; Reggiori and Klionsky, 2002). There are
three primary forms of autophagy: -chaperone-mediated
autophagy, microautophagy and macroautophagy. Chaperone-
mediated autophagy is a secondary response to starvation and,
unlike the other two processes, involves direct translocation of
the targeted proteins across the lysosomal membrane (Massey et
al., 2004). Currently, there is no known equivalent of this process
in yeast. Microautophagy is the least-characterized process but
is used to sequester cytoplasm by invagination and/or septation
of the lysosomal/vacuolar membrane (Wang and Klionsky,
2004). By contrast, the most prevalent form, macroautophagy,
involves the formation of cytosolic double-membrane vesicles
that sequester portions of the cytoplasm (Fig. 1) (Klionsky
and Ohsumi, 1999). During macroautophagy, the sequestering
vesicles, termed autophagosomes, are not derived from the
lysosome/vacuole membrane. Fusion of the completed
autophagosome with the lysosome or vacuole results in the
delivery of an inner vesicle (autophagic body) into the lumen of
the degradative compartment. Subsequent breakdown of the
vesicle membrane allows the degradation of its cargo and
eventual recycling of the amino acids, etc., generated.
Autophagy serves as a response to stress such as nutrient
limitation and this is one of its primary roles in unicellular
organisms such as yeast. However, autophagy also has
homeostatic and biosynthetic functions. For example, under
conditions in which they are no longer needed, peroxisomes are

degraded through a specific type of autophagy termed
pexophagy (Hutchins et al., 1999; Kim and Klionsky, 2000),
which may occur through either a micro- or macroautophagic
process. By contrast, the cytoplasm-to-vacuole targeting (Cvt)
pathway (Fig. 1) is a biosynthetic pathway used for delivery of
the resident vacuolar hydrolases aminopeptidase I (Apel) and
a-mannosidase (Amsl). The Cvt pathway uses most of the
components needed for the degradative autophagy pathway
(Harding et al., 1996; Scott et al., 1996). Here, I focus on
macroautophagy, which hereafter I refer to simply as autophagy.

In addition to its role in degradation, autophagy may
promote a type of programmed cell death that is separate from
apoptosis, termed type II programmed cell death (Bursch et al.,
2004). Autophagy also plays a role in a range of normal
developmental processes, not all of which involve programmed
cell death (Levine and Klionsky, 2004). For example, it is
needed for sporulation in yeast, for entry into the dauer phase
of the Caenorhabditis elegans life cycle, for pupa formation
in Drosophila melanogaster and for development of the
Dictyostelium discoideum fruiting body. Autophagy is also
associated with the extension of lifespan that correlates with
caloric restriction (Bergamini et al., 2003; Longo and Finch,
2003; Melendez et al., 2003; Vellai et al., 2003). The pathway
might act as a means of defense against invasion by various
bacteria and viruses; however, autophagy might also be
subverted by pathogens to establish a replicative niche within
the host cell (Dorn et al., 2002; Kirkegaard et al., 2004;
Nakagawa et al., 2004). Finally, autophagy has been linked to
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Fig. 1. A schematic overview of
autophagy and the Cvt pathway in
yeast. The Cvt pathway is an
autophagy-related process that operates
under vegetative conditions and plays a
biosynthetic role, delivering resident
hydrolases such as aminopeptidase I
(Apel) to the yeast vacuole. The Cvt
vesicle is approximately 150 nm in
diameter and appears to exclude
cytosol. In yeast, autophagy is induced
by starvation, and the autophagosome,
which is 300-900 nm in diameter,
sequesters cytoplasm, including
organelles; this pathway is also used
for specific transport of prApel. Both
types of vesicle are thought to originate
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(PAS). Upon completion, the vesicles fuse with the lysosome-like vacuole, releasing the inner vesicle, termed a Cvt body or autophagic body.
These subvacuolar vesicles are broken down, allowing maturation of prApel and degradation of cytoplasm, with recycling of the resulting

macromolecules.

various diseases in humans (reviewed by Shintani and Klionsky,
2004a), including cancer (Gozuacik and Kimchi, 2004; Qu et al.,
2003; Yue et al., 2003), cardiomyopathy (Ueno et al., 2004) and
neurodegenerative disorders such as Alzheimer’s, Parkinson’s
and Huntington’s diseases, amyotrophic lateral sclerosis and
prion diseases (Yuan et al., 2003).

The morphology of autophagy was first characterized in
studies of mammalian cells (reviewed by Klionsky, 2004).
With a few exceptions, however, the molecular components of
autophagy were initially elucidated in yeast. Recent studies in
various eukaryotic systems have revealed a conservation of the
autophagic machinery (Reggiori and Klionsky, 2002; Wang
and Klionsky, 2003; Levine and Klionsky, 2004). Here, I focus
on our current understanding of the mechanism of autophagy
and point out some of the unresolved questions in the field.

Multiple steps are required for the sequestration of
cytoplasm through autophagy

Although autophagy and autophagy-related processes are
dynamic, they can be broken down into several discrete steps
for the purpose of discussion: (1) induction; (2) cargo selection
and packaging; (3) nucleation of vesicle formation; (4) vesicle
expansion and completion; (5) retrieval; (6) targeting, docking
and fusion of the completed vesicle with the lysosome/vacuole;
and (7) breakdown of the intralumenal vesicle (either Cvt body
or autophagic body; Fig. 1) and its cargo and recycling of the
macromolecular constituents. Many of the protein components
required for each of these steps have been identified in
Saccharomyces cerevisiae, Hansenula polymorpha and Pichia
pastoris, and their roles in autophagy have been covered in
other recent reviews (Abeliovich and Klionsky, 2001; Kiel et
al.,, 2003; Klionsky, 2004; Ohsumi, 2001; Stromhaug and
Klionsky, 2001). The nomenclature in this field has been
unified, and the genes and gene products are now referred to
as ATG and Atg, respectively (Klionsky et al., 2003).

Induction of autophagy
In yeast and mammalian cells, autophagy occurs at a basal level

under vegetative growth conditions. Accordingly, there must
be a mechanism for sensing the extracellular milieu and
transducing an appropriate signal to regulatory elements that
allow autophagy to be induced. One of the major regulatory
components is the protein kinase Tor (for ‘Target of
rapamycin’) (Carerra, 2004), which inhibits autophagy under
basal or nutrient-rich conditions. Tor acts in two ways. First, it
directly or indirectly causes hyperphosphorylation of the
autophagy protein Atgl3 (Funakoshi et al., 1997; Scott et al.,
2000) (Fig. 2A). This form of Atgl3 has a lower affinity for
the kinase with which it interacts, Atgl, and the reduced
interaction might inhibit autophagy (Kamada et al., 2000).
Inhibition of Tor through starvation or treatment with
rapamycin results in partial dephosphorylation of Atgl3 and
allows autophagic induction (Abeliovich, 2004; Noda and
Ohsumi, 1998). Second, Tor acts in a signal transduction
cascade that controls phosphorylation of several effectors (e.g.
Tap42, Sit4, Ure2 and GIn3) that regulate transcription and
translation of certain proteins, some of which are required for
autophagy. Autophagy is also regulated through additional
factors such as protein kinase A (Budovskaya et al., 2004),
Gen?2 (Talloezy et al., 2002) and Snfl (Huang et al., 1996).

Yeast Atgl kinase (Matsuura et al., 1997) is part of a putative
complex that includes several additional proteins (Fig. 2A).
One intriguing point about this complex is that all of the
proteins aside from Atgl are characterized as functioning
primarily in either the Cvt pathway or autophagy, but not both
(Kamada et al., 2000; Kim et al., 2001b; Nice et al., 2002; Scott
et al., 2000). This finding has led to speculation that the Atgl
complex is involved in switching between these two pathways.
At present, however, not enough is known about most of the
proteins in this complex to assign a specific function or to list
them as participating in only one of these pathways. There is
currently no evidence for an equivalent of the Cvt pathway
outside yeast; so higher eukaryotes might not require the
same capacity for switching between the biosynthetic and
degradative types of autophagy.

In mammalian cells, Tor is regulated through the action of a
class I phosphoinositide 3-kinase (PI 3-K) that allows the
membrane binding and subsequent activation of Akt/protein
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kinase B (PKB) and 3-phosphoinositide-dependent protein
kinase 1 (PDK1), which cause inhibition of autophagy
(Codogno and Meijer, 2004) (Fig. 2B). PTEN, a 3’
phosphoinositide phosphatase, antagonizes the Akt/PKB
pathway and is a positive regulator of autophagy. The TSCI1-
TSC2 complex acts as a GTPase-activating protein (GAP) for
the GTPase Rheb. Inhibition of TSC1-TSC2 by Akt stabilizes
the GTP-bound form of Rheb, which stimulates Tor. The GDP-
bound form of Rheb might inhibit Tor (Tabancay et al., 2003).
Both Tor and PDKI1 activate ribosomal subunit S6 kinase
(p70S6k), which is needed for maximal autophagic activity
(Scott et al., 2004). The downregulation of p70S6k following
Tor inactivation might prevent excessive autophagy in the
absence of Tor activity. Regulation of mammalian autophagy
involves additional components including elF2o, Ras and
heterotrimeric G proteins (Codogno and Meijer, 2004; Furuta
et al., 2004; Talléczy et al., 2002).

A Regulation of induction and vesicle nucleation
in yeast
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Questions

There are many questions that remain to be answered with
regard to the yeast Atgl complex. For example, interactions
among the protein components of the putative complex
depicted in Fig. 2A have been demonstrated in pairwise
combinations. Hence, it is not clear that a stable holo-complex
ever exists. Furthermore, our knowledge of the composition
of this putative complex is based on genetic suppression
studies, two-hybrid data and affinity isolation or co-
immunoprecipitation using overexpressed proteins. It is
possible that some of these interactions are transient in nature
or do not even occur when the proteins are expressed at
physiological levels.

The functions of the proteins in the putative Atgl complex
are largely not known. For example, Atgl1 is thought to have
a role in cargo selection (see below) but its reason for
interacting with Atgl is not clear, nor is it known when the two
proteins interact — that is, whether the interaction is nutrient
dependent (as suggested for the interaction between Atgl and
Atg13). Furthermore, we do not know whether the two proteins
interact during the process of cargo selection or after the
delivery of cargo to the pre-autophagosomal structure (PAS;
see below). Similarly, the proposed function in this complex of
Atg20, Atg24 and Vac8 is simply speculation. Atg20 and
Atg24 bind to phosphatidylinositol (3)-phosphate [PtdIns(3)P]
and interact with Atgl1 and/or Atgl7 (Nice et al., 2002). Vac8

Fig. 2. Regulation of induction and vesicle nucleation. The
regulation of autophagy has been characterized in studies of yeast
and mammalian cells. (A) In yeast, a class III PI 3-K is required for
autophagic activity and may function at the pre-autophagosomal
membrane. A putative complex consisting of Atgl kinase and several
other proteins characterized as being required primarily for
autophagy (in purple) or the Cvt pathway (in green) may be a
downstream effector of Tor kinase to regulate the type of pathway
that operates, depending on the nutritional conditions or other
signals. Autophagy in yeast is primarily a starvation response; Tor,
along with other regulatory components not shown (including PKA),
responds to nutrient levels. In nutrient-rich conditions, Atgl and
Atg13 are more highly phosphorylated and have a lower affinity for
each other; during starvation the two proteins are partially
dephosphorylated. The PI 3-K complex I, consisting of VpslS5,
Vps34, Atg6/Vps30 and Atgl4, is required for both the Cvt pathway
and autophagy. (B) In mammalian cells, a class I PI 3-K is stimulated
in response to the binding of a ligand to a receptor such as the insulin
receptor (InR). PtdIns(3,4)P; and PtdIns(3,4,5)P5 generated at the
plasma membrane allow the binding and activation of 3-
phosphoinositide-dependent protein kinase 1 (PDK1) and Akt/PKB,
whereas PTEN antagonizes this pathway through its 3’-
phosphoinositide phosphatase activity. Akt inhibits the GTPase-
activating protein complex TSC1-TSC2, resulting in the stabilization
of RhebGTP, which activates Tor, resulting in the inhibition of
autophagy. Both Tor and PDK1 stimulate p70S6 kinase (p70S6k).
The downregulation of p70S6k activity in starvation conditions
(when Tor is inhibited) might prevent excessive autophagy (Scott et
al., 2004). It is also possible that p70S6k indirectly inhibits Tor by
interfering with activation of the class I PI 3-K, as suggested by
studies in mammalian cells (Um et al., 2004). In nutrient-rich
conditions, activation of p70S6k should inhibit PI 3-K, allowing a
low level of autophagy for homeostatic purposes, whereas in
starvation conditions the eventual inactivation of p70S6k should
allow activation of PI 3-K to prevent excessive autophagy. The class
III PI 3-K serves a stimulatory role possibly similar to that of the
yeast enzyme complex.



()
(&}
c
2
O
w
o
®)
y—
(©)
'©
c
p
>
O
)

10 Journal of Cell Science 118 (1)

has been implicated in homotypic vacuole fusion (Wang et al.,
2001) and is required for the Cvt pathway, but does not appear
to play a role in the fusion of Cvt vesicles with the vacuole
(Scott et al., 2000). Vac8 interacts with Atgl3 but it is not
known whether it has any effect on the location or function of
this protein. Atgl3 and Atgl7 appear to modulate the kinase

Cargo packaging

prApe1
dodecamer®

Fig. 3. Temporal order of action of cargo-packaging components.
The yeast Cvt pathway is an example of specific autophagy. The
resident vacuolar hydrolases Apel and Amsl assemble into
oligomers in the cytosol. Precursor (pr)Apel dodecamers further
collect into a large Apel complex. The receptor/adaptor Atg19 binds
to both the Apel complex (through the prApel propeptide) and
Amsl. Atgl1, a component that is not essential for autophagy,
interacts with this Cvt complex and is required to connect the
complex with the pre-autophagosomal structure (PAS). Atgl1 also
interacts with Atgl (not shown, see Fig. 2A), but the timing of this
interaction relative to cargo packaging is not known. Atgl1 is not
part of the final Cvt vesicle or autophagosome and presumably
detaches from Atg19 at some time during or after the arrival of the
Cvt complex at the PAS. Atgl19 subsequently binds to Atg§-
phosphatidylethanolamine, which is localized to the PAS, and this
event might trigger completion of the vesicle.

activity of Atgl (Kamada et al., 2000), but do Atgl1, Atg20,
Atg24 or Vac8 play a similar role? Furthermore, the
conclusions about Atgl regulation are based on in vitro studies
using artificial substrates, because its physiological target is
unknown. Indeed, the role of Atgl kinase activity is also
unclear. One report suggests that an increase in Atgl kinase
activity is needed to induce autophagy (Kamada et al., 2000).
A more recent study came to the opposite conclusion and
instead suggests that Atgl has a structural role in autophagy
and that its kinase activity is primarily required for the Cvt
pathway (Abeliovich et al., 2003), although Atgl kinase
activity is probably also needed for autophagy.

Whether Tor directly phosphorylates Atgl3 and/or acts on
other Atg proteins is unclear. Most or all of the components of
the Atgl complex are phosphoproteins and none of them
appears to be a target of Atgl (Scott et al., 2000) (D.J.K.,
unpublished). The kinases and phosphatases that act upon these
proteins are not known. In the case of autophagy, the
downstream effector(s) of Tor is not even clear. Tap42 is
activated by Tor and is a regulatory subunit of protein
phosphatase 2A (PP2A)-like phosphatases; however, it does
not appear to function in autophagy (Kamada et al., 2000).
Furthermore, Tor is thought to respond primarily to nitrogen
starvation, but various other types of stress, including carbon
starvation, can induce autophagy. The regulatory components
that act under these different stress conditions to regulate
autophagic induction are not known. In addition, although
Atgl and Atgl3 appear to be centrally involved in autophagy
in yeast, there is currently no evidence for an Atgll or an
Atgl7 ortholog in higher eukaryotes, or an Atgl3 or Vac8
ortholog except in plants. In many organisms, it is also not clear
whether there is a true ortholog of Atgl.

Finally, even though most models suggest that Atgl has a
role in autophagic induction, this has not been firmly
established. Such a role is proposed because of the effect of
rapamycin on Atgl3 phosphorylation and the apparent
pathway specificity of the putative Atgl complex components.
However, this view is probably misleading because individual
mutations in the genes encoding some of these ‘specific’
components (such as ATGI] and VACS) result in defects in
both pathways. Furthermore, Atgl interacts with the cargo-
packaging factor Atgll and is implicated in a late stage
of autophagy - retrieval of Atg9 from the forming
autophagosome (see below). Thus, Atgl appears to act at
multiple steps of autophagy and its role in induction remains
to be verified.

Cargo selection and packaging

Autophagy is generally considered to be a nonspecific process
in which bulk cytoplasm is randomly sequestered into the
cytosolic autophagosome; however, there are instances of
specific autophagy. For example, a recent report showed that
the cytosolic protein Ald6 is delivered to the vacuole through
autophagy at a rate inconsistent with nonspecific uptake
(Onodera and Ohsumi, 2004). Similarly, during pexophagy,
virtually all of the peroxisomes, but not other organelles, are
recognized for rapid sequestration and vacuolar delivery
(Hutchins et al., 1999; Tuttle et al., 1993; Veenhuis et al.,
1983). In the case of the Cvt pathway, the cargo is taken up for
biosynthetic rather than degradative purposes. In this pathway,
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Fig. 4. Schematic model for formation of
the autophagosome or Cvt vesicle. The
origin of the membrane that forms the F W
Cvt vesicle or autophagosome is not

known, nor is the mechanism of vesicle

formation. In one model (shown on the
left), a membrane sheet from a pre-
existing organelle such as the
endoplasmic reticulum (ER) is induced to
separate and undergo a deformation to
form a spherical shape that eventually
seals; no additional membrane is needed

for expansion. It is not known when or h | & :
how autophagy proteins such as Atg8 Nucleation
would be targeted to this membrane. In a ER
second model (shown on the right), a
portion of a membrane forms the nucleus
of the autophagosome or Cvt vesicle; in
yeast, this nucleus is the pre-
autophagosomal structure (PAS).
Additional membrane is added to allow
expansion of the forming vesicle, but the
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origin of this membrane is not known.

Most data support the second type of model. In either case, the original membrane is presumably equivalent on all surfaces in terms of protein
content and phospholipid composition. During vesicle formation, the membrane may differentiate so that, upon vesicle completion, the two
separate membranes have different properties; for example, Atg8-PE is located on both sides of the forming vesicle, but is removed from the
outer membrane following cleavage by Atg4 (see Fig. 5). The outer vesicle membrane might contain SNARE elements needed for recognition
and fusion with the vacuole (see Fig. 7), whereas the inner vesicle membrane might be more susceptible to degradation within the vacuole
lumen. The double-membrane nature of the autophagosome or Cvt vesicle results in a transfer of the cargo from the cytosol into the lumenal

space of the cell.

the temporal order of action of several components has
been determined (Fig. 3). Precursor Apel (prApel) forms
dodecamers and these assemble to form a higher-order
oligomer (Kim et al, 1997) termed the Apel complex
(Shintani et al., 2002). This step appears to be dependent only
upon the conformation of prApel. The receptor protein Atgl9
binds the propeptide domain of prApel (Scott et al., 2001); the
propeptide contains the vacuolar-targeting information and is
cleaved from the remainder of the protein following delivery
into the vacuole lumen, allowing activation of the enzyme. At
least one other biosynthetic cargo protein, Ams1, also binds to
the Atgl9 receptor (Hutchins and Klionsky, 2001; Shintani
et al., 2002) to form the Cvt complex. Atgll subsequently
binds to Atgl9 (Shintani et al., 2002) and acts as a tether
or adapter to bring the Cvt complex towards the PAS, a site
that might nucleate Cvt vesicle and autophagosome formation
(Kim et al.,, 2002; Suzuki et al., 2001). Finally, the
phosphatidylethanolamine (PE)-conjugated Atg8 protein binds
to Atgl9 to ensure inclusion of the Cvt complex into the
forming Cvt vesicle (Shintani et al., 2002).

Questions

If the yeast Atgl1 and Atgl9 proteins are not able to interact,
because of mutations in the corresponding genes, the Cvt
complex forms but does not localize to the PAS. However, it
is not known how the function of Atgl1 bridges the cargo with
the vesicle-forming machinery. Along these lines, how does
Atgl1 target to the PAS as opposed to other locations within
the cell? Does it interact with an unidentified component that
acts as a targeting factor? Atgll is not part of the final Cvt
vesicle; so it must disengage from the receptor after delivery

of the Cvt complex to the PAS. What triggers this event?
Furthermore, Atgl1 appears to interact with both Atgl9 and
Atgl. Does Atgl1 bring Atgl to the site of vesicle formation
when cargo is present? As noted above, it is not known when
Atgl and Atgll interact. Similarly, does binding of Atg8-PE
to the Atgl9 receptor signal to the PAS the presence of cargo?
If so, how does this signaling occur? Ichimura et al. recently
showed that Atg8 undergoes a conformational shift upon
lipidation (Ichimura et al., 2004). Does a similar change occur
when Atg8-PE binds to Atg19?

A recent study suggests that, in nutrient-rich conditions, the
PAS does not form in the absence of prApel, Atgl9 or Atgl1
(Shintani and Klionsky, 2004b). In the model proposed in this
study, the cargo proteins induce or greatly facilitate the
formation of the PAS. This makes sense in the biosynthetic Cvt
pathway, in which the primary purpose is delivery of the Cvt
complex. By contrast, formation of the PAS does not depend
on the Cvt cargo or the cargo-recognition machinery during
starvation conditions. In this situation, it is not known what
factors determine the localization of the PAS components.
Finally, it is possible that the peroxisome acts similarly to the
Cvt complex to allow formation of the PAS or vesicle
nucleation (the initiation of vesicle formation) during
pexophagy. Atgl9 is not needed for pexophagy; by contrast,
Atgl1 is required for this process. Is there another protein that
substitutes for Atgl9 during peroxisome degradation? Note
that presently there is no evidence for the Cvt pathway existing
outside S. cerevisiae; however, specific autophagy is likely to
occur in all eukaryotes. For example, in addition to the uptake
of peroxisomes, chloroplasts are also degraded by autophagy
(Niwa et al., 2004), and mitochondria are probably targets for
specific sequestration by autophagy under certain conditions
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(Xue et al., 2001). In these cases, less is known about the
recognition mechanism. During pexophagy, Pex14 appears to
play a role in peroxisome recognition (Bellu et al., 2001), but
its binding partner has not been identified. Finally, there are
also several studies indicating that pathogenic bacteria and
viruses, as well as aberrant protein aggregates, can be targeted
for degradation by autophagy (reviewed by Kirkegaard et al.,
2004; Larsen and Sulzer, 2002). Again, we do not know what
factors trigger autophagosome formation or cargo engulfment
in these cases.

Vesicle nucleation

One of the least understood steps of the vesicle formation
process is nucleation — the initial step that brings together the
proteins and lipids that will constitute the autophagosome and
Cvt vesicle, and the machinery that drives the process forward.
There must be a nucleation step, a beginning point, in vesicle
formation; however, it is difficult to define its hallmarks. In
yeast, almost all of the autophagy proteins localize at least
transiently to the PAS. Accordingly, arrival of Atg proteins at
this site might mark the nucleation event.

In the case of most endomembrane traffic, a vesicle forms
from a pre-existing organelle by budding. The resulting vesicle
maintains the same cellular topology regarding the lumenal
versus the cytosolic face as the organelle that serves as the
membrane donor. In autophagy-related processes, the vesicle
may form de novo. It is not tethered to an organelle and does
not appear to form by extrusion from the surface of an
organelle (Fig. 4). The result is that the autophagosome has a
double membrane (in some cases it may be multi-lamellar) and
the lumenal versus cytosolic topology of the cargo is reversed:
the interior of the Cvt vesicle or autophagosome becomes
equivalent to the lumen of an organelle or the extracellular
space (Fig. 4). The specific components that act in vesicle
nucleation are not completely clear, and some proteins may
play a role in both nucleation and expansion. In yeast, one set
of proteins that appear to function at the PAS is the PI 3-K
complex I (Kametaka et al., 1998; Kihara et al., 2001) (Fig.
2A). There is only one PI 3-K in yeast, Vps34, but it is a
component of two different complexes. Both complexes
contain Vps34 and the presumed regulatory protein Vpsl5,
along with Atg6 (also known as Vps30). In addition, complex
I includes Atgl4, whereas complex II includes Vps38.
Complex I functions primarily, but not exclusively, at the PAS,
whereas complex II functions at the endosome. The PtdIns(3)P
resulting from complex I recruits proteins including Atgls§,
Atg20, Atg21, Atg24 and Atg27 to the PAS (Nice et al., 2002;
Stromhaug et al., 2004; Wurmser and Emr, 2002); Atg20 and
Atg24 are part of the putative Atgl kinase complex (Fig. 2A).

Questions

Although the yeast PI 3-K complex I acts at the PAS, the role
of PtdIns(3)P generated at this location is not entirely clear.
PtdIns(3)P is needed to recruit the various proteins that bind
to this lipid, but in most cases the functions of these proteins
have not been elucidated. For example, Atgl8 binds to
PtdIns(3)P (Guan et al., 2001; Stromhaug et al., 2004) and is
involved in the cycling of Atg9 (see below) (Reggiori et al.,
2004a) but its function is not known. Atgl8, Atg21 and Atg27

also bind to PtdIns(3)P (Stromhaug et al., 2004; Wurmser and
Emr, 2002). In these cases, the nature of the lipid-binding
domains is not known; these proteins do not contain PX or
FYVE motifs.

The source of the membrane that forms the autophagosome
or Cvt vesicle is another mystery, and whether this is the same
for the Cvt pathway and autophagy is not clear. In yeast, one
study suggests that membrane flow through the early secretory
pathway is needed for autophagy but not the Cvt pathway
(Hamasaki et al., 2003; Ishihara et al., 2001), whereas a more
recent report indicates that the endoplasmic reticulum (ER)
plays a role in both pathways (Reggiori et al., 2004b). This
discrepancy might reflect differences in the kinetic parameters
followed in each study. In mammalian cells, the most popular
(but not the only) view is that the ER is the source membrane
for autophagy. Studies of macrophages infected with Listeria
monocytogenes or transfected COS-1 cells expressing
poliovirus proteins also indicate a role for the ER (Rich et al.,
2003; Suhy et al., 2000). However, even if this is the case, how
is a portion of the ER caused to separate from the organelle
and be delivered to the site of vesicle nucleation? It is also
important to consider that the studies cited above reflect a
cellular response to pathogens; it is not clear whether the
process of vesicle formation is identical in non-infected cells,
although evidence indicating a role for the ER is also seen in
normal cell lines (Fengsrud et al., 2004).

There might be fundamental differences between the
nucleation events in the yeast Cvt pathway and autophagy. For
example, as mentioned above, Atgl kinase activity might be
required for nucleating only one type of vesicle. Similarly,
there appear to be different requirements for Atg8 in the two
processes: Cvt vesicles do not form in the absence of Atg8. By
contrast, autophagosomes, albeit abnormally small ones, form
without this protein (Abeliovich et al., 2000). These results
suggest that Atg8 is needed for Cvt vesicle nucleation, but for
autophagosome expansion not formation (see below). This
result is supported by studies showing that the atg2/A mutant
has low levels of Atg8-PE and has a defective Cvt pathway
but essentially normal autophagy (Stromhaug et al., 2004).
Similarly, an Atg7 mutant (see below; Fig. 5) lacking the C-
terminal thirteen residues has low levels of lipidated Atg8 and
displays a defect only in the Cvt pathway (Yamazaki-Sato et
al., 2003).

Vesicle expansion and completion

Most of the proteins that play a role in the Cvt and autophagy
pathways act during vesicle formation, which includes the
processes of expansion and completion. As noted above, the
mechanism of vesicle formation is not known. If the
autophagosome or Cvt vesicle forms by deformation of a pre-
existing membrane (Fig. 4, left side), then there might be no
expansion step; however, if formation proceeds by the
sequential addition of membrane (Fig. 4, right side), the
addition(s) that allows the membrane to grow constitutes the
expansion phase. In either case, completion indicates the final
step, at which the vesicle seals to separate the cargo from
contact with the cytosol. The proteins that act in the expansion
and completion steps include two sets of components involving
ubiquitin-like (Ubl) proteins that participate in novel
conjugation reactions (Ohsumi, 2001) (Fig. 5). Atg8 is a Ubl
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Fig. 5. Vesicle expansion and completion. Two ubiquitin-like
proteins participate in vesicle formation. The C-terminal
arginine residue (R) of yeast Atg8 is removed by the Atg4
cysteine protease to reveal a glycine residue. Atg8 and Atgl2
are ubiquitin-like proteins that are activated by the E1-like
enzyme Atg7. Atg8 and Atgl2 are then transferred to the E2-
like enzymes Atg3 and Atgl0 and are conjugated to
phosphatidylethanolamine (PE) and Atg5, respectively. Atg8-
PE becomes anchored in the membrane of the PAS and is a
component of the forming and completed autophagosome or
Cvt vesicle membrane. Atgl2 and Atg5 bind Atgl6 non-
covalently and the self-interaction of Atgl16 allows
multimerization of the complex. A second cleavage by Atg4
releases Atg8 from the outer membrane of the completed
vesicle. A similar set of reactions occurs in mammalian cells.
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that undergoes proteolytic processing by the Atg4 protease to
reveal a glycine residue that is then covalently attached to PE
(Ichimura et al., 2000). This converts Atg8 from a soluble to a
membrane-associated protein (Huang et al., 2000; Kirisako et
al., 1999). Atg8-PE is the only known vesicle-associated protein
that is thought to play a structural role. Membrane association
of Atg8 must be important for some aspect of vesicle
enlargement during autophagy because its absence results in the
formation of aberrantly small autophagosomes (Abeliovich et
al., 2000). By contrast, the absence of Atg8 during vegetative
conditions prevents the formation of the Cvt vesicle, although
the role of Atg8 or Atg8-PE in vesicle nucleation or expansion
is not sufficiently understood to explain this difference. The
conjugation reaction involves a ubiquitin-activating El-like
enzyme, Atg7 (Kim et al., 1999; Tanida et al., 1999; Yuan et al.,
1999), which also plays a role in the second conjugation
reaction: Atgl2, another Ubl, is covalently attached to Atg5
(Kametaka et al., 1996) through the action of Atg7 and an E2-
like enzyme, AtglO (Mizushima et al., 1998; Shintani et al.,
1999). A third protein, Atg16, multimerizes and links the Atg12-
Atg5 conjugate to form a tetrameric complex (Kuma et al., 2002;
Mizushima et al., 1999). The function of the Atg12-Atg5-Atgl6
proteins is not known, but they might act as a transient coat.

Questions

There are three families of Atg8 proteins in mammalian cells:
microtubule-associated protein 1 light chain 3 (MAPILC3),
Golgi-associated ATPase enhancer of 16 kDa (GATE-16) and
Y-aminobutyric acid type A receptor-associated protein
(GABARAP). Whether they all play a role in autophagy is not
known, although a recent study suggests that all three proteins
are localized to autophagosomal membranes (Kabeya et al.,
2004). The rat MAP1LC3 ortholog appears to be conjugated to
PE (Kabeya et al., 2004); however, one study suggests that one
of the three human isoforms, MAPILC3B, undergoes an
unusual post-translational modification involving a C-terminal
lysine rather than glycine residue (He et al., 2003). It has not yet
been verified that the human MAP1LC3B ortholog is conjugated
to PE, but, if lysine is the modified residue, activation probably
does not involve Atg7 and Atg3. However, a recent study
provides contradictory evidence and suggests that MAP1LC3B
undergoes the same type of processing as the other isoforms
(Tanida et al., 2004).

One of the major questions concerning Cvt vesicle/
autophagosome formation is what supplies the driving force for
deformation/curvature of the membrane. In most vesicle-
budding processes, coat proteins play a central role. At present,
there is no evidence from either electron microscopy or vesicle
purification for a coat on the completed Cvt vesicle or
autophagosome. In yeast, there is clear evidence that Atg8-PE
lines both sides of the membrane during autophagosome
formation (Kirisako et al., 1999), although its role in this
process in not known. It might interact with the Atgl2-Atg5
system (see below), and the Atgl2-Atg5-Atgl6 complex,
which can form a tetramer (Kuma et al., 2002), is the best
candidate for a transient coat. Studies in mammalian cells
provide additional evidence that these proteins act as a coat;
time-lapse images show changes in Atg5-GFP fluorescence
that seem to correspond to vesicle expansion and uncoating
(Mizushima et al., 2001). One question is whether these
proteins have the capacity to form higher-order assemblies.
Another issue concerns the driving force for uncoating of the
completed vesicle, a step that would be necessary prior to
fusion with the lysosome/vacuole. Uncoating is usually a timed
process that is regulated through the action of an ATPase, but
such a protein has not been identified in the case of autophagy.
Finally, there is a major difference in the size, and hence the
curvature, of Cvt vesicles and autophagosomes (Baba et al.,
1997). The Atgl2-Atg5-Atgl6é complex is required for
formation of both types of vesicle, but it is not clear how
conformational changes in these proteins could accommodate
the two different degrees of curvature.

It is possible that vesicle formation occurs in the absence of
coat proteins as in phagocytosis, where the driving force for
engulfment is actin polymerization; however, the trigger for
phagocytosis is binding of a target such as a bacterium that may
act as a scaffold, making it possible for the membrane to
enwrap the cargo. Whereas the Cvt complex could provide
such a scaffold in the yeast Cvt pathway, it would not
be sufficient to direct engulfment by the much larger
autophagosome. Microfilaments are known to act during
formation of the mammalian autophagosome (Kim and
Klionsky, 2000), but we do not know whether they are involved
in driving membrane deformation or whether they play a
similar role in yeast. During phagocytosis, however, actin
causes protrusion of the plasma membrane. Thus, this
model may not be applicable to autophagy because the
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Retrieval

Fig. 6. Protein retrieval from the PAS. Only two proteins are known
to remain associated with completed yeast Cvt vesicles or
autophagosomes, the specific receptor Atgl9 and Atg8-PE; other
proteins that are involved in vesicle formation presumably recycle
from the PAS or the autophagosome/Cvt vesicle during formation.
Most Atg proteins are soluble or peripheral membrane proteins that
can easily be released from the membrane surface, although the
mechanism of targeting and release is not known. As shown here,
retrieval of Atg9 from the PAS requires PtdIns(3)P, the PtdIns(3)P-
binding protein Atgl8, and Atg2, Atgl3 and Atgl.

autophagosome is not thought to form by budding or protrusion
from a pre-existing organelle (Fig. 4).

Several proteins control the modification, stability and
localization of Atg8. For example, in the absence of Atgl2-
Atg5, Atg8-PE is not localized to the PAS and is unstable (Kim
et al., 2001a; Suzuki et al., 2001). Evidence also exists for
crosstalk between the two conjugation systems. For example,
in mammalian cells, Atg10 binds to MAP1LC3 (Nemoto et al.,
2003), and Atg3 facilitates formation of the Atgl2-Atg5
conjugate (Tanida et al., 2002b). In addition, an increase in
Atgl10 levels facilitates MAP1LC3 processing (Nemoto et al.,
2003). These results might reflect kinetic effects resulting from
the release of Atg7 that can then function in the alternative
pathway. However, similar studies revealed an increase in
MAPILC3 processing in the presence of excess Atgl2 but a
decrease in the presence of excess Atgl2-Atg5 (Tanida et al.,
2002a), although the significance of these observations is not
clear. It is not known whether a similar type of crosstalk
between the two different conjugation systems occurs in yeast
or other systems.

Another major question concerns the function of Atg8. This
protein might have different roles in the Cvt and autophagy
pathways, being required for Cvt vesicle formation but for
autophagosome expansion (Abeliovich et al., 2000). The
mechanism(s) of autophagosome formation and expansion are
not known (Fig. 4). Does a portion of the ER dedicate itself to
forming the autophagosome and simply undergo a deformation
process that forms a vesicular structure? Alternatively, does the
autophagosome nucleate at the PAS and then expand by the
addition of membrane from vesicles? If so, where do these
vesicle come from and how are they targeted? The time-lapse
studies in mammalian cells suggest that the autophagic vesicle
expands over time (Mizushima et al., 2001). Some evidence

for intermediate vesicular structures is also seen in yeast
(George et al.,, 2000). In macrophages infected with L.
monocytogenes, there is evidence for sequestration of bacteria
by vesicles that fuse to form larger structures (Rich et al.,
2003); however, it has not been shown that these vesicles
contain autophagy markers. Also, it is not known what SNARE
proteins would be involved in vesicle fusion. At present, there
is no evidence for a role for SNAREs in completion of the Cvt
vesicle/autophagosome and it is possible that fusion to seal the
vesicle is SNARE independent.

Retrieval

In most targeting pathways, there is a process for retrieving
certain components so that they can be reused. For example,
many receptors dissociate from their cargo and recycle back to
their original compartment for an additional round of loading.
In other cases, it is critical to retrieve components that
determine the identity or function of a compartment. This
includes proteins such as v-SNARE:s that need to be sent back
to their donor membrane. Of the >20 proteins thought to have
direct roles in yeast autophagy or the Cvt pathway, only two
are known to remain associated with the autophagosomes or
Cvt vesicles — Atg8-PE and Atgl9. Most of the Atg proteins
are soluble and can cycle off the vesicle during or after
completion; however, Atg9 is a transmembrane protein that
does not appear to be part of the completed autophagosome
(Noda et al., 2000). Accordingly, there must be some
mechanism for recycling this protein from the PAS, i.e. a
retrieval pathway. Atg9 is unusual in that it displays a
localization pattern different from that of most of the Atg
proteins: in addition to localizing at the PAS, it is seen in
multiple other punctate dots. One other protein, Atg23, shows
a similar distribution (Tucker et al., 2003). Retrieval of Atg9,
but not Atg23, from the PAS requires Atgl8, Atg2 and
PtdIns(3)P (Reggiori et al., 2004a) (Fig. 6). Retrieval of both
Atg9 and Atg23 requires Atgl, but only in the case of Atg23
is Atgl kinase activity necessary (Reggiori et al., 2004a). This
latter result supports the idea that high levels of Atgl kinase
activity are crucial for the Cvt pathway rather than autophagy,
because Atg23 is essential only for the former pathway.

Questions

One of the major questions in the field is the source of the
autophagosome or Cvt vesicle membrane. A related issue is
how the membrane is targeted to the site of vesicle formation.
In most cellular transport processes, some proteins serve as
recognition markers to ensure proper membrane or vesicle
delivery; these proteins must be retrieved back to the donor
compartment for another round of delivery. Do Atg9 and/or
Atg23 mark the origin of the donor membrane? If so, where
are these proteins located within the cell? Although this is
not generally postulated, multiple sources might contribute
membrane. What components are needed for the targeting and
delivery of Atg9 and Atg23 to the PAS? What are the functions
of Atgl, Atg2 and Atgl8 in the retrieval process? It is possible
that these proteins function as part of a novel coat or adaptor
for vesicle-mediated delivery or some novel delivery
mechanism.

Atg20 and Atg24 are PX domain proteins that bind
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PtdIns(3)P and are involved in retrieval of material from
endosomes (Hettema et al., 2003). Do these proteins play a
similar role in retrieval of Atg9 and/or Atg23 from the PAS?

Vesicle targeting, docking and fusion

The timing of vesicle fusion with the lysosome/vacuole must
be regulated; if the fusion process begins prior to completion
of the double-membrane vesicle, the cargo will remain in the
cytosol. The putative coat consisting of Atgl2-Atg5-Atgl6
might prevent premature fusion. Atg8-PE located on the outer
surface of the autophagosome or Cvt vesicle might serve a
similar purpose. At least in yeast, it is removed prior to fusion,
as a result of a second cleavage by Atg4, although the timing
of this processing event is not known. The expression of
Atg8AR, a mutated form of Atg8 lacking the ultimate arginine
residue, bypasses the need for the initial Atg4-dependent
cleavage step (Fig. 5); however, inability to carry out the
second cleavage event that releases Atg8 from PE results in a
partial defect in autophagy and the Cvt pathway (Kirisako et
al., 2000). This suggests that the liberated Atg8 is re-used, that
Atg8-PE on the outer membrane interferes with a late stage of
these pathways or that Atg4 has an additional function in the
cell. An in vitro reaction that reconstitutes fusion of Cvt
vesicles or autophagosomes with the vacuole has not been
developed. However, molecular genetic studies have indicated
that the machinery required for homotypic vacuole fusion is
also required for the fusion of autophagosomes and Cvt
vesicles with the vacuole (Fig. 7). This machinery includes: the
SNARE proteins Vam3, Vam7, Vtil and Ykt6; the NSF, SNAP
and GDI homologs Sec17, Sec18 and Sec19; the Rab protein
Ypt7; members of the class C Vps/HOPS complex; and two
proteins recently shown to play a role in the fusion process,
Cczl and Monl (Darsow et al., 1997; Fischer von Mollard and
Stevens, 1999; Harding et al., 1995; Kim et al., 1999; Sato et
al., 1998; Sato et al., 2000; Wang et al., 2003; Wang et al.,
2002).

Questions

Analyses of the role of fusion components in yeast have been
based on whether the corresponding mutants block maturation
of prApel and accumulate a protease-resistant form; such
mutants retain prApel within completed cytosolic vesicles,
where it is resistant to exogenous protease following lysis of
the spheroplast plasma membrane. These studies have
generally been carried out under vegetative (Cvt pathway)
conditions. It remains to be determined whether different
SNARE and/or other fusion components operate during
autophagy. Moreover, no one has demonstrated the presence
of any fusion components on purified Cvt vesicles or
autophagosomes. This has resulted in various uncertainties. For
example, Vtil is required for entry of prApel into the vacuole;
however, we do not know whether it is on the autophagosome
or Cvt vesicle, nor do we know whether it is needed for
formation of the completed vesicle or fusion of this with the
vacuole.

Vesicle breakdown
The main purpose of autophagy in yeast is to degrade
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Docking and fusion

Class C Vps
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Fig. 7. Docking and fusion. Vam3, Vam7, Vtil and Ykt6 are
members of the SNARE family, proteins that function in membrane
fusion in a variety of cellular contexts. Ypt7 is a member of the Rab
small GTPase family, whose members are again implicated in many
instances of membrane fusion. Also shown is the class C Vps/HOPS
complex and two proteins recently shown to play a role in the fusion
process, Ccz1 and Monl.
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cytoplasm and recycle the resulting macromolecules for use in
the synthesis of essential components during nutrient stress.
Accordingly, it must break down the single-membrane
subvacuolar vesicles that result from fusion of the
autophagosome/Cvt vesicle with the vacuole (Fig. 1). The
vesicle lysis step depends on the acidic pH of the vacuole
lumen and proteinase B (Prbl) (Nakamura et al., 1997;
Takeshige et al., 1992); however, the function of Prbl might
be to activate vacuolar zymogens that play a direct role in the
breakdown process. Two other proteins have also been
implicated at this last step, Atgl5 and Atg22 (Epple et al.,
2001; Suriapranata et al., 2000; Teter et al., 2001). Atgl5 is
delivered to the vacuole through the multivesicular body
pathway (Epple et al., 2003). This protein has sequence
similarity to a family of lipases and seems likely to function
directly in vesicle breakdown. Atg22 is an integral membrane
protein located in the limiting membrane of the vacuole. In
contrast to Atgl5, Atg22 is needed only for the degradation of
autophagic bodies.

Questions

Atgl5 has a lipase motif, and mutations in the corresponding
active site eliminate its function. However, this protein belongs
to the triacylglycerol family of lipases; so its substrate is not
clear. Furthermore, the site of action of Atgl5 — before or
within the vacuole — has not been established. It will be
difficult to address the latter issue until the origin of the
autophagosome or Cvt vesicle membrane is known. Atg22 has
sequence similarity to some permeases, but the role of this
protein in autophagic body breakdown is unknown.

Another interesting issue concerns the differentiation and
recognition and/or modification of the autophagosome or Cvt
vesicle membranes. During the initial stage of vesicle
formation, the two sides of the forming vesicle are presumably
equivalent (Fig. 4). At some point, the two sides are likely to
differentiate. For example, in yeast, Atg8-PE initially lines
both sides of the forming autophagosome and Cvt vesicle (Figs
4 and 5). Following vesicle completion, Atg8-PE remains on
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the inside of the vesicle but Atg8 is removed from the outside
membrane, whereas SNARE proteins may be restricted to the
outer surface. Following fusion with the vacuole, the outer
vesicle membrane is at least transiently continuous with the
vacuole membrane. The cell cannot break down this membrane
because it would be lethal to destroy the integrity of the
vacuole. Presumably, this membrane is either modified so that
it is protected similar to the rest of the vacuole membrane, or
it is rapidly removed from the limiting membrane and recycled
or degraded, possibly through microautophagy (Miiller et al.,
2000). By contrast, the inner vesicle membrane that gives rise
to the subvacuolar vesicle must be degraded. Accordingly,
this membrane — which started out equivalent to the outer
membrane — cannot be inherently resistant to degradation by
vacuolar hydrolases.

Conclusions

The identification of the first gene required specifically for
autophagy was reported in 1997 (Matsuura et al., 1997; Straub
et al.,, 1997). The subsequent seven years has seen the
identification and characterization of 26 additional proteins
that are involved in yeast autophagy, the Cvt pathway and/or
pexophagy (Klionsky et al., 2003). Although additional
proteins needed for these pathways may be discovered, it
seems likely that the majority of proteins have now been
identified. However, the work to date represents only the first
step in understanding these complex processes that involve
dynamic membrane rearrangements. A detailed molecular
understanding will necessitate further molecular genetic and
biochemical analyses coupled with in vitro and structural
studies. Some steps of the yeast Atg8-PE conjugation system
have been reconstituted in vitro (Ichimura et al., 2004; Kirisako
et al., 2000), and a recent report describes the crystal structure
of the mammalian ortholog MAPILC3 (Sugawara et al., 2004).
Thus, the next few years hold the promise of tremendous
progress in our understanding of the mechanisms of autophagy
and autophagy-related processes.

This work was supported by Public Health Service grant GM53396
from the National Institutes of Health to D.J.K.
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