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Regulation of macroautophagy in Saccharomyces cerevisiae

Yuko Inoue and Daniel J. Klionsky1
Life Sciences Institute, University of Michigan, Ann Arbor, Ml 48109

Abstract

Macroautophagy (hereafter autophagy) is a cellular degradation process, which in yeast is induced
in response to nutrient deprivation. In this process, a double-membrane vesicle, an autophagosome,
surrounds part of the cytoplasm and fuses with the vacuole to allow the breakdown and subsequent
recycling of the cargo. In yeast, many autophagy-related (ATG) genes have been identified that are
required for selective and/or nonselective autophagy. In all autophagy-related pathways, core Atg
proteins are required for the formation of the autophagosome, which is one of the most unique aspects
of autophagy and is unlike other vesicle transport events. In contrast to nonselective autophagy, the
selective processes are induced in response to various specific physiological conditions such as
alterations in the carbon source. In this review, we provide an overview of the common aspects
concerning the mechanism of autophagy-related pathways, and highlight recent advances in our
understanding of the machinery that controls autophagy induction in response to nutrient starvation
conditions.

1. Introduction

In many eukaryotic cells, the response to starvation conditions is one of the most important
processes for their survival. To maintain life in unfavorable conditions such as nutrient
deprivation, these cells degrade their own cellular components by a self-eating process via the
lysosome/vacuole [1,2,3]. The sequestration and delivery of cellular components to the lytic
compartment is performed by autophagy. Autophagy is a highly conserved mechanism in
eukaryotic cells. In this process, the phagophore generates a double-membrane vesicle in the
cytosol, which encloses cellular components. This double-membrane compartment is termed
an autophagosome [4,5]. Upon completion, the outer membrane of the autophagosome fuses
with the lysosome/vacuole membrane. As a result, the inner membrane of the autophagosome
and its cargo are exposed to a range of hydrolytic enzymes that lyse the membrane and degrade
the macromolecules contained within the vesicle; the breakdown products are released back
into the cytosol through various permeases, and are reused by the cell (Figure 1).

In addition to bulk, nonselective degradation that occurs under starvation conditions, selective
cargos, such as organelles, are also targeted and transported to the vacuole via autophagy. In
this case, particular physiological conditions induce the processes through which organelles
are sequestered into autophagosomes selectively. These specific targeting mechanisms play
important roles in maintaining cellular homeostasis. Included among these auotphagy-related
pathways are mitophagy [6], pexophagy [7,8], and ribophagy [9], the selective degradation of
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mitochondria, peroxisomes and ribosomes, respectively. In yeast cells, a-mannosidase (Ams1)
and the precursor form of aminopeptidase I (prApel) are specific cargos that are delivered to
the vacuole via an autophagy-related pathway in vegetative conditions. These hydrolases are
synthesized in the cytosol and transported to the vacuole by the cytoplasm-to-vacuole targeting
(Cvt) pathway, which is the only known biosynthetic use of autophagic delivery [10-12].

Our understanding of autophagy-related pathways has seen remarkable progress within the last
ten to twelve years, coinciding with the molecular era of autophagy. A major breakthrough
resulted from genetic screens in the budding yeast Saccharomyces cerevisiae, and the
methylotrophic yeasts Pichia pastoris and Hansenula polymorpha [13-20]. From these studies,
33 autophagy-related genes have been identified [21]. The corresponding gene products
function at several steps in the nonselective and selective autophagy-related pathways.
Seventeen of the Atg proteins are commonly required for all of the autophagy-related pathways
and are referred to as the core components, whereas another sixteen proteins have more specific
roles.

During autophagosome formation, most of the Atg proteins can be detected at a single
perivacuolar punctum by microscopy, when tagged with a fluorophore such as the green
fluorescent protein. This site is referred to as the phagophore assembly site (PAS), and is
thought to play a critical role in autophagosome formation, although neither the detailed image
nor the function of the PAS has been fully realized [22,23]. The PAS may be a nucleating site
for autophagosome formation, or it may literally represent the phagophore, the initial
compartment that matures into an autophagosome. Although the machinery of autophagosome
formation is essentially the same for all autophagy-related pathways, the induction mechanisms
vary depending on the specific physiological conditions. This review provides an overview of
our understanding of the process of autophagosome formation, and the induction mechanisms
that operate during nonselective and selective autophagy.

2. Roles of core autophagy-related proteins in autophagosome formation

Autophagy is unique in that formation of the double-membrane sequestering vesicle occurs
through a process that is unlike any other intracellular membrane trafficking pathways. Thus,
the mechanism of autophagosome formation is one of the most important aspects of autophagy
with regard to understanding this dynamic process, and the significance of this step is reflected
in the fact that the majority of the Atg proteins are involved in autophagosome biogenesis
(Figure 2). Although the precise role of each Atg protein during autophagosome formation is
not fully understood, several proteins have been relatively well characterized. One critical
feature of the autophagosome is that its size can be modulated to accommodate various cargos.
Thus, the phagophore is thought to expand rather than being generated in a single step. In this
process, the PAS may play a role for assembly of the incoming membrane, and elongation of
the phagophore. Various organelles, including the endoplasmic reticulum, mitochondria, and
the Golgi complex, might act as a membrane source for autophagy [24-26]. In fact, it seems
that the cell must mobilize membrane from multiple locations to meet the huge demand for
autophagosome formation that occurs during starvation.

2.1. Atg9 functions in delivering membrane to the expanding phagophore

The autophagy-related protein that appears to be the most relevant with regard to the membrane
source for phagophore expansion is Atg9, which is the only integral membrane protein of the
core Atg proteins that are required for autophagosome biogenesis (Figure 3A) [27]. Atg9

localizes to the PAS similar to the other Atg proteins. However, it is also detected at multiple,
peripheral (i.e., non-PAS) sites within the cell. At least some of these sites correspond to the
mitochondria, or regions in close proximity to this organelle [28]. Atg9 shuttles between these
sites and the PAS; thus, one hypothesis is that Atg9 acts as a carrier that transfers membrane
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from the donor sites to the expanding phagophore. Although the actual mechanism involved
in this type of membrane shuttling is not known, several Atg proteins participate in regulating
Atg9 movement. Atgll, Atg23 and Atg27 are involved in anterograde movement of Atg9 to
the PAS, whereas Atgl-Atgl3, Atg2-Atgl18 and Atgl4 are all required for retrograde
movement back to the peripheral sites [29, 30].

Atg9 colocalizes with the Atg2-Atg18 complex at the PAS, and the deletion of either ATG2 or
ATG18 causes the accumulation of Atg9 at this site, similar to the phenotype of strains lacking
Atgl, Atgl3 or Atgl4. These observations are the basis for suggesting that these proteins are
needed for retrieval of Atg9 from the PAS. Atg18 is recruited to the PAS through its binding
to phosphatidylinositol 3-phosphate (PtdIns(3)P) [30]. There is only one PtdIns 3-kinase,
Vps34, identified in yeast. Vps34 forms two distinct PtdIns 3-kinase complexes; complex |
contains Vps34, Vps15, Atg6/Vps30 and Atgl4, whereas Ptdins 3-kinase complex Il also has
Vps34, Vpsl5 and Atg6, but Atgl4 is replaced with Vps38 [31]. In the absence of Atgl4, but
not Vps38, the Atg2-Atg18 complex is not able to localize to the PAS. Because of this
requirement for binding PtdIns(3)P, PtdIns 3-kinase complex | activity is required for the
membrane assembly involved in the formation of autophagosomes through the movement of
Atg9.

2.2. Two ubiquitin-like conjugation systems function in autophagy

Assembly of Atg proteins at the PAS involves a hierarchy; certain proteins such as Atgll in
vegetative conditions [32], and Atgl-Atgl3-Atgl7-Atg29-Atg31 in starvation conditions,
assemble at the PAS first and allow the recruitment of subsequent Atg proteins [33]. Along
these lines, other proteins are dependent upon Atg9 for their own assembly at the PAS. For
example, Atg8 and Atg12 do not target efficiently to this site in the absence of Atg9 [22]. Atg8
and Atg12 are ubiquitin-like proteins that are involved in two separate conjugation systems
(Figure 3B) [34,35]. Atgl2 is activated by Atg7 (an E1 ubiquitin activating enzyme
homologue), and conjugated through the action of Atg10 (an E2 ubiquitin conjugating enzyme
analogue) to an internal lysine of Atg5 [36]. The Atgl2—-Atg5 conjugate binds Atg16, which
self-oligomerizes to generate a dimer [37]. The Atgl2—-Atg5-Atgl6 complex localizes to the
PAS and to the surface of the phagophore. After, or upon, the completion of the autophagosome,
these proteins are released from the surface of the vesicle and are reused. This complex may
act in part as an E3 ligase for the second ubiquitin-like protein, Atg8 [38].

Atg8 is synthesized as a precursor form, which has an additional sequence at the C terminus;
in S. cerevisiae the penultimate glycine is followed by a single arginine residue. Cleavage by
Atg4 (a cysteine protease) removes the arginine to expose the glycine [39]. The processed Atg8
is then activated by Atg7, and conjugated by Atg3 (a second E2 ubiquitin conjugating enzyme
analogue) to form an amide bond with phosphatidylethanolamine (PE), one of the major
phospholipids of cellular membranes [36,40]. Atg8—PE localizes to both the phagophore and
autophagosomes. Atg4 also acts as a deconjugation enzyme; a second cleavage event removes
Atg8 from PE [41]. Thus, the Atg8 on the surface of the autophagosome is released and can
be reused, whereas the Atg8—PE that remains bound to the inner surface of the completed
autophagosome is delivered to the vacuole and degraded. The regulation of the second Atg4-
dependent cleavage event is not understood. It is proposed that Atg4 activity might be regulated
through a redox mechanism [42], although it is also suggested that some of the Atg proteins
control access of Atg4 to its substrate [43].

2.3. Degradation and recycling are critical steps in starvation-induced autophagy

All of the core Atg proteins described above are necessary for the formation of the
autophagosome, which is the morphological hallmark of autophagy. The final set of core Atg
proteins are those that act after the fusion of the autophagosome with the vacuole membrane
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(Figure 3C). Under starvation conditions, degradation and recycling of the autophagosome
cargo is essential to maintain cell viability [44]. Lysis of the single-membrane vesicle, the
autophagic body, in the vacuole lumen depends on Atg1l5, a putative lipase [45]. After
breakdown of the cargo by the vacuolar hydrolases, the products are released back into the
cytosol through permeases such as Atg22. It is clear that there are hydrolases for the degradation
of proteins and carbohydrates in the vacuole, but the presence of nucleases or general lipases
has not been verified. Similarly, there are no identified channels for the release of nucleotides,
and it is not known how lipids might be released from the vacuole or subsequently reused.

3. Molecular machinery for the induction of autophagy-related pathways

3.1. Induction of nonselective autophagy in response to starvation conditions

3.1.1. Regulation of core autophagy-related proteins—As described in the preceding
section, all autophagy-related pathways appear to generate double-membrane vesicles via
mechanisms that utilize the same Atg proteins. Although recent studies have identified possible
pathways that are independent of at least some of the core proteins, these pathways may reflect
bypass mechanisms that do not occur under normal physiological conditions. The primary
differences between autophagosomes and selective sequestering vesicles (e.g., Cvt vesicles
that are used in the Cvt pathway, pexophagosomes, etc.) are their sizes, the exclusion of
nonspecific cargo and the frequency of generation. As an example, Cvt vesicles are
approximately 140 to 160-nm in diameter, compared to 300 to 900-nm for autophagosomes
[4,22,23,46]. In addition, the sequestering vesicles formed for selective types of autophagy
appear to closely appose the cargo, excluding bulk cytoplasm. Thus, in the case of the Cvt
pathway, the cargo is comprised of the Cvt complex (prApel, with its receptor Atg19) and
Amsl [47,48]. Finally, these selective vesicles are generated constitutively at a low level. In
contrast, when autophagy is induced there is a substantial increase in the frequency of
autophagosome formation (autophagy also occurs at a low basal level in vegetative conditions)
[49]. The Cvt complex can be incorporated into autophagosomes, but this still happens
selectively through the action of Atg19, which binds to Atg8 after delivery of the cargo to the
PAS [50]. Therefore, it is likely that the induction machinery for nonselective autophagy may
work as a switch to regulate autophagosome formation at an early step, modulating both their
size and the frequency of formation.

When bulk autophagy is induced in starvation conditions, the expression level of some of the
core ATG genes increases. The greatest change is seen with the expression of ATG8 and
ATG14 [51-53]. The Atg8 protein increases 10 to 20-fold following induction, but the
transcription factor(s) that regulate the expression level of the ATG8 gene are still unknown.
The Atg8 level affects the size of the autophagosome, but not the frequency of its generation
[54]. The transcription of ATG14 is also increased more than 20-fold in nitrogen starvation
conditions, although the relationship between the Atg14 level and autophagy induction is not
known [53]. GIn3, a nitrogen catabolite repression-sensitive GATA-type transcription factor,
controls the expression of ATG14.

In addition to ATG8 and ATG14, there are other ATG genes that are upregulated in response
to starvation conditions, although the magnitude of the increase is less than is seen with these
two genes. Microarray analyses indicate that ATG1, ATG3, ATG4, ATG5, ATG7, ATG12 and
ATG13 are upregulated [55], but as with ATG14, the significance of increased expression is
not known. Additional studies of transcriptional regulation of the ATG genes will likely clarify
the relationship between increasing Atg protein levels and autophagy induction. While
alterations in the expression levels of ATG genes whose products are involved in
autophagosome formation might be regulated in starvation conditions, this type of change does
not fully account for the mechanism of autophagy induction in response to starvation.
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3.1.2. Atgl kinase complex—Atg13, one of the core Atg proteins, plays a role in directly
receiving and transducing the signal that allows the cell to respond to changing nutrient
conditions. In nutrient rich conditions, Atg13 is highly phosphorylated. When cells shift to
starvation conditions, there is a rapid at least partial dephosphorylation of Atg13 (Figure 4)
[56]. The dephosphorylated Atg13 is proposed to interact with Atgl with a higher affinity and
to regulate its kinase activity. Atgl is another of the core Atg proteins, and the central member
of akinase complex. Atgl is a Ser/Thr kinase, and this kinase activity is essential for autophagy
[57]. Atgl kinase activity is enhanced in nutrient starvation conditions or following rapamycin
treatment [56]. Neither the function of the Atgl kinase complex nor the physiologically-
relevant target of Atgl kinase are known, although the current model is that modulation of
Atgl kinase activity and the Atgl interacting proteins plays a role in switching from the Cvt
pathway to autophagy in starvation conditions.

It is likely that other members of the Atgl kinase complex also play a role in the regulation of
Atgl kinase activity. In addition to Atgl and Atg13, the Atgl kinase complex includes Atgl7,
Atg29 and Atg31, which are required for autophagy, but not the Cvt pathway, and Atg11, Atg20
and Atg24, which are needed for the Cvt pathway, but not for nonselective autophagy; however,
it is not known if all of these proteins are present in the complex at the same time, or if there
are subcomplexes that vary in their composition depending on the nutrient conditions. The
presence of the Atgl, Atgl3, Atgl7, Atg29 and Atg31 proteins are all necessary for their
localization at the PAS [32]. This finding suggests that these five proteins are recruited to the
PAS shortly after switching to starvation conditions, that they then form an Atg1 kinase
complex, and that they subsequently act as a scaffold for the recruitment of additional Atg
proteins to this site. Atgl7, Atg29 and Atg31 always form a complex, even in nutrient-rich
conditions [58]. According to a recent study, Atgl7 interacts with Atg9, but the significance
of this interaction is not known [59]. It will be important to understand the functions of the
autophagy-specific proteins, how they receive the signal for starvation, and how they modulate
Atgl kinase activity to regulate the magnitude of the autophagosome formation process. One
conclusion from these various studies, however, is that the kinases and phosphatases that
regulate the phosphorylation of Atg13, and possibly other members of the Atgl kinase
complex, are some of the key factors controlling the induction mechanism of autophagy.

3.1.3. Signaling pathways regulating autophagy—TOR (target of rapamycin) is one
of the major nutrient-signaling regulators in eukaryotes. The Tor proteins function as nutrient
sensors, and in particular as sensors of nitrogen. The TOR signaling pathway plays a major
role in controlling autophagy induction, although as with other aspects of regulation the
molecular machinery of the induction in response to starvation conditions is not fully
understood. S. cerevisiae has two TOR homologous genes, TOR1 and TOR2 [60]. Both TOR
proteins are kinases, and they form two functionally distinct protein complexes, TORC1 (that
includes Torl and/or Tor2) and TORC2 (containing only Tor2) [61]. Both of these complexes
have various functions for cell growth and respond to the availability of nutrients as well as
other types of stress. TORC1 has a much greater sensitivity to rapamycin, and inactivation of
TORC1 by rapamycin treatment stimulates autophagy induction even in nutrient-rich
conditions [62]. Therefore, TORC1 functions as a negative regulator of autophagy.

It is not clearly understood how nutrient metabolites act upstream of TORCL1 to change its
kinase activity, and in particular how TORCL1 senses extracellular nutrient conditions, such as
the levels of nitrogen. TORC1 apparently senses the intracellular level of glutamine, which is
a major intermediate in yeast nitrogen metabolism, and in response regulates a range of
transcription factors [63]. Although some downstream effectors of TORCL1 are regulated by
the concentration of glutamine, not all such factors are affected. Thus, the activity of TORC1
is likely controlled by various nutrient factors acting in parallel, not only by glutamine.
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Protein phosphatase type-2A (PP2A) is a major downstream effector of TORC1, and the
Tap42-PP2A pathway is involved in the regulation of autophagy [64]. In this pathway, TORC1
inhibits autophagy via the phosphorylation of Tap42, which in turn activates the catalytic
subunit of PP2A. The target of PP2A that is involved in the negative regulation of autophagy,
however, is not known.

In addition to indirect regulation mechanisms (i.e., those managed through transcriptional
regulation), TORCL1 directly phosphorylates Atg13 [56,65]. The expression of an
unphosphorylated Atg13 mutant induces autophagy via activation of Atgl even in nutrient-
rich conditions. This result suggests that Atg13 is an initial target of TORC1, and that it acts
as a nutrient sensor of autophagy.

In addition to TORC1, the Ras/cAMP-dependent protein kinase A (PKA) signaling pathway
also plays a regulatory role. The Ras/PKA pathway controls many aspects of cell growth in
response to extracellular nutrients and stress conditions [66—68]. PKA consists of both catalytic
and regulatory subunits [69]. The isoforms of the catalytic subunits are encoded by TPK1,
TPK2 and TPK3, which are redundant genes, whereas the regulatory subunit is encoded by
BCY1 [70]. In the presence of cAMP, Bcy1 binds to cAMP and releases the catalytic subunits
as individual active monomers. Thus, the regulatory subunits inhibit the kinase activity of the
Tpk proteins in a cCAMP-dependent manner, and the cAMP concentration is regulated by the
Ras signaling pathway. In S. cerevisiae, there are two RAS genes (RAS1 and RAS2), which are
highly homologous to mammalian RAS genes [71]. The Ras proteins are small GTP binding
proteins that localize to the plasma membrane. Ras protein activity depends on the form of
nucleotide that they bind; the GTP-bound form is active, whereas the GDP-bound form is
inactive, and this is regulated by the guanine nucleotide exchange factor Cdc25 in response to
the glucose concentration [72]. Thus, when there is a higher concentration of glucose, Ras
becomes a GTP-bound active form that upregulates the cAMP concentration [73]. The higher
concentration of CAMP in turn upregulates the kinase activity of PKA via the suppression of
Beyl. PKA is another negative regulator of autophagy. Although the relevant targets of PKA
are not fully known, they appear to include Rim15 kinase and the Msn2/Msn4 transcription
factors [74]. Atgl and Atg13 are also substrates of PKA, whereas Atg18 and Atg21 are putative
substrates [75,76]. It is likely that phosphorylation of a single substrate such as Atg1l is not the
sole mechanism of PKA inhibition; the expression of a hyperactive Ras mutant still inhibits
autophagy even in the presence of an Atgl mutant that lacks the PKA phosphorylation sites
[75]. In addition to PKA, Sch9 is also involved in nutrient sensing. The inactivation of both
PKA and Sch9 induces autophagy [74], whereas inactivation of Sch9 alone does not appear to
be sufficient. These results suggest that nonselective autophagy is suppressed by at least three
parallel pathways, TORC1, PKA and Sch9, in nutrient-rich conditions (Figure 4).

3.2. Induction of selective autophagy

As discussed above, in addition to nonselective autophagy, specific cargos are transported to
the vacuole via selective types of autophagy. The Cvt pathway is a biosynthetic process,
wherein prApel and Ams1 are transported to the vacuole where they carry out their function
as hydrolases. Precursor Apel is synthesized in the cytosol and subsequently assembles into
a homo-dodecamer, which then form a larger oligomer (termed the Apel complex) [48]. The
Atg19 receptor binds to the propeptide of prApel to form the Cvt complex; an Ams1 oligomer
is also recruited to this complex via its binding to Atg19, but is a relatively minor component
in terms of quantity. The Cvt complex interacts with Atgl1 via its binding to Atg19, and
localizes the complex to the PAS. Neither Atg19 nor Atgll is necessary for the nonselective
autophagy that occurs in response to starvation conditions, but Atg11 normally acts in assembly
of the PAS in nutrient-rich conditions and facilitates the formation of the starvation-specific
PAS involving Atgl-Atg13-Atgl7-Atg29-Atg31.

Semin Cell Dev Biol. Author manuscript; available in PMC 2011 September 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Inoue and Klionsky

Page 7

Selective autophagy is also seen with the specific degradation of mitochondria, termed
mitophagy [6]. Damaged or excessive mitochondria are a potential source of reactive oxygen
species that can cause oxidative damage. Therefore, the degradation of damaged-mitochondria
is critical for proper cellular homeostasis. Recent studies identified Atg32, a mitochondrial
protein that is essential for mitophagy [77,78]. Atg32 is a mitophagy-specific protein that
appears to function as an organelle tag. Atg32 localizes at the outer membrane of mitochondria,
and binds to Atg11 under mitophagy-inducing conditions, allowing the mitochondria to
localize to the PAS; Atgl1 functions as an adaptor in several types of selective autophagy.
Atg32 contains a WXXL motif that is necessary for its interaction with Atg8, an interaction
that is important for mitophagy [79]. It is still unclear whether mitophagy occurs through a
macroautophagy- or microautophagy-like process, or both.

The mechanism of selective peroxisome turnover under nutrient-rich conditions by an
autophagy-related pathway is termed pexophagy. In Pichia pastoris, methanol is one of the
carbon sources that is metabolized in peroxisomes. Therefore, when cells are switched from
growth on methanol to another carbon source, such as glucose or ethanol, the accumulated
peroxisomes are largely superfluous, are another potential source of reactive oxygen species,
and are rapidly eliminated by pexophagy. PpAtg30 is required for pexophagy in this organism,
but a homologue has not been identified in S. cerevisiae [80]. This protein functions as an
adaptor, linking PpAtg14, a peroxisomal tag, with the autophagy machinery in conjunction
with Atgl1.

4. Conclusion

The start of the molecular era of autophagy research in yeast allowed researchers to begin to
address certain questions concerning the specific protein components of this pathway. Two
aspects of autophagy that have been of particular interest are the mechanism of autophagosome
formation, and the regulation of autophagy induction. Indeed, the double-membrane
autophagosome is the morphological hallmark of macroautophagy. Nonetheless, the
biogenesis of this vesicle is still not understood. For example, what is the source of the
autophagosome membrane? How is curvature imposed during nonspecific autophagy? What
determines the size of the autophagosome? Autophagy involves dynamic membrane
rearrangement, and the majority of the autophagy-related proteins function at this stage of the
process. Most of the core ATG genes are conserved from yeast to plants and animals. This fact
suggests that although autophagy and autophagy-related pathways perform various functions
in response to diverse physiological conditions in eukaryatic cells, the sequestering membrane
may be formed by a common mechanism. Further studies on the core Atg proteins should
provide additional information on this topic.

The issue of regulation is also one of great interest both in terms of our understanding of basic
cell biology, and also because of its relationship to potential therapeutic modulation of
autophagy. Regulation can be considered from various aspects including the action of upstream
components such as the TOR kinase, direct control of the Atg proteins including
phosphorylation of Atg13, and the temporal regulation of protein-protein interactions as occurs
with the recognition of cargo by specific receptors as with the binding of Atg11 and Atg32.
There are large gaps in our knowledge of the regulatory pathways and how the overall network
of components interacts in a coordinated manner. Continued studies on the mechanisms that
transduce extracellular signals via the actions of various kinases, phosphatases and
transcription factors, and by direct modifications of the autophagy-related proteins, will
provide us with a better understanding of how autophagy is precisely regulated to maintain
optimal cellular physiology.
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Figure 1. Autophagy in the yeast Saccharomyces cerevisiae

In this process, a double-membrane phagophore is generated in the cytosol, which involves
nucleation at the phagophore assembly site (PAS). The phagophore enwraps cellular
components and expands to form a double-membrane vesicle termed an autophagosome. The
outer membrane of the autophagosome ultimately fuses with vacuole membrane. As a result,
the inner membrane, which encloses the cargo, is released into the vacuole lumen. The
intravacuolar single-membrane vesicle, termed an autophagic body, is lysed, exposing the
cargo to a range of hydrolytic enzymes. The resulting degradation products are released back
into the cytosol for reuse.
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Figure 2. Identification of 33 Atg proteins

Currently, there are 33 autophagy-related (Atg) proteins in fungi that have been identified by
various screens. Seventeen core Atg proteins are required for all autophagy-related pathways,
and most function at the stage of autophagosome formation. Another sixteen proteins have
more specific roles. These latter components are typically involved in the induction of
particular autophagy-related pathways in response to different physiological conditions and/
or the recognition of selective cargos.
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Figure 3. Molecular mechanism of autophagosome formation

Most of the core Atg proteins function at the stage of autophagosome formation.
A. Recycling of Atg9. Atg9 is an integral membrane protein, and it localizes to the PAS as
well as multiple peripheral sites that are putative membrane sources for the forming
autophagosome. Atg9 shuttles between these peripheral sites and the PAS. Atgll, Atg23 and
Atg27 are involved in anterograde movement of Atg9 to the PAS, whereas Atgl-Atgl3 and
Atg2-Atgl8 are required for retrograde movement back to the peripheral sites.
B. Two ubiquitin-like conjugation systems. Both Atg8 and Atg12 are ubiquitin-like proteins
that are involved in two separate conjugation systems. Atg12 is activated by Atg7, and
transferred to Atg10, which conjugates it to an internal lysine of Atg5. The Atgl2-Atg5
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conjugate binds Atg16, which self-oligomerizes to generate a dimer. The Atg12-Atg5-Atgl16
complex localizes to the PAS and to the surface of the phagophore. After, or upon, the
completion of the autophagosome, these proteins are released from the surface of the vesicle
and are reused. Atg8 is initially processed by Atg4 to expose a C-terminal glycine residue. The
processed Atg8 is then activated by Atg7, and conjugated by Atg3 to form an amide bond with
phosphatidylethanolamine (PE). Atg4 also plays a role as a deconjugation enzyme; a second
cleavage event removes Atg8 from PE. Thus, the Atg8 is released from the surface of the
autophagosome, whereas the Atg8—PE that remains bound to the inner surface of the completed
autophagosome is delivered to the vacuole and degraded.

C. Degradation of the autophagic body in the vacuole. Atgl5 is a putative lipase, and is
needed for lysis of the single-membrane vesicle, the autophagic body, in the vacuole lumen.
After breakdown of the cargo by vacuolar hydrolases, the products are released back into the
cytosol through permeases such as Atg22.
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Figure 4. Induction of autophagy in response to starvation conditions

In nutrient rich conditions, TORCL is active, and it phosphorylates Atg13. Phosphorylated
Atgl13 is not able to bind efficiently to Atgl. In starvation conditions, TORCL1 is inactivated,
and Atg13 is partially dephosphorylated, increasing its affinity for Atgl. Atgl-Atgl13 interacts
with Atgl17-Atg29-Atg31 to form the Atgl kinase complex; Atgl kinase activity is enhanced
in nutrient starvation conditions by the formation of this complex. PKA is also a negative
regulator of autophagy, and its downstream targets include Rim15 kinase and the Msn2/Msn4
transcription factors. PKA also phosphorylates Atgl and Atg13. It is likely that
phosphorylation of a single substrate such as Atg1 is not the sole mechanism of PKA inhibition.
In addition to PKA, Sch9 is another negative regulator involved in nutrient sensing. Thus,
autophagy is suppressed by at least three parallel pathways, involving TORC1, PKA and Sch9,
in nutrient-rich conditions.
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